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Abstract

INTRODUCTION: Alzheimer’s disease (AD) is characterized by amyloid pathology

and neuroinflammation, leading to cognitive decline. Targeting histone deacetylase-11

(HDAC11) offers a novel therapeutic strategy due to its role in immune regulation.

METHODS: We conducted neuropathological analyses on human AD post mortem

brain tissues and 5xFAD transgenic mice. We developed PB94, a brain-permeable

HDAC11-selective inhibitor, and assessed its effects using live-animal imaging and

behavioral studies.

RESULTS: HDAC11 was significantly upregulated in AD brains, correlating with amy-

loid pathology and neuroinflammatory markers. PB94 treatment reduced amyloid

burden and neuroinflammation, improving cognitive function in 5xFADmice.

DISCUSSION: Our findings highlight HDAC11 as a promising drug target for AD.

PB94’s ability to reduce amyloid pathology and neuroinflammation suggests its poten-

tial as an effective therapeutic. This study supports further exploration of HDAC11

inhibition as a treatment strategy for AD.
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∙ Histone deacetylase-11 (HDAC11) is significantly upregulated in Alzheimer’s dis-

ease (AD) brains and colocalizes with amyloid pathology and neuroinflammatory

markers.

∙ Novel brain-permeable HDAC11-selective inhibitor PB94 demonstrates promising

therapeutic potential for AD treatment.

∙ PB94 treatment reduces amyloid burden and neuroinflammation in AD mouse

models, confirmed by live imaging studies.

∙ HDAC11 inhibition enhances microglial phagocytosis of amyloid beta proteins and

modulates inflammatory cytokine levels.

∙ PB94 treatment improves cognitive function in AD mouse models while showing

favorable brain penetration and selectivity.

1 BACKGROUND

Alzheimer’s disease (AD) is the most common neurodegenerative

disease, affecting > 55 million people worldwide.1,2 The progress of

AD normally follows a continuum from asymptomatic stages with

AD biomarker evidence, such as cerebral amyloid beta (Aβ) plaque
accumulation and tau protein hyperphosphorylation, to mild cognitive

and/or behavioral impairment, then AD-caused dementia.3 Because

AD is a complex neurological disorder that involves multiple patho-

logical mechanisms, there is currently no cure. There are several

biomarkers, including Aβ, tau, and neuroinflammatory regulators, that

are regarded as potential therapeutic targets for AD treatment.4–6

However, few agents targeting these biomarkers have been success-

fully approved for AD treatment in clinics. The failure of these agents

in clinical trials can be attributed to the complex nature of the disease,

the lack of understanding of its underlyingmechanisms, the challenges

of hitting specific targets in the brain, and limitations in clinical trial

design.1,7 Consequently, gaining a deeper understanding of the disease

mechanisms as well as developing alternative approaches or targets

are needed to discover a definitive solution for this devastating

disorder.

Histone deacetylases (HDACs) are a family of epigenetic enzymes

that regulate gene expression by removing acetyl groups from

histone proteins, which determines the accessibility of DNA for

transcription.8,9 There are 11 subtypes of HDACs that have been

identified in mammals, including class I (HDAC1, HDAC2, HDAC3,

and HDAC8), class IIa (HDAC4, HDAC5, HDAC7, and HDAC9), class

IIb (HDAC6, HDAC10), and class IV (HDAC11), and each of them

is involved in various physiological processes.10 Several studies have

demonstrated that targetingHDAC activities holds promise as a thera-

peutic strategy for the treatment of AD.11–14 For example, abnormal

expression of HDAC6 was found in the AD brain, which can result

in elevated hyperphosphorylation of tau and contribute to the for-

mation of neurofibrillary tangles (NFTs) with subsequent neuronal

dysfunction. HDAC6 inhibitors (HDAC6i) exhibited promising anti-

AD potential by reducing neuroinflammation and ameliorating tau

pathology.15–17 These findings provide a new potential therapeutic

strategy for AD associated with epigenetic mechanisms.

