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A B S T R A C T   

Alzheimer’s disease (AD) is the most common global dementia and is universally fatal. Most late-stage AD disease-modifying therapies are intra-
venous and target amyloid beta (Aβ), with only modest effects on disease progression: there remains a high unmet need for convenient, safe, and 
effective therapeutics. Senescent cells (SC) and the senescence-associated secretory phenotype (SASP) drive AD pathology and increase with AD 
severity. Preclinical senolytic studies have shown improvements in neuroinflammation, tau, Aβ, and CNS damage; most were conducted in 
transgenic rodent models with uncertain human translational relevance. In this study, aged cynomolgus monkeys had significant elevation of 
biomarkers of senescence, SASP, and neurological damage. Intermittent treatment with the senolytic navitoclax induced modest reversible 
thrombocytopenia; no serious drug-related toxicity was noted. Navitoclax reduced several senescence and SASP biomarkers, with CSF concentra-
tions sufficient for senolysis. Finally, navitoclax reduced TSPO-PET frontal cortex binding and showed trends of improvement in CSF biomarkers of 
neuroinflammation, neuronal damage, and synaptic dysfunction. Overall, navitoclax administration was safe and well tolerated in aged monkeys, 
inducing trends of biomarker changes relevant to human neurodegenerative disease.   

1. Introduction 

By 2050, over 100 million individuals worldwide are projected to be diagnosed with the common, progressive, fatal neurode-
generative disease known as Alzheimer’s Disease (AD). AD-related cognitive decline has been primarily attributed to the accumulation 
of CNS misfolded proteins, particularly amyloid beta (Aβ) and tau. Levels of misfolded proteins have been linked to progressive cortical 
atrophy, especially in the medial temporal lobe, hippocampus, and entorhinal cortex. Over 3 billion dollars are spent annually on 
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research focusing on AD and related dementias (media@alz.org, 2020), with hundreds of drugs now in clinical trials, primarily focused 
on the removal of these misfolded proteins [1]. Disappointingly, the best late-stage AD therapeutics only have modest clinical benefit. 
Aducanumab was granted conditional FDA approval for mild AD, based largely on its removal of amyloid plaques, with only modest 
effect on slowing cognitive decline [2]. With further large confirmatory studies needed for full approval, Biogen ultimately elected to 
terminate the aducanumab program [3]. Lecanemab, an anti-amyloid antibody with high selectivity for protofibrils, demonstrated a 
27 % reduction in clinical decline on the Clinical Dementia Rating scale Sum of Boxes (CDR-SB) after 18 months of treatment compared 
to placebo in a Ph3 study ([4], [5]). Donanemab, another advanced anti-amyloid AD therapeutic, which markedly lowers Aβ levels, 
similarly reduced cognitive decline by 30 % in a Phase 2 study (iADRS and ADAS-Cog decline at 76 weeks) [6]. 

The focus on misfolded protein removal may be a key factor in the limited clinical benefit seen with investigational AD thera-
peutics. While misfolded proteins can directly impair neuron viability in vitro and in preclinical models [7], the direct neurotoxicity of 
these aggregates may not be the primary driver of human disease. The accumulation of misfolded proteins with age does not inevitably 
result in cognitive decline: almost half of nonagenarians and almost all centenarians accumulate significant levels of CNS Aβ and tau, 
but many retain normal cognition throughout their lifetimes even with extraordinarily high misfolded protein levels [8]. At the same 
time, key features of AD CNS pathology often appear years before overt cognitive decline. The timing of typical AD interventions (i.e., 
at symptom onset) may be too late to make a meaningful difference in disease progression. Earlier interventions when cognitive 
symptoms are minimal may be more effective; to be practical, they would need to be simple, well-tolerated, and ideally fixed in 
duration. 

An emerging theory is that significant AD-related neurodegeneration only occurs when misfolded proteins and/or other toxic 
insults trigger an exaggerated downstream neuropathological response. In addition to the accumulation of aggregated Aβ and tau, AD 
is also characterized by defects in proteostasis [9], lysosomal dysfunction [10], mitochondrial dysfunction [11], and increased neu-
roinflammation [12]. Dysfunctional proteostasis and lysosomal function interfere with Aβ and tau degradation [9] and clearance [10]; 
defective mitochondria increase reactive oxygen species (ROS) and ROS-induced protein misfolding; and neuroinflammation can 
accelerate the formation and transmission of protein aggregates throughout the CNS in a progressive downward spiral [13]. To make a 
meaningful difference in clinical progression, disease-modifying AD therapeutics may need to modulate additional downstream 
drivers of neurodegeneration beyond misfolded proteins. 

A key mediator of the disparate pathological features of AD is the accumulation of senescent cells (SC). DNA damage can be induced 
by a wide variety of cellular stressors, including Aβ [14] and tau [15], ultimately inducing oncogenesis if left unchecked. To prevent 
tumor formation, many DNA-damaged cells often undergo apoptosis. However, some DNA-damaged cells override the normal 
apoptotic response by upregulating the expression of anti-apoptotic proteins, particularly the B-Cell lymphoma 2 (Bcl-2) family 
members Bcl-2 and Bcl-xL (AKA BCL2L1). These SC are still metabolically active, with a pro-inflammatory senescence-associated 
secretory phenotype (SASP). 

Senescence and SASP contribute to multiple pathological features of neurological disorders, including proteostasis defects [16,17], 
neuroinflammation [18,19], dysfunctional mitochondria [20–22], and accumulation of misfolded proteins [18,19,23,24]. Thera-
peutics that selectively remove senescent cells, termed “senolytics,” may therefore reduce multiple drivers of neurodegeneration and 
have a more profound clinical effect than protein aggregate removal alone. In addition, SC take several weeks to reaccumulate once 
removed by virtue of their irreversible cell cycle arrest [25], suggesting senolytics may only need to be given intermittently in order to 
produce durable benefits. 