HDAC11 is a recently identified class IV HDAC member that has

attracted great interest as a promising therapeutic target for many

diseases.18 Notably, it has been found thatHDAC11 is highly expressed

in the brain and plays a vital role in regulating immune response

and inflammation.19–22 The unique characteristics of HDAC11 have

led us to raise a strong interest in its relationship to AD. However,

due to the lack of knowledge of HDAC11 in AD and the absence of

brain-penetrant HDAC11 inhibitors, little is known about the role of

HDAC11 in the etiopathogenesis of AD and whether HDAC11 can be

a potential therapeutic target for AD. To date, only a few HDAC11-

selective inhibitors have been reported, yet none of them exhibited

brain uptake nor showed therapeutic effects against AD.19 Based

on our previous work on developing HDAC inhibitors and positron

emission tomography (PET) imaging probes,23,24 we discovered a

brain-permeable selective HDAC11 inhibitor named PB94. PB94 was

evaluated to have significant inhibitory activity and selectivity toward

HDAC11. Moreover, PB94 showed good brain uptake and drug-like

profileswith favorablepharmacokinetic/pharmacodynamicproperties,

which could serve as an ideal agent for investigating the relationship

between HDAC11 and AD. In this work, we carried out an array of

studies both in vitro and in vivo to investigate the therapeutic poten-

tial of PB94 in AD.Meanwhile, we conducted an initial and exploratory

investigation into the role and mechanistic aspects of HDAC11 in

AD pathogenesis, which may advance the therapeutic development of

targeting HDAC11 in AD.

2 METHODS

All commercially available chemical reagents and solvents were

ordered from commercial suppliers in American Chemical Society–

grade purity or higher and directly used without further purification.

[11C]CO2 (1.2 Ci) was obtained via the 14N (p, α) 11C reaction on

nitrogen with 2.5% oxygen, with 11 MeV protons (Siemens Eclipse
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RESEARCH INCONTEXT

1. Systematic review: Alzheimer’s disease (AD) affects > 55 million people worldwide, presenting a significant global health challenge.

Despite decadesof research, effective treatments remain elusive, primarily due to the complex etiology involvingmultiple pathological

mechanisms, including amyloid beta (Aβ) plaques, tau protein hyperphosphorylation, and neuroinflammation. Traditional therapeu-

tic approaches targeting these pathways have shown limited success in clinical trials, highlighting the need for novel therapeutic

strategies. Recent research has identified epigenetic dysregulation as a crucial factor in AD pathogenesis, with histone deacetylases

(HDACs) emerging as potential therapeutic targets. Among these, HDAC11, the most recently discovered member of the HDAC fam-

ily, has gained attention due to its unique role in immune regulation and cellular processes, though its specific contribution to AD

pathology remained largely unexplored until now.

2. Interpretation: This groundbreaking study provides compelling evidence for HDAC11 as a novel therapeutic target in AD. Analy-

sis of human AD post mortem brain tissues and 5xFAD transgenic mice revealed significant upregulation of HDAC11, which notably

correlated with amyloid plaques and neuroinflammatory markers. The development of PB94, a brain-permeable HDAC11-selective

inhibitor, represents a significant advancement in targeting this mechanism. PB94 demonstrated remarkable efficacy in improving

cognition and reducing amyloid pathology and neuroinflammation, as confirmed through live-animal chemiluminescence probing and

positron emission tomography imaging. The study revealed that HDAC11 inhibition enhances the phagocytosis of Aβ proteins and
decreases neuroinflammatory cytokines, suggesting a dual mechanism of action. These findings are particularly significant as they

address both the accumulation of toxic proteins and the inflammatory response that characterizes AD progression.

3. Future directions: The identification of HDAC11 as a therapeutic target opens several promising research avenues. Future studies

should focus on elucidating the precise mechanisms by which HDAC11 influences AD pathology, particularly its role in regulating

neuroinflammation and amyloid clearance. The optimization of PB94 for clinical applications represents a critical next step, requiring

detailed safety and efficacy studies in human subjects. Additionally, investigating the potential of HDAC11 inhibition in other neu-

rodegenerative disorders could broaden the therapeutic applications of this approach. Long-term studies are needed to evaluate the

sustained effects of HDAC11 inhibition and its impact on disease progression. Collaboration between academic institutions and phar-

maceutical companies will be crucial for advancing these findings toward clinical applications, potentially leading to more effective

treatments for AD patients.

cyclotron, Siemens Healthcare GmbH), and trapped on molecular

sieves in a TRACER lab FX-MeI synthesizer (General Electric, GE

Healthcare). [11C]CH4 was obtained by the reduction of [11C]CO2 in

the presence of Ni/hydrogen at 350◦C and recirculated through an

oven containing I2 to produce [11C]CH3I via a radical reaction. Anti-

bodies anddyes used in immunohistochemistry/immunocytochemistry

(IHC/ICC) of this study are listed in Table 1.

2.1 Cells and cell-based experiments

We used previously reported microglial BV2 cells25 and tested

whether PB94may reduce microglia-related neuroinflammation using

lipopolysaccharide (LPS), awell-characterized inflammatory inducer.26

Briefly, BV2 cells were cultured following publishedmethods and grew

inDulbecco’sModified EagleMedium containing 10%heat-inactivated

fetal bovine serum, 2 mM L-glutamine, and 1% penicillin/streptomycin

(Life Technologies). BV2 cells were treated with dimethyl sulfoxide

(DMSO; vehicle), Aβ (2 µg/mL)/10 ng/mL LPS alone or in combina-

tion with different concentrations (0–1000 nM) of PB94 in serum free

medium for 24 hours. Subsequently, mediumwas collected and applied

to lactate dehydrogenase (LDH) to assess cell viability; cells were

extensively washed with phosphate-buffered saline (PBS) and were

lysed in MPER (Mammalian Protein Extraction Reagent) lysis buffer

supplemented with ethylenediaminetetraacetic acid–free protease

inhibitors (Roche), Halt phosphatase inhibitor cocktail (ThermoFisher

Scientific; MPER++). Lysates were centrifuged at 12,000 × g at 4◦C

for 15 minutes and supernatants were collected and later applied to

western blotting (WB) analysis.

For microglia related Aβ phagocytosis study, BV2 cells were cul-

tured overnight and treated with DMSO (vehicle) or Aβ42 (2 µg/mL;

from Anaspec/AS-24224) alone or in combination with different con-

centrations of PB94 in serum-free growth medium for 6 hours. Then,

medium was collected to perform the LDH assay for cell cytotoxic-

ity measurement. Cells were washed carefully with PBS twice, and

lysed by adding 200 µL of MPER++. Cell lysates were centrifuged

at 12,000 × g at 4◦C for 15 minutes and supernatants were col-

lected for further studies. Total protein levelswere quantified using the

bicinchoninic assay (BCA) protein assay kit (Pierce).

2.2 LDH assay

We performed the previously reported CytoTox-ONE assay to analyze

cell viability by measuring the release of LDH27 following manufac-

turer’s guidelines (Promega). Briefly, 50 µL of cell culture media was

used and a 1:1 dilution of substrate was added. The plate was incu-

bated for 30 minutes in a 37◦C incubator with the signal measured

using a spectrophotometer at an excitation wavelength of 560 nm.

Under the influence of the assay’s substrate, resazurin was converted
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TABLE 1 Overview of primary/secondary antibodies and dyes used in IHC/ICC of this study.

Primary antibodies and dyes Host Cat no. & supplier Dilution

6E10 Mouse 803015, BioLegend 1:500

Anti-α-tubulin Mouse ab7291, Abcam 1:10000

IBA1 Rabbit 019-19741, FujifilmWako 1:500

IBA1 Goat ab289874, Abcam 1:200

HDAC11 Mouse Sc-390737, Santacruz 1:500

ASC Rabbit D2W8U, Cell signaling 1:1000

GFAP Rat 13-0300, Invitrogen 1:500

3D6 Mouse N/A, Eli Lilly 1:200

NeuN Mouse MAB377,Millipore Sigma 1:200

Hoechst Dye 33342, Thermo Scientific 10 nM

Secondary antibodies

Anti-Rat-A488 Donkey Jackson Immuno Research 1:500

Anti-Mouse-A488 Donkey A32766, Invitrogen 1:500

Anti-Rabbit-A594 Donkey Jackson Immuno Research 1:500

Anti-Mouse-A640 Donkey Jackson Immuno Research 1:500

Anti-Goat-A488 Donkey ab150129, Abcam 1:500

Abbreviations: ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain; GFAP, glial fibrillary acidic protein; IBA1, ionized

calcium binding adaptor molecule 1; ICC, immunocytochemistry; IHC, immunohistochemistry; HDAC11, histone deacetylase-11.

to resorufin, its fluorescent form, due to LDH. The fluorometric results

were used to compare the experiment group to the control group.

2.3 Stereomicroscopic images before and after
treatment on BV2 cells

Stereomicroscopic images were captured before and after the treat-

ment of different compounds on BV2 cells to elucidate the cytotoxicity

of compounds based on cellular morphology of BV2 cells.

2.4 WB analysis

The previously described WB method was implemented to perform

and analyze proteins of interest.28 Briefly, cell lysates were collected,

protein concentrations were measured by the BCA analysis and

applied to the electrophoresis using the Novex NuPAGE SDSPAGE

Gel System (Thermo Fisher Scientific), followed by membrane

transfer, overnight primary antibody incubation at 4◦C and 2 hour

secondary antibody incubation at room temperature, followed by

signal development. The house-keeping protein, β-actin, was used as

an internal control. The Odyssey Fc with Image Studio was used for

imaging.