The dependence of many SC on Bcl-2 family members for survival suggests an “Achilles heel” for therapeutic intervention. Dual 
knockdown of Bcl-2 and Bcl-xL has been demonstrated to selectively kill SC from a wide range of cell lineages, while sparing their 
nonsenescent counterparts [26,27]. Navitoclax, an orally bioavailable selective inhibitor of Bcl-2 and Bcl-xL, has been published to 
have potent preclinical senolytic activity across multiple tissue types [27,28]. In aged wild-type (WT) mice, navitoclax was shown to 
kill senescent CNS neural precursor cells, boost hippocampal neurogenesis, and improve spatial memory [29]. Similarly, treating PS19 
tauopathy mice with intermittent cycles of navitoclax reduced levels of senescent glia, lowered hippocampal and cortical inflammatory 
markers, and decreased tau aggregate accumulation [19]. 

Studies of other senolytics in preclinical neurodegenerative disease models have also suggested disease-modifying effects. A recent 
study of dasatinib and quercetin (D + Q) in the APPPS1 amyloidopathy mouse model was shown to reduce the burden of senescent 
oligodendrocyte precursor cells (OPC), decrease amyloid beta, and improve cognition [30]. In a separate study, D + Q reduced 
neuroinflammation, lowered neurofibrillary tangles (NFT), and increased levels of neuronal proteins in aged rTg4510 Mapt-null 
tauopathy mice [23]. While encouraging, all the above studies have been performed on genetically limited rodent models, often 
relying on transgenic overexpression of specific amyloid or tau isoforms. As such, the translational relevance of these studies to human 
neurodegenerative disease is limited at best. 

In contrast, cynomolgus non-human primates (NHP) have over 90 % DNA sequence identity to humans [31], and share >80 % of 
human brain prefrontal cortex gene expression [32]. Like humans, NHP accumulate SC across tissues with age [33,34], particularly in 
vascular, skin, and immune systems [35]. Aged NHP also naturally develop human-like neurodegenerative pathology, with evidence of 
age-related amyloid plaques, aggregated tau hyperphosphorylation, and other AD-like lesions [32,36]. 

In this series of studies, we first assessed pharmacokinetics and CNS penetration of navitoclax in rodents (wild type mice and rats). 
With the translational relevance of NHP in mind, we then performed a comparative study of aged vs young cynomolgus monkeys, 
showing significant age-dependent enrichment of SC and SASP markers in the skin, blood, and CSF. In a subsequent study of navitoclax 
in aged NHP, we demonstrated navitoclax blood-brain-barrier (BBB) penetration at senolytic-relevant concentrations; acceptable 
safety and tolerability; reductions in selected systemic and CNS SC and SASP; and modulation of AD-relevant CSF biomarkers. 

E.F. Greenberg et al.                                                                                                                                                                                                   

mailto:media@alz.org


Heliyon 10 (2024) e36483

3

2. Materials/methods 

Rodent animals and drug treatment: Mice were treated under German federal authority approval (code A17-9-005). Rats were 
treated under Institutional Animal Care and Use Committee (IACUC) protocols (IACUC protocol number 0812A01245), in accordance 
with local regulatory authorities. C57BL/6JRj mice (WT mice) were purchased from Janvier labs. Male Rat-CD® rats (Sprague Dawley, 
IGS Rat Strain 001) were acquired from Charles River Laboratories, inc. All [14C]navitoclax and navitoclax aliquots were produced by 
AbbVie, Inc. The single dose pharmacokinetics of [14C]navitoclax (10 mg/kg, single dose, administered by oral gavage in 2 % DMSO/5 
% Tween 80/20 % PG/73 % D5W) was evaluated in rats (n = 12). Multiple dose pharmacokinetics of navitoclax (50 mg/kg/day x five 
days, administered by oral gavage in 10 % EtOH/30 % PEG 400/60 % Phosal 50 PG) was evaluated in WT mice (n = 3) by determining 
the compound’s plasma and brain concentration on the first and fifth day of dosing. Mice were perfused prior to brain harvesting to 
remove residual capillary blood from the tissues. Drug concentrations were determined by LC-MS/MS. 

NHP animals and drug treatment: Animals were treated under IACUC protocols (IACUC protocol numbers 1808C00027 and 
2108C00039) in accordance with local regulatory authorities. Two cohorts of young (4–8 years old at baseline) and aged (17–25 years 
old at baseline) cynomolgus monkeys (Macaca fascicularis) were included in the study. Only baseline blood for PBMCs (2 mL/NHP in 
EDTA tubes) and CSF (1 mL CSF/NHP) samples were collected from NHP in cohort 2, comprising 12 aged NHP (AA1-12) and 21 young 
NHP (YY1-21). Unless otherwise specified, all other NHP methods refer to cohort 1, comprising 6 aged NHP (A1-6) and 13 young NHP 
(Y1-13). 

Senolytic intervention in NHP was performed with navitoclax administered as an amorphous solid dispersion (ASD). Navitoclax 
ASD was mixed in food and administered orally once a day at an initial “low-dose lead-in” of 1.44 mg/kg/day x five days of treatment, 
followed by 16 days of rest. Navitoclax “full dose” was then administered on a repeating regimen of 12 mg/kg/day x 5 days of 
treatment followed by 16 days of rest. Six complete cycles of full dose navitoclax ASD were administered. NHP were housed in a 
12h:12h light:dark cycle environment in pathogen-free barrier conditions. Compliance with relevant ethical regulations and all animal 
procedures were reviewed and approved by the IACUC (IACUC protocol numbers 1808C00027 and 2108C00039). Baseline blood 
(19–21 mL/NHP, divided between PAXgene blood RNA tubes and EDTA tubes), skin (three 4–6 mm skin punch biopsies/NHP: one 
formalin-fixed paraffin-embedded, one placed in RNAlater, one flash frozen), and CSF (1 mL CSF/NHP) samples were collected from all 
NHP in cohort 1, comprising six aged NHP (2 samples for A6, 1 sample for all other aged NHP) and 13 young NHP (1 sample/NHP). 
Blood (14 mL/NHP) and skin samples (three 4–6 mm punch biopsies) were also collected at Day 7 and Day 21 of each navitoclax cycle. 
Post-navitoclax CSF samples for biomarkers of neuroinflammation and neuronal damage were collected from four aged NHP (A1, A2, 
A3, and A4). Navitoclax CSF samples (0.5–1 mL CSF/NHP) were collected from four aged NHP (A2, A4, A5, and A6) 24 h after 
completing daily doses with navitoclax (12 mg/kg/day x 5 days, ASD mixed in food). A ~10–50 μL volume of CSF was used for each 
CSF PK analysis; the remainder was used for CSF biomarker analysis. 

NHP plasma and hematology analyses: Multiple dose pharmacokinetics and hematology were evaluated in two chair-trained aged 
NHP (A1 and A2) on Days 1–5 of daily navitoclax dosing. Hematology samples were also collected from four aged NHP (A1, A2, A3, 
and A4) on Day 7 of each navitoclax cycle. K2EDTA blood samples were obtained from a femoral artery or vein of each animal 24 h 
after compound administration from Days 1–5. Samples were profiled on a Cell Dyne 3700 hematology analyzer according to the 
manufacturer’s recommendations. Plasma was separated by centrifugation (~4 ◦C) and navitoclax separated using protein precipi-
tation with acetonitrile containing the stable label internal standard (SLIS). A 10–50 μL plasma aliquot was used for each plasma PK 
analysis, further described in “NHP PK analyses” below; the remainder was used for plasma biomarker analysis. 

NHP PK analyses (plasma and CSF): For both plasma and CSF PK analyses, navitoclax and the SLIS were separated from each other 
and co-extracted contaminants on a 30 × 2.1 mm Waters X-Bridge C18 5 μm column with an acetonitrile in 0.2 %/1 mM aqueous 
ammonium hydroxide gradient mobile phase at a flow rate of 1.5 mL/min. Analysis was performed on a Sciex API6500+™ Bio-
molecular Mass Analyzer with a turbo ionspray interface. Navitoclax and internal standard peak areas were determined using Sciex 
Analytst™ software. The plasma drug concentration of each sample was calculated by least squares linear regression analysis (non- 

Table 1 
NHP CSF biomarkers.  

Biomarker CSF dilution Method 

tTau 1:10 SMC 
pTau199 1:6 SMC 
pTau231 1:8 SMC 
pTau396 1:6 SMC 
Vilip 1 1:8 SMC 
Nf-L 1:40 SIMOA 
Gap43 1:20 Ella 
MCP-1 1:20 Ella 
sTREM2 1:20 Ella 
YKL-40 1:20 Ella 
Amyloid Aβ 1-38 1:10 MSD 
Amyloid Aβ 1-40 1:10 MSD 
Amyloid Aβ 1-42 1:10 MSD 

Abbreviations: SMC, Single Molecule Counting; Ella, Ella automated immunoassay; MSD, 
Meso Scale Discovery. SIMOA, Single Molecule Array. 
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weighted) of the peak area ratio (parent/internal standard) of the spiked plasma standards versus concentration. 
NHP plasma biomarker analyses (protein levels): NHP platelet-poor plasma (0.5 mL/NHP) was diluted 1:2 to 1:8 to ensure assay 

linearity, then profiled for protein levels of interest via the following ligand-binding assays: 1) MILLIPLEX MAP Non-Human Primate 
Cytokine Magnetic Bead Panel (PCYTMG-40K-PX23); Millipore Human MMP Magnetic Bead Panel 2 - (HMMP2MAG-55K); IBL 
HMGB1 ELISA (Tecan ST51011); Human u-PAR Quantikine ELISA Kit (R&D DUP00). 

NHP CSF biomarker analysis (protein levels): Baseline CSF Nf-L analyses were performed on all available NHP CSF samples (n = 13 
young, n = 5 aged: A1, A2, A3, A4, and A6). For A4 and A6, two separate baseline CSF samples were collected; for all other aged NHP, 
one baseline CSF sample was collected. Post-navitoclax CSF Nf-L analyses were performed on four aged NHP (A1, A2, A3, and A4). Due 
to international regulatory and operational complications, all other post-navitoclax CSF protein level analyses were only performed on 
samples from two aged NHP (A2 and A4). CSF (10–50 μL/assay) was diluted 1:8 to 1:20 to ensure assay linearity, then profiled for 
protein levels of interest via Merck Millipore Single Molecule Counting technology (SMC), Proteinsimple Simpleplex Ella (Ella), Meso 
Scale Discovery (MSD), and Quanterix SIMOA HD-X (SIMOA) platforms. Further details of CSF biomarkers analyzed are provided in 
Table 1. 

NHP skin histology: NHP epidermal skin samples (4–6 mm back punch biopsies, yielding ~10 mg tissue) were fixed in 10 % NBF, 
processed and paraffin-embedded routinely, and microtome sectioned at 5 μm. Immunohistochemistry was run on a Leica Bond RX 
(Leica Biosystems, Deer Park, IL), with minor modifications from that described previously [37,38]. Primary antibodies used: rabbit 
anti-human lamin B1, Abcam ab16048 [1 μg/ml]; rabbit mAb anti-human HMGB1, Cell Signaling 6893 [2.5 μg/ml]; both were 
detected with Leica’s goat anti-rabbit/HRP polymer, visualized with chromogen DAB (3,3-Diaminobenzidine) and counterstained with 
hematoxylin. Imaging was performed using a 3DHISTECH scanner. VisioPharm software was used for automated image acquisition 
and analysis. The number of positive cells for a given marker were standardized to the total number of nuclei present in each section. 