2.5 ICC staining of LPS induced BV2 cells

ICC assay was performed following previously published articles.28

Briefly, BV2 cells were seeded and grown overnight in a LabTek 8-well

glass chamber having 500 µL total volume of cells (≈ 100k). The cells

were carefully washed with PBS twice at room temperature and

then treated with DMSO, LPS (1 µg/mL), and with PB94 (1000 nM)

for 3 hours in serum-free growth media. The media was discarded

after 3 hours, then we washed each well carefully with PBS twice

and fixed with 4% paraformaldehyde (PFA) for 20 minutes at room

temperature. After that, we washed each well with 150 to 300 µL of

PBS twice at room temperature and incubated with blocking buffer

(5% Donkey serumwith 0.1% Triton-X-100 in PBS). We then aspirated

the blocking buffer and added 150 µL of primary antibody [mouse

anti-α-tubulin antibody 0.5 µg/mL (DM1A;ab7291 abcam; 1:10000

dilution), Rabbit ionized calcium binding adaptor molecule 1 (IBA1;

019-19741 Fujifilm Wako; 1:500 dilution)] in each well and held at

4◦C for overnight shaking. We then washed with washing buffer (PBS

containing 0.1% Triton-X-100, 0.05% Tween-20) twice and incubated

with specific secondary antibody (donkey anti-mouse a488 in 1:500

dilution, donkey anti-rabbit A594 in 1:500 dilution) in each well with

gentle shaking for 2 hours at room temperature. Secondary solution

was discarded and then we washed with washing buffer twice and

incubated for 10 minutes with 20 nM of Hoechst solution for another

10 minutes at room temperature, washed with PBS twice, and finally

mounted with Prolong Gold antifade reagent, dried at room temper-

ature, and covered with a cover slip. For negative staining, instead

of any primary antibody we used overnight incubation with blocking

buffer and followed remaining procedures. Images were captured in

different channels (405, blue [nucleus]; 488, green [α-tubulin]; 594,
red [IBA1]) using a Nikon confocal microscope equipped with 40x oil

objective.
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2.6 Meso Scale Discovery analysis (Aβ,
inflammatory cytokines)28

Meso Scale Discovery (MSD) immunoassays, using the multiarray

technology and electrochemiluminescence, are highly robust methods

capable of identifying multiple proteins within a single sample. In this

work, we performed MSD immunoassays using 4G8 and 6E10 MSD

kits to assess Aβ phagocytosis in BV2 cells. These cells were exposed

to Aβ (2 µg/mL) and PB94 compounds (0, 8 nM, 40 nM, 200 nM, and

1000 nM) to observe alterations in Aβ levels in the presence of our

HDAC11 inhibitor. Additionally, wemeasured changes in inflammatory

cytokine levels using multiplex MSD-cytokine assays, after induction

of cells with LPS and subsequent treatment with PB94. For BV2 cells

treated with vehicle, LPS, or PB94, both in the presence or absence of

LPS, we used theMSD proinflammatory panel 1 (mouse) kits.

2.7 Animal treatment

PB94 was dissolved in a solution of DMSO/Tween 80/saline

(v/v = 1:1:8) to prepare a clear solution. Mice (6 months old) were

divided into three groups (n = 4 per group): wild-type (WT) group,

5xFAD + PB94 group, and 5xFAD (vehicle) group. The 5xFAD + PB94

group received intraperitoneal injections of PB94at a doseof 10mg/kg

body weight, once daily for 2 months. The WT and 5xFAD + vehicle

groups received an equal volume of DMSO/Tween 80/saline vehicle

daily for 2months.

3 BEHAVIORAL STUDY

3.1 Y-maze

The Y-maze test is used for the assessment of memory and exploration

behavior in rodents. It was conducted following previously described

procedures.29 Briefly, themicewere placed in a Y-maze apparatus that

comprises three arms positioned at 120◦ angles. Prior to the testing,

mice were allowed to explore only two of the three arms for 10 min-

utes, with the third arm (novel arm) blocked. Two hours later, the door

to the novel arm was opened and the mice were tested for 5 minutes

with access to all three arms. For statistics, the number of entries into

the novel armwas counted.

3.2 Buried food

The buried food test was conducted as previously described.30 Briefly,

micewere fed twopiecesof sweetenedcereal daily for twoconsecutive

days ahead of the baseline test. On the testing day, after acclimation

for 1 hour with a single cage, each mouse was placed in a clean home

cagewith a sweetened cereal pellet thatwas buried in the beddingwith

5 cm in thickness. The latency of finding and consuming the food was

counted to assess consciousness, awareness, and natural exploration

behaviors.

3.3 Novel object recognition

The novel object recognition (NOR) test was performed following pre-

viously described procedures.31 Briefly, the mice were placed in a

50 × 50 cm acrylic glass box, and the exploration of the objects was

recorded using SMART software 3.0 (Panlab). The mice were accli-

mated to the box for 5 minutes before the NOR test. The mice were

then placed in the center of the box and allowed to explore two sim-

ilar objects for 10 minutes, followed by returning to their home cage

and resting for 10 minutes. When one of the previous two objects was

replaced with a novel object, mice were placed into the box again and

tested for another 10 minutes. The exploration time for each object

was counted for statistics.