Quantitative RT-PCR (RT-qPCR): Analyses were performed on NHP skin, whole blood, and PBMCs. NHP skin punch biopsies: 4–6 
mm skin punch biopsies were collected and treated with RNAlater according to manufacturer’s protocol, (AM7021, Invitrogen). Each 
biopsy was cut in half and homogenized in a 2 mL Eppendorf Safelock tube with 700 μL Qiazol (79306, Qiagen) and Garnet PowerBead 
Tubes 0.7 mm (13123-50, Qiagen). Tissue lysates were incubated at room temperature for 5 min. Chloroform, 140 μL, (C2432, 
Millipore Sigma) was added to each sample, then vortexed on high speed for 15 s. Samples were allowed to incubate at room tem-
perature for 2 min. Organic phase separation was carried out at 4 ◦C 12,000×g for 15 min 350 μL of the resulting aqueous layer was 
transferred to a 2 mL Eppendorf Safelock microcentrifuge tube and processed through the miRNeasy mini kit via the Total RNA 
isolation protocol (217004, Qiagen) according to manufacturer’s protocol on the Qiacube Classic (9001292, Qiagen). NHP whole 
blood: 2.5 mL was collected into a PAXgene Blood RNA tube and prepared following manufacturer’s protocols (762165, PreAnalytix/ 
Qiagen). Total RNA from NHP whole blood was isolated on the QIAsymhpony (9001297, Qiagen) with the QIAsymphony PAXgene 
Blood RNA kit (762635, Qiagen) following manufacturer’s protocol with UltraPure water (10977023, Invitrogen) used as the elution 
buffer. NHP PBMCs: PBMCs were isolated from 4 mL of NHP whole blood within 8 h post blood draw. Total RNA from PBMCs was 
isolated using organic phase extraction and the miRNeasy micro kit (217084, Qiagen) on the Qiacube Classic (9001292, Qiagen) 
following manufacturer’s protocol. RT-QPCR: Total RNA from skin, whole blood, and PBMC was converted to cDNA with SuperScript 
IV VILO (11756050, Invitrogen). Specific Target Amplification was performed following manufacturer’s protocol (Fluidigm ref 
68000133 D2) with the following gene targets: p16, p21, IL-6 and TNFα were as previously described [25], IL-1β, IL-8 and MCP-1 were 
as previously described [39,40], ACTB forward 5′- CACCATTGGCAATGAGCGGTTC -3′, reverse 5′- AGGTCTTTGCGGATGTCCACGT-3′. 
14 PCR cycles were used for pre-amplification of all samples, post pre-amplification all samples were diluted 1:5 with DNA Suspension 
buffer, pH 8.0 (T0223, Teknova). Samples were loaded on the Fluidigm 192.24 IFC dynamic array (100.6265, Fluidigm) following 
manufacturer’s protocol for the Juno and RT-qPCR data capture was performed on the BioMark HD (Juno, BMKHD, Fluidigm). 
Expression for all experiments was normalized first to ACTB. 

TSPO-PET: NHP imaging was performed at baseline and at the completion of all navitoclax treatment (228 ± 60 days apart). 
Briefly, animals were fasted for 18–24 h prior to PET and anesthetized using isoflurane (2–2.5 %) throughout the scan. After animal 
anesthesia and preparation, a CT of the brain was acquired using a Ceretom system (Neurologica, Danvers, MA) for use in PET 
attenuation correction. Dynamic [18F]PBR111 [41] PET data 120 min in duration were collected in aged (n = 6) male (n = 4) and 
female (n = 2) cynomolgus NHP (6.0 ± 1.1 kg) on a Focus220 system (Siemens, Knoxville TN). Arterial blood samples were collected 
for measurement of the arterial input function of the PET tracer. In one PET measurement arterial blood sampling was not successful. 
Body temperature was maintained at 37 ◦C using a heated water blanket and hot air. Vital signs were monitored throughout the 
scanning procedure. The injected amount of radioactivity was 4.92 ± 1.66 mCi, molar activity was 2846 ± 1708 Ci/mmol, and mass 
amount was 0.85 ± 0.35 μg. For image analysis, subject-space MRI and neuroanatomical atlas were coregistered to PET images of each 
animal to derive regional time activity curves. Total volume of distribution ratio (DVR) was computed using the Logan graphical 
method with the cerebral white matter as reference region [42]. 

Apoptotic Body Flow Cytometry (FCM): NHP whole blood samples were separated into intact cells (WBCs) and platelet poor plasma 
(PPP) by centrifugation as described previously [43]. PPP and WBC were incubated separately with an apoptosis dye (ApoTracker 
Green, BioLegend #427402), then further incubated with antibodies against the following cell surface epitopes: WBC subtype markers 
(mouse anti-human CD3-BUV395 for T cells, BD Biosciences clone SP34; mouse anti-human CD14-BUV805 for monocytes, BD bio-
sciences clone M5E2; mouse anti-human CD20-BV711 for B cells, BioLegend clone 2H7; mouse anti-human CD56-PE for NK cells, 
BioLegend clone 5.1H11) and senescence-enriched markers (anti-B2M-PECy7, clone 2M2, BioLegend; anti-CD26-PerCP-Cy5.5 Bio-
Legend clone BA5b, mouse anti-CCR6-BV421 AKA CD196, BioLegend 353408; APC mouse anti-DEP1, Abcam ab234278; purified 
anti-CD87 AKA uPAR, ThermoFisher, MA5-38490 – custom conjugated to CF680 using the Mix-n-stain protein labeling kit from 
Biotium). All antibodies were used at the recommended 5 μL test size in a final staining volume of 100 μL (1:20 dilution). Flow 
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cytometry methods were performed as previously described [44]. Briefly, samples were analyzed using the Aurora Spectral Analyzer 
(Cytek Biosciences) with log forward scatter (FSC) and side scatter (SSC) detection to ensure proper resolution of the small apoptotic 
bodies. FSC and SSC resolution of small particle detection in the range of 0.5–2 μm in size was calibrated using the Nano Blank 
Polystyrene size standard kit – 0.1 μm–2.0 μm (Spherotech, Inc.) – data not shown. Instrument fluorescent ranges (− 13000 to 4194304) 
were rescaled via analysis software to a range of − 4 to 10. Negative values represented spreading error post spectral deconvolution and 
were interpreted as lacking expression of a given marker. Values 1–2 were no/minimally expressed markers; values 2–4 were 
moderately expressed markers; values > 4 were highly expressed markers. A gating strategy was used to maximize the purity of each 
immune cell subtype, identify it as apoptotic, and assess the expression of the senescence markers. Briefly, populations were gated by 
size via FSC-A and SSC-A to enrich for intact particles in the size range of the calibration beads (~1 μm), then further gated on 
ApoTracker green positivity indicating an event as an Apoptotic Body, followed by a positive signal of the desired lineage marker (e.g., 
CD3+ or CD14+), and finally for the presence or absence of one of the senescence markers. Proportions of cells with a given cell surface 
senescence marker were reported as a percentage of total Apoptotic Bodies present in the sample. 

Statistical analysis: Plots of CSF biomarkers, PK data, and PBMC cell surface markers were generated using R for Windows V4.1.2 
[45] and R package ggplot2 V3.3.6 [46]. All other plotting and data analysis was done in GraphPad Prism version 9.1.0 for Windows, 
GraphPad Software, San Diego, California USA, www.graphpad.com. HMGB1 and lamin B1 epidermal expression were compared 
between groups using an unpaired t-test. A mixed model was fitted to the repeated measures in transcription profiles in skin and blood 
and each post-treatment time point was tested for significant difference compared to baseline. Group comparisons of transcription 
profiles in blood were tested using Welch’s test, or in the presence of large outliers (IL-6, MCP-1), using a Mann-Whitney test. Group 
comparisons of protein biomarker profiles in plasma and CSF were tested using a Mann-Whitney test. A paired t-test was performed for 
each TSPO-PET brain region. All p-values were uncorrected unless otherwise stated. The following denotes significance in all figures: 
*P < 0.05, **P < 0.01, ***P < 0.001. Box-and-whisker plots denote the lower quartile, median, and upper quartile, with whiskers 
extending to the minimum and maximum values. Plots with error bars denote the mean ± 1 SEM. Given the small number of animals 
and the exploratory nature of this study, no power calculations were used. A5 and A6 samples were excluded from post-navitoclax 
assessments of senescence, SASP, and neuronal damage, given navitoclax dosing irregularities and elapsed time (>12 months) be-
tween baseline samples and navitoclax administration. 

3. Results 

3.1. Navitoclax CNS penetration in rodents 

Though senolytic activity of navitoclax across tissue types has been widely reported [19,27,28,47,48], it has been uncertain if 
navitoclax has sufficient. 

BBB permeability to have direct CNS effects. To assess the CNS penetration of navitoclax, we administered navitoclax (50 mg/kg/ 
day x 5 days) to C57BL/6 mice, achieving a total brain concentration of 42 nM at the terminal timepoint 24h after the last dose 
(Fig. 1a). [14C]Navitoclax (10 mg/kg/day x 1 day) was also administered to male rats, resulting in a peak total brain concentration 
(navitoclax and metabolites) of 42 nM, with a 2–3% brain/plasma ratio (Fig. 1b). 

Fig. 1. Navitoclax reaches senolytic-relevant concentrations in the rodent CNS. 
A. Navitoclax (50 mg/kg/day x 5 days) was administered to C57BL/6 mice (n = 3). Navitoclax concentrations in the brain and plasma were 
assessed 24 h following the last dose of navitoclax. B. [14C]Navitoclax (10 mg/kg/day x 1 day) was administered to male rats. Tissue concen-
trations of radioactivity were then assessed at 1–120 h following navitoclax administration. 
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3.2. Intermittent navitoclax in aged cynomolgus monkeys 

We next aimed to validate the role of senescence and navitoclax activity in aged cynomolgus macaques, an animal model with more 
human translational relevance than rodent models (Fig. 2, Table 2). Briefly, baseline blood, skin, and CSF samples (senescence, SASP, 
neurodegeneration, Aβ) were collected from young (age 4–7 YO) and aged (age 17–23 YO) cynomolgus monkeys. Baseline imaging 
assessments (TSPO-PET) were also collected from aged (age 17–23 YO) cynomolgus monkeys. Aged NHP (n = 6) were then treated 
with one three-week cycle of low-dose oral navitoclax (1.44 mg/kg/day x 5 days), followed by six cycles of full-dose navitoclax (12 
mg/kg/day x 5 days/cycle), based on published navitoclax treatment in PS19 tauopathy mice [19]. Skin and blood assessments were 
repeated each cycle, while CSF and imaging studies were repeated after completion of navitoclax treatment. 

Due to operational challenges, A5 and A6 navitoclax dosing began >1 year after baseline blood, skin, and CSF samples were 
collected; these animals were excluded from post-navitoclax analyses for these biomarkers. On analysis, many plasma proteins were 
below the lower limit of quantitation. Plasma protein levels did not show significant differences between baseline aged and young 
NHP, nor were pre- and post-navitoclax treatment differences appreciated (data not shown), and these studies are not further discussed. 

CSF samples were originally planned to be collected 24 h following the last dose of navitoclax in cycle 6. Due to technical chal-
lenges, only 2/4 of the original navitoclax-treated aged NHP had successful post-navitoclax CSF collections. An additional two aged 
NHP (A5 and A6) were subsequently treated with navitoclax, with CSF collected 24 h post-navitoclax. Baseline PBMC and CSF samples 
were also collected from a second cohort of 12 aged NHP (AA1-12) and 21 young NHP (YY1-21). Details of NHP demographics are 
provided in Supplementary Table 1 (cohort 1) and Supplementary Table 2 (cohort 2). 

3.3. Navitoclax safety/tolerability, PK, and effects on peripheral SASP 

Overall, navitoclax treatment was safe and well-tolerated in aged NHP. Consistent with its mechanism of action, navitoclax induced 
moderate thrombocytopenia in all animals; this was not associated with significant bleeding, and platelet counts rapidly returned to 
baseline upon withdrawal of study drug (Fig. 3a). Navitoclax was detectable in the CSF of aged NHP 24 h after study drug admin-
istration, with a peak detectable concentration of 1.7 nM (median 0.30 nM, mean 0.56 nM), and CSF:plasma ratios ranging from 0.03 
to 0.9 % (Fig. 3b). 

NHP whole-blood samples showed marked age-dependent increases in mRNA markers of senescence, including a 2.7-fold increase 
in p16 mRNA and a 2-fold increase in IL-8 mRNA (Fig. 3c, top). Similar age-dependent elevation was also seen in blood SASP mRNA 
markers MCP-1 and IL-1b. Navitoclax treatment induced reductions of whole-blood RNA senescence (p16) and SASP (IL-8, MCP-1, IL- 
1b, and IL-6) in two of the four aged NHP, with peak effects appreciated by cycle 3. The remaining two aged NHP did not show 
significant post-navitoclax blood biomarkers (Fig. 3c, bottom). 