3.4 In vivo chemiluminescence imaging

Male 5xFAD transgenic mice (6 months old) with or without PB94

treatment (10mg/kg bodyweight intraperitoneal injections; once daily

for 2 months), and male WT mice (6 months old) were shaved at the

brain region. After conducting background imaging, the mice were

intravenously injected with freshly prepared ADLumin-1 (4mg/kg,

15%DMSO, 15%cremophor, and70%PBS), and immediately observed

under the IVIS Spectrum animal imaging system (PerkinElmer) with

blocked excitation and open emission filter. The chemiluminescence

signals were recorded at 0, 5, 10, 30, and 60minutes postinjection

(exposure time=30 seconds, field of view = D). Living Image4.2.1 soft-

ware (PerkinElmer) was used to analyze the chemiluminescence signal

of the brain regions of themice.

3.5 PET radiotracer synthesis

[11C]PBR28 was prepared following a modified captive solvent

method.32 Briefly, in a solution of 1 mg radiolabeling precursor dis-

solved in 100 µL dimethylformamide in a 5 mL vial, [11C]methyl iodide

was bubbled through the reaction mixture for 3 minutes. After the

reaction, purification was achieved via reverse-phase chromatogra-

phy using a Gemini-NX C18 semi-preparative column with an iso-

cratic mobile phase (MeCN:aqueous ammonium formate, v/v= 70:30).

Subsequently, the product underwent solid-phase extraction (10%

ethanol/saline) and sterile filtration. The identification of [11C]PBR28

was carried out by co-injection with an unlabeled reference standard

into the analytical high-performance liquid chromatography (Figure S1

in supporting information).

3.6 PET/computed tomography imaging in
rodents

The PET/computed tomography (CT) imaging studies in rodents were

performed following our previous works.33,34 Micro-PET/CT imaging
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with [11C]PBR28 was performed in 5xFAD (PB94) and 5xFAD (vehi-

cle) mice. After intravenous injection of [11C]PBR28 (3.7-5.6 Mbq per

animal), a 60 minute dynamic PET acquisition was performed and fol-

lowed by a 10 minute CT scan. PET data were reconstructed using a

3D-MLEMmethod, resulting in full width at a half-maximum resolution

of 1mm. These files were imported and analyzed using PMOD (PMOD

4.01, PMODTechnologies Ltd.).

3.7 IHC study with paraffin embedded human
brain sections

Eight µm thick paraffin embedded human brain sections (formalin

fixed) were received from the Massachusetts Alzheimer’s Disease

Research Center (MADRC) and used for IHC analysis. These human

control brain (Braak stage 0) and AD (Braak stage VI) sections from

the hippocampal formation with lateral geniculate body and tail of the

caudate nucleus region were deparaffinized following previously doc-

umented standard methods.35 In brief, sections were washed three

times with xylene (3 minutes each), followed by two times with 100%

EtOH (2 minutes each), 95% EtOH (2minutes), 70% EtOH (2 minutes),

and finally 5 minutes of washing in running water. Antigen retrieval

was achieved by placing these sections in a jar filled with sodium cit-

rate buffer for 30 minutes in a water bath (95◦C) followed by cooling

the slides and wiping out excess liquid. Sections were encircled using

a PAP pen and primary antibodies (HDAC11[rabbit], IBA1[goat], and

6E10 [mouse]) and secondary antibodies were added in different dilu-

tions listed in table 1. Thereafter, slides were covered with cover slips

after adding Prolong Gold antifade mounting reagent (P36934, Invit-

rogen). A Nikon C2 confocal microscope was used to capture images in

different channels. Imageswere processed and analyzed using Image J.