To confirm and expand on the trends noted in the whole-blood senescence and SASP RNA, PBMC samples were collected from a 
second cohort consisting of 12 aged NHP (AA1-12) and 21 young NHP (YY1-21). As with the whole-blood samples, PBMC samples 
showed significant age-dependent increases in mRNA markers of senescence, including a 1.6-fold increase in p16 mRNA, a 1.3-fold 
increase in p21 mRNA and a 3.1-fold increase in IL-1β mRNA (Fig. 3d). Similar trends in age-dependent elevation were also seen in 
SASP mRNA markers TNFa and MCP-1. 

To further investigate the effect of navitoclax on circulating senescent cells, blood samples were enriched for PBMCs, sorted via 
fluorescence-activated cell sorting (FACS), and profiled for cell surface markers of senescence. Navitoclax treatment was associated 
with a decline in CD20+β2M + B lymphocytes as a percentage of total cells (5-10x vs baseline), with post-treatment effects observed in 
all four aged NHP. Peak effect was observed by cycle 4, and levels remained suppressed 16 days post-treatment (Fig. 3e, top left). 
Navitoclax induced a similar trend of reduction in CD14+ β2M + monocytes (Fig. 3e, bottom left), CD3+β2M + T lymphocytes (Fig. 3d, 
top right), and CD56+β2M + NK cells (Fig. 3e, bottom right) in the four aged NHP. CD26, CCR6, uPAR, and DEP1 levels did not show 

Fig. 2. Navitoclax in NHP study schema.  
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significant modulation with navitoclax treatment (not shown). Similarly, NHP skin samples also showed marked age-dependent in-
creases in several senescence markers, with a 2-fold elevation of bulk skin p21 mRNA, and a 25–35 % reduction in nuclear lamin B1 
and HMGB1 in non-cornified epidermal cells (Fig. 3f). Navitoclax treatment partially reversed these skin senescence markers in all four 
aged NHP, with responses observed as early as cycle 3 (Fig. 3f). 

3.4. Navitoclax effects on imaging and CSF biomarkers of SASP and neurodegeneration 

NHP CSF and plasma samples were assessed by ligand binding assays for age-related and navitoclax-induced changes in AD- 
relevant soluble protein biomarkers. Several CSF biomarkers with significant age-dependent differences were identified at baseline 
levels, including MCP-1 (2.75-fold increase); YKL-40 (1.43-fold increase); Gap43 (2.01-fold decrease); neurofilament light (Nf-L, 1.84- 
fold increase); and sTREM2 (1.96-fold increase). (Fig. 4a–d, left). An independent comparison of a second cohort of young (N = 21) vs 
aged (N = 12) confirmed age-dependent changes in protein biomarkers (Fig. 4e–f). Post-navitoclax CSF samples obtained from two 
aged NHP showed trends of partial reversal of many age-dependent changes, inducing a 3.68-fold decline in MCP-1, a 1.7-fold decline 
in YKL-40, a 2.38-fold increase in Gap43, and a 1.63-fold reduction in NF-L (Fig. 4a–d, right). 

Finally, TSPO-PET was performed in all aged NHP before and after navitoclax treatment. Frontal cortex TSPO-PET showed a 
significant reduction following navitoclax treatment; no other brain regions showed significant pre- and post-navitoclax treatment 
differences (Fig. 5). 

4. Discussion 

In this study, we have identified age-dependent changes in markers of senescence and SASP in the skin, blood, and CSF of aged 
NHP. Intermittent oral navitoclax administration was feasible, safe, and well-tolerated, with no serious treatment-emergent adverse 
effects. Intermittent navitoclax was associated with reduction in several systemic markers of senescence and SASP and achieved CSF 
concentrations at levels that may be relevant for senolytic activity based on previous preclinical studies. Finally, navitoclax treatment 
showed trends of improvement in CSF biomarkers of neuroinflammation (MCP-1, YKL-40), neuronal damage (NF-L), and synaptic 
integrity (GAP-43), along with an imaging biomarker of neuroinflammation (frontal cortex TSPO-PET). 

This study provides uniquely detailed characterization of naturally occurring age-related NHP senescence and is one of the first 
long-term studies of a senolytic intervention in this animal model. Levels of senescent PBMCs increase significantly in human 
neurodegenerative disease, particularly senescent lymphocytes [49,50], and lymphocyte infiltration has been reported in the brains of 
patients with advanced human neurodegenerative disease [49,51–53]. The reduction in PBMC senescence markers in this study 
suggests an additional MOA for navitoclax CNS disease-modification. 

While senescent β2M + cells have been reported to significantly increase in aged humans [54] and aged rodent brains [55,56], the 
use of this marker for assessing senescent PBMCs has not been widely established. Our study did also include more widely accepted 
markers of PBMC senescence, including p16, p21, and SASP markers (e.g., IL-1b), correlating with the β2M trends reported; none-
theless, further studies are warranted to further validate a link between β2M levels and PBMC senescence. Of note, β2M-directed 
therapies have been reported to selectively eliminate senescent cells [55,57], lower alpha-synuclein levels, and improve motor 
function in a rodent PD model [57]. The trends of navitoclax-induced reduction of β2M + cells across PBMC lineages suggests 
navitoclax may cause a similar reduction in β2M + senescent cells in the CNS. 

Results from our study are consistent with prior navitoclax and ABT-737 studies in rodents, wherein treatment reduced systemic 
senescence and SASP [27,28,58,59], decreased markers of neuroinflammation and CNS senescence [19,29,58–60], lowered phos-
phorylated tau [19], and increased neurogenesis and cognitive performance [29,58]. Our results were also consistent with those 

Table 2 
Navitoclax in NHP study activity schedule.  