3.8 IHC study with mouse brain sections

The IHC study was conducted in accordance with established proto-

cols following theMassachusettsGeneralHospital Institutional Animal

Care and Use Committee protocol guidelines.36 Male 5xFAD mice

were used in this study and treated at the age of 6months with vehicle

(10%DMSO/10% Tween 80/80% saline) or PB94 (10mg/kg, intraperi-

toneal injection; once daily for 2 months). Age- and sex-matched WT

micewere alsoused and treatedwith vehicle. Vehicle andPB94 treated

mice were euthanized and collected brains were incubated in 4% PFA

for 28 hours at 4◦C, followed by immersion in sucrose (30%) solution

in PBS for cryoprotection. Using a sliding microtome, coronal brain

sections were then dissected into 40 µm slices. Subsequently, these

free-floating brain sections underwent a triple wash with PBS for 10

minutes each, followed by blocking with a solution containing 5% don-

key serum and 0.1% Triton-X-100 in PBS for 1 hour. The sections were

then incubated overnight with the appropriate primary antibodies as

specified in table 1. After thorough washing with PBS, the sections

were treated with suitable secondary antibodies for 2 hours at room

temperature, followed by another triple wash with PBS. In cases in

which thioflavin S (ThS) stainingwas necessary, the brain sectionswere

incubatedwith a 0.1%ThS solution in PBS for an additional 10minutes,

followed by PBSwashing until the solutionwas clarified. Subsequently,

the sections were exposed to a 2 nM Hoechst solution for 10 minutes,

followed by PBS washing. Finally, the brain sections were mounted

onto glass slides using Prolong Gold antifade reagent, allowed to dry

at room temperature, and covered with a cover slip. Different primary

and secondary antibodies used in thiswork are listed inTable 1with the

exact dilution used.

3.9 Data analysis

Confocal microscopic images were processed and analyzed using

Image J software. Immunoblotting images were also analyzed using

Image J software. All the results for different experiments in this work

were shown as mean ± standard error of the mean. Statistical signif-

icance of the results was performed using Student two-tailed t test,

one-way analysis of variance followed by a post hoc Tukey test in

GraphPad PRISM. A P value of < 0.05 was considered statistically

significant.

4 RESULTS

4.1 Pathological alterations of HDAC11 in AD
brains

Previous studies indicated that HDAC11 plays a crucial role in

neuroinflammation.37 However, whether this epigenetic protein is

associated with AD neuropathology is not yet clear. In this direction,

we performed an IHC study with human post mortem healthy and

AD brain sections (Braak stage 0 and VI, respectively) to observe the

change in the expression level of certain biomarkers related to AD

neuropathology. Figure 1A showed higher intensities of HDAC11, with

microglia-specific IBA1 and Aβ1-16-responsive 6E10 that detects Aβ
precursor protein (APP) in the post mortem AD brain section com-

pared to healthy brain. Quantification of these images was shown

in Figure 1B–D, which clearly indicated significantly higher expres-

sion of HDAC11 levels in AD brain sections and overlapping signals

of HDAC11 with amyloid plaques and aggregates, suggesting a pos-

sible association of HDAC11 expression and amyloid deposition in

AD neuropathology. Additionally, we performed immunostaining with

WT and previously reported transgenic amyloid pathology model

5xFAD mice expressing APPSwedish/Florida/London and PS1M146L/L286V

(Figure S2a,b in supporting information).38 Our results revealed higher

HDAC11 expression in 5xFAD mice (Figure S2c) recapitulating the

results in human AD brains. Because HDAC11 is characterized with

upregulation in AD human and transgenic brains, we reasoned that

selective inhibition of HDAC11 with a potent inhibitor will ameliorate

AD neuropathological changes. To test our hypothesis, we leveraged

our recently developed brain-permeable HDAC11-selective inhibitor,

PB94, and investigated its activity in different cellular and animal

diseasemodels to assess its efficacy on AD neuropathology.
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F IGURE 1 Pathological alterations of HDAC11 in association with AD hallmark amyloid pathology and neuroinflammation in the brain, which
provides proof-of-concept developing small molecule inhibitors of HDAC11: (A) Human paraffin-embedded brain sections of AD and control cases
were probedwithmicroglia-specific IBA1, HDAC11-specific HDAC11, and APP/Aβ-specific 6E10 and images were captured in different laser
channels (488, 594, and 640). Quantification of different biomarkers was calculated using Image J and shown in (B)–(D). (E), The design strategy of
HDAC11-specific inhibitor, PB94, developed by introducing the rigid and lipophilic adamantane group into the capping group and amethoxy group
on the phenol linker. (F), The inhibitory activity of PB94 against 11 different HDACs. Aβ, amyloid beta; AD, Alzheimer’s disease; APP, amyloid beta
precursor protein; HDAC11, histone deacetylase-11; IBA1, ionized calcium binding adaptor molecule 1

4.2 Pharmacological and physicochemical
properties of PB94

PB94 is an adamantane-based hydroxamic acid derivative that was

discovered by the rational design of HDAC inhibitors.36 The chemical

structure of HDAC inhibitors generally contains three motifs: the cap-

ping group, zinc-binding group (ZBG), and the linker between them.