Activity Baseline Lead-ina,e, Cycles 1–6b,e EOTd 

D1 D2 D3 D4 D5 D6 D8 

Physical Examination X X X X X X X X  
Blood for Hematology (CBC) X X X X X X X X  
Blood for Clinical Chemistry X X X X X X X X  
Skin for biomarkers (senescence, SASP) X X        
CSF for biomarkers (SASP, neurodegeneration, Aβ) X      Xc  X 
Blood for biomarkers (senescence, SASP, apoptotic bodies, neurodegeneration, Aβ) X X        
CSF for navitoclax PKe       Xc   

Blood for navitoclax PKe   X X X X X   
Navitoclax treatmente  X X X X X    
TSPO-PETe X        X  

a Navitoclax lead-in dosing: 1.44 mg/kg x 5/21 days. 
b Navitoclax Cycles 1–6 (C1-6) dosing: 12 mg/kg x 5 days/cycle, 21 days/cycle. 
c Post-baseline CSF samples were collected on cycle 1 only. 
d EOT: End of Treatment visit, approximately 30 days after the last dose of navitoclax. 
e Aged NHP only. 
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reported with the senolytic combination dasatinib and quercetin (DQ) in obese insulin-dependent NHP, wherein DQ reduced the 
burden of adipose SC, reduced markers of systemic SASP, and improved biomarkers of kidney function and metabolic parameters such 
as fasting glucose, hemoglobin A1c, total cholesterol, triglycerides, and kidney function [61,62]. In both the rodent and NHP studies, 
time-limited senolytic interventions produced significant improvements in disease-relevant biomarkers, supporting the applicability of 
senolytics to serious human disorders. 

The administered aged NHP dose (12 mg/kg/day) is the human equivalent dose of approximately 270 mg, within the therapeutic 
range of 200–300 mg daily used in human oncology trials [63]. At this dosage, navitoclax was detectable in aged NHP CSF following 
oral dosing, supporting the potential of navitoclax for CNS disease-modification. While the absolute navitoclax CSF concentrations 
(0.09–1.7 nM) were low, they were within the range of levels needed to inhibit its Bcl-2 family targets [64] and induce cellular 
senolysis [27]. Moreover, navitoclax reaches its plasma Cmax at 4–6 h following oral administration in dogs, with a half-life in cyn-
omolgus monkeys of only 4–5 h [64]. As such, the 24h post-navitoclax CSF concentrations could significantly underrepresent the 
navitoclax CSF Cmax. 

Prior reports have shown limited BBB penetration of navitoclax in preclinical models [58,65,66]. It cannot be ruled out that 
navitoclax detectability in aged NHP CSF in our study could be a consequence of age-related increased BBB permeability in these 
animals [67]. Navitoclax has also been shown in prior animal studies to have effects on cerebral vasculature, with improvements in 
cognitive health linked to a combination of improved cerebral blood flow and modulation of peripheral inflammation [58,68]. As such, 
the observed impact of navitoclax on CSF biomarkers of SASP and neurodegeneration in this study may be attributable to its effects on 
peripheral senescent cells and cerebral vasculature, rather than direct effects on CNS senescent cells. 

The study had a number of limitations. Only a small number of aged monkeys were available for this study, limiting its statistical 
significance and generalizability. In particular, post-navitoclax peripheral and CSF biomarkers could only be evaluated from four aged 
NHP. The effect of navitoclax on PBMC SASP was not assessed due to resource limitations and technical challenges. Future studies with 
larger sample size of aged monkeys are needed to confirm the post-navitoclax trends observed in whole blood senescence and SASP. 

Our aged NHP also did not show classical AD biomarker enrichment (e.g., no significant changes in CSF tau, pTau, or Aβ with age), 
reducing the direct applicability of results to human AD. However, non-AD human neurodegenerative disorders such as Parkinson’s 
disease (PD), amyotrophic lateral sclerosis (ALS), and multiple sclerosis (MS) share key pathological senescence-modulated features, 
including misfolded protein accumulation [69–72], dysfunctional proteostasis [73], and neuroinflammation [74–76]. Indeed, 
senescence has been directly linked to the pathophysiology of PD [37,77], MS [78,79], and ALS [80,81], and senomodulators have 
shown DMT effects in preclinical PD models [82]. NF-L has also become increasingly recognized as a predictive and prognostic 
biomarker across human neurodegenerative diseases [83]. The NF-L modulation seen with navitoclax in our study suggests it could 
have broad disease-modifying potential in CNS disorders. In order to assess the generalizability of the effects and navitoclax trends to 
human AD, further studies would be needed with animal models displaying classic AD pathological features. 

TSPO-PET is a useful measure of neuroinflammation in neurodegenerative diseases [84]. Navitoclax treatment induced a signif-
icant reduction in TSPO DVR in the frontal cortex, although no significant effect was observed beyond this region. In NHP, TSPO PET 
signal across brain regions has previously been shown to decrease following microglia depletion with the CSF1R inhibitor PLX3397 
and to increase following acute lipopolysaccharide administration in young NHP [85,86]. In aged NHP, TSPO-PET signal was found 
relatively high in striatal regions, hippocampus, temporal cortex, and thalamus, and positively correlated with amyloid-beta tracer 
[11C]PIB binding in cortical regions [87]. Further evaluation of the regional effect of navitoclax on TSPO-PET is warranted. 

Senolytics could potentially offer several advantages over existing AD therapeutics. While conventional therapeutics require daily 
dosing for continued efficacy, in preclinical studies senolytic effects persist for weeks following discontinuation of treatment [25]. 
Moreover, even partial SC removal appears sufficient for significant benefits, with a 30 % reduction in SC burden linked to meaningful 
improvements in preclinical pathology and function [25,88]. In contrast, in clinical studies, anti-amyloid therapeutics can achieve 
near-complete removal of amyloid plaques with only a 20–30 % reduction in cognitive decline at weeks 76–78 [2,6]. The durable 
benefits with short intermittent senolytic treatments may facilitate interventions at a presymptomatic phase, particularly with orally 
bioavailable therapeutics like navitoclax. Indeed, senolytics have now been safely administered in multiple clinical trials, with two 
senolytic studies now actively recruiting in AD: STOMP-AD [89] and ALSENlite NCT04785300. Our findings of navitoclax safety and 