Modification of eachmotif could alter the pharmacological and physic-

ochemical properties of HDAC inhibitors. After structure–activity

relationship (SAR) analysis and pharmacokinetic studies for our previ-

ously synthesized HDAC inhibitors, we found that introducing a rigid

and lipophilic capping group significantly improved inhibitors’ HDAC

selectivity and brain permeability. Changing the substituents on the

phenol linker could exert distinct inhibitory potency against HDAC iso-
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forms. Following this rule, we developed a series of brain-permeable

HDAC11 selective inhibitors and identified PB94 (Figure 1E) as the

most promising one. PB94 exhibited good inhibitory activity and selec-

tivity againstHDAC11with IC50 of 108nMandover 40-fold selectivity

over other HDAC isoforms (Figure 1F). Additionally, PB94 showed

excellent brain permeability andmetabolic stability in vivo inPET imag-

ing studies in rodents, suggesting its great potential for central nervous

system (CNS)–related disease treatment.36 Moreover, our previous

studies revealed that PB94 can reduce interleukin (IL)-10 expression in

LPS-inducedmicroglia BV2 cells and ease neuroinflammation in a neu-

ropathic pain mouse model.36 Given that PB94 has shown therapeutic

potential for CNS-related disorders, we hypothesized that HDAC11

could be a good target for the development of potent therapeutics

against AD.

4.3 PB94 upregulates amyloid phagocytosis and
downregulates inflammatory cytokines in cellular
assays

In healthy brains, glial cells play a pivotal role in maintaining nor-

mal biological functions by clearing the amyloid aggregates through

phagocytosis. In the early stages of AD development, Aβ proteins form
aggregates and plaques, which accumulate in extracellular regions of

the brain. This situation is exacerbated by glial cell dysfunction, which

impairs the clearance of these plaques and cellular debris. The com-

bination of Aβ accumulation and ineffective clearance mechanisms

contributes to the progression of AD, ultimately leading to more

severe manifestations of the disease. In this study, we used previ-

ously reported mouse microglia BV2 cells28 to assess the effects of

PB94 in upregulating the amyloid phagocytosis process. Overnight

seeded BV2 cells (400k/mL on 6-well plates) were treated with differ-

ent concentrations of PB94 in the presence/absence ofAβ42 (2 µg/mL).

Confocal microscopic images were captured in bright fields before

and after the treatment, and media were collected after 6 hours,

followed by harvesting the cells with 200 µL of MPER++ mixture. Con-

focal microscopic images showed no detrimental effects of PB94 in

the presence/absence of Aβ (Figure S3a in supporting information),

which suggested PB94-related safety. The strong tolerance of PB94

was further confirmed by the lack of significant differences of dif-

ferent doses of PB94 in our LDH analysis (Figure S3b). MSD-4G8

analysis showed significant upregulation of Aβ42 phagocytosis behav-

ior at higher concentrations of PB94 (Figure 2A), though there were

no significant changes in the Aβ42/Aβ40 ratios that further indicated

possible degradation (Figure S3c).

4.4 PB94 regulates cytokine levels in the
presence of LPS-induced innate immunity activation
in microglia BV2 cells

To assess the neuroinflammatory condition in the cellular system in the

presence of PB94, LPS (10 ng/mL) was applied to BV2 cells with vari-

ous concentrations of PB94overnight. Stereomicroscopic imageswere

captured before and after the treatment, andmedia were collected for

further evaluation. Cells were harvested by adding 200 µL of MPER++

solution followedby centrifugation at 12,000× g for 20minutes. Stere-

omicroscopic images before and after the treatment (Figure S3d) and

LDH analysis (Figure S3e) showed no significant changes, respectively,

in the cell morphology or the LDH release, which indicated no cyto-

toxicity of our compound PB94 on BV2 cells in the LPS-activated

condition. Further, cell media were analyzed usingMSD-cytokine anal-

ysis that showed significant reductions of cytokines IL-5, IL-10, and

an increment of keratinocyte chemoattractant (KC)/growth-regulated

oncogene (GRO) in the presence of PB94 (Figure 2B). Notably, IL-5

plays a crucial role in the activation of eosinophils that have signif-

icant contribution to allergic reactions and inflammatory responses

associated with high eosinophil counts. IL-10 associates with vari-

ous receptors and inhibits the synthesis of numerous cytokines that

suppress Th1 proinflammatory responses and promote phagocytic

uptake, whereas the chemokine KC/GRO (also known as CXCL1 in

humans), primarily produced by fibroblasts and also expressed in

macrophages and endothelial cells, is involved in neutrophil activa-

tion and shows hematopoietic activity during inflammation. Therefore,

the significant reductions of cytokines IL-5, IL-10, and an increment

of KC/GRO clearly indicated the effects of PB94 in protecting against

neuroinflammation.

4.5 In vitro analysis of microglia BV2 cells as a
function of PB94

During AD progression, the microtubule network becomes severely

damaged due to the hyperphosphorylation of tau protein. So, any

molecule that can restore this damage or protect against this degen-

eration can be a potent drug candidate against AD. Hence, we have

performed an ICC analysis using BV2 cells after treatment with PB94

to visualize the intracellular tubulin/microtubule network by assessing

α-tubulin. Confocal images and quantification of these images revealed

that PB94 led to a significant reduction of IBA-1 signal in the presence

of LPS, supportingHDAC11 inhibition-related anti-neuroinflammation

effects, but no such change was observed in α-tubulin expression,

which indicates the healthy nature of tubulin/microtubules was main-

tained byPB94 treatment even in the presence of LPS (Figure 2C–E). In

addition, we performed the WB assay with vehicle- and PB94-treated

BV2 cell lysates, probed with HDAC11 and β-actin, which showed no

significant changes inHDAC11 levels (Figure S4a,b in supporting infor-

mation). This confirmed that PB94 is anHDAC11 inhibitor that doesn’t

significantly change HDAC11 expression levels.

Further, an ICC assay was performed using BV2 cells treated with

the fluor 488-labeled Aβ42 (10 nM; from Anaspec/AS-60479) for

3 hours, in the presence/absence of PB94 (1000 nM) to visualize

the impacts of PB94 on amyloid phagocytosis. Confocal microscopy

images revealed higher intensities of amyloid signal fromPB94 treated

cells (Figure S5a in supporting information). Quantification of the

images revealed that the number of amyloid-positive cells was signif-

icantly higher in association with PB94, which further confirmed the

upregulation of amyloid phagocytosis in the presence of PB94 (Figure

S5b).
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F IGURE 2 Effects of PB94 onmousemicroglia BV2 cells in the presence of Aβ or LPS analyzed byMSD-cytokine analysis and
immunocytochemistry: (A) Phagocytosis analysis revealed significant upregulation of phagocytosis in presence of PB94 (1000 nM); (B)MSD
cytokine analysis revealed significant reduction of IL-5 and IL-10with upregulation of KC/GRO cytokines; (C) confocal microscopy images were
captured in different channels to assess the role of HDAC11 inhibitors on intracellular microtubule network. Images were captured in green
(α-Tubulin), blue (Hoechst), and red (IBA1) channels to understand their expression levels. Quantification of α-Tubulin and IBA1 are shown in (D)
and (E), respectively. Scale bars correspond to 10 µm. Data represented as n= 3. Aβ, amyloid beta; HDAC11, histone deacetylase-11; IBA1, ionized
calcium binding adaptor molecule 1; IL, interleukin; KC/GRO, keratinocyte chemoattractant/growth-regulated oncogene; LPS, lipopolysaccharide;
MSD,Meso Scale Discovery

4.6 IHC analysis to assess the effects of PB94 on
various amyloid and neuroinflammatory markers
using AD transgenic and non-transgenic animals

Our studies indicated that HDAC11 plays a crucial role in neuroin-

flammation, which supported testing the potential effects of HDAC11

inhibitors on reducing AD-related symptoms to ultimately evolve as a

novel and useful drug target for AD. As such, we further investigated

the anti-AD impacts of PB94 using previously reported AD trans-

genic amyloid pathologymodel 5xFADmice.38 After treatment, mouse

brainswere used to perform IHCanalysis by probingwith glial fibrillary

acidic protein (astrocyte) and 6E10 (amyloid pathology) and imaged

under a Nikon confocal microscopy using a 4x objective (Figure 3A).

The selective area within the image was further imaged in 40x to visu-
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F IGURE 3 Assessment of PB94 on AD neuropathology using 5xFADmice: (A) IHC confocal microscopy 4x images ofWT (vehicle), 5xFAD
(vehicle), 5xFAD (PB94) treatedmouse brain sections stained with GFAP (astrocyte) and 6E10 (amyloid pathology). (B), Specific areas of images
weremagnified using 40x objective to reveal the interaction of amyloid deposition and astrocyte (interaction of amyloid aggregates and astrocytes
are shownwith white arrowheads). Quantification of the confocal images wasmeasured using Image J and shown in (C) and (D). (E), Confocal
microscopy (4x) images showed expression of NeuN-associatedmature neurons ofWT, 5xFAD (vehicle), and 5xFAD (PB94) treatedmouse brain
sections, with corresponding quantification of the images shown in (F). AD, Alzheimer’s disease; GFAP, glial fibrillary acidic protein; IHC,
immunohistochemistry;WT, wild type

alize the amyloid plaques surrounded by astrocytes (Figure 3B). The

white arrowheads within the section in Figure 3B show the region of

amyloid and astrocyte expression in the brain section that reduced

in PB94-treated mouse brain sections