Fig. 3. Navitoclax has on-target thrombocytopenia, BBB penetration, and senolysis in aged NHP. 
A. Effect of navitoclax on aged NHP platelet levels. Drug was administered Days 1–5 of each cycle. Shown: 2 aged NHP (A2, A4). B. Average 24h 
post-navitoclax CSF and plasma concentrations from aged NHP (A1, A2, A5 x 2, A6). Left: 24h CSF navitoclax = 0.56 ± 0.29 nM. Right: 24h plasma 
navitoclax = 190 ± 64 nM. C. Effect of age and navitoclax on mRNA markers of whole-blood senescence (p16) and SASP (IL-8, MCP-1, IL-1β, IL-6). 
Left: Baseline bulk blood mRNA. Right: Navitoclax effect. D. Effect of age on mRNA markers of PBMC senescence (p16, p21) and SASP (IL1b, TNFa, 
MCP1, IL6, IL8) in a second cohort of young (N = 21) and aged (N = 12). Statistical comparisons performed using Welch’s t-test (p16, p21, IL1b, 
TNFa) or Mann-Whitney test (MCP1, IL6, IL8). E. Effect of navitoclax on cell surface senescence marker β2M+ in circulating PBMC. Top left: CD20+

B lymphocytes/Bottom left: CD14+ monocytes. Top Right: CD3+ T lymphocytes. Bottom right: CD56+ NK cells. PRE: Baseline, samples collected after 1 
cycle of low dose navitoclax lead-in (1.44 mg/kg). POST: post-navitoclax, samples collected 16 days after the last dose of navitoclax cycle 6. F. Effect 
of age and navitoclax on markers of NHP skin senescence. Left: Effect of age and navitoclax on NHP bulk skin p21 mRNA. Top right: Effect of age and 
navitoclax on epidermal LMNB1 skin IHC. Results presented as % positive cells for LMNB1 vs total # non-cornified epidermal cells present. Bottom 
right: Effect of age and navitoclax on epidermal HMGB1. Results presented as % positive cells for HMGB1 vs total # non-cornified epidermal cells 
present. All PBMC and whole blood mRNA results presented as ΔΔCt = ΔCt (gene of interest mRNA)/–ΔCt (β-actin mRNA). Error bars: ±1 SE. *p <
0.05, **p < 0.01, ***p < 0.001. Abbreviations: NAV, navitoclax; β2M, beta-2 microglobulin. IHC, Immunohistochemistry; SC, senescent cells; SASP, 
Senescence Associated Secretory Phenotype; b-actin, beta-actin; SE, standard error; LMNB1, lamin B1; HMGB1, High mobility group box protein 1. 
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tolerability at therapeutic dosages in aged NHP, along with trends of reductions in biomarkers of senescence, SASP, neuro-
inflammation, and CNS damage, support further investigations of senolytics in clinical studies of neurodegenerative disorders. 
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Abbreviations: 

Aβ Amyloid beta 
AD Alzheimer’s Disease 
ADAS-Cog Alzheimer’s Disease Assessment Scale-Cognitive subscale 
ALS Amyotrophic Lateral Sclerosis 
APPPS1 Amyloid precursor protein/Presenilin Protein 1 
Bcl-2 B-cell lymphoma 2 
Bcl-xL: B-cell lymphoma-extra large 
β-actin beta-actin 
β2M Beta-2 microglobulin 
CD3 Cluster of Differentiation 3 
CD14 Cluster of Differentiation 14 
CD20 Cluster of Differentiation 20 
CD56 Cluster of Differentiation 56 
CDKN2A Cyclin dependent kinase Inhibitor 2A, AKA p16 
CDKN1A Cyclin dependent kinase Inhibitor 1A, AKA p21 
CHI3L1 Chitinase 3-like protein 1. AKA YKL-40 
Cmax Maximum concentration achieved 
CNS Central nervous system 
CSF Cerebrospinal fluid 
CWM Cerebral White Matter 
DQ Dasatinib and Quercetin 
DMT Disease-modifying therapy 
DVR Distribution volume ratio 
Ella Ella automated immunoassay 600-100 
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EOT End of Treatment 
Fp: Plasma free fraction 
GAP-43 Growth associated protein 43 
GFAP Glial fibrillary acidic protein 
H + L: Heavy and light chain 
H&E Hematoxylin and eosin 
HMGB1 High mobility group box protein 1 
iADRS Integrated Alzheimer’s Disease Rating Scale 
IHC Immunohistochemistry 
HRP Horseradish Peroxidase 
iADRS Integrated Alzheimer’s Disease Rating Scale 
IL-1β Interleukin-1 beta 
IL-6 Interleukin 6 
IL-8 Interleukin 8 
LC3B Microtubule-associated proteins 1A/1B light chain 3B 
LMNB1 Lamin B1 
MCP-1 Monocyte Chemoattractant Protein-1 
mRNA Messenger RNA 
MS Multiple Sclerosis 
MSD Meso Scale Discovery 
NAV Navitoclax 
NF-L: Neurofilament light 
NFT Neurofibrillary tangles 
NHP Non-human primate 
p16 AKA CDKN2A 
p21 AKA CDKN1A 
p62 AKA Sequestosome-1 (SQSTM1) 
PAI-1 Plasminogen Activator Inhibitor-1 
PD Parkinson’s Disease 
PFA Paraformaldehyde 
RT-PCR Reverse Transcriptase Polymerase Chain Reaction 
SA-β-gal Senescence-associated beta galactosidase 
SASP Senescence Associated Secretory Phenotype 
SC Senescent cells 
SE Standard error 
SIMOA Single Molecule Array 
SQSTM1 Sequestosome-1 
sTREM2 Soluble triggering receptor expressed on myeloid cells 2 
SMC Single Molecule Counting 
t1/2 Half-life 
TBS Tris-buffered Saline 
TNF-α: Tumor necrosis factor alpha 
TSPO-PET Translocator Protein-Positron Emission Tomography 
Vilip1 Visinin-like protein 1 
VT Distribution volume 
WT Wild-type 
YKL-40 Tyrosine lysine leucine-40 KDa. AKA Chitinase 3-like protein 1 (CHI3L1) 
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S. Bauer, S. Träger, K.K. Miller, W. Brück, K.E. Duncan, G. Salinas, P. Soba, E.D. Gundelfinger, D. Merkler, M.A. Friese, Bassoon proteinopathy drives 
neurodegeneration in multiple sclerosis, Nat. Neurosci. 22 (2019) 887–896. 
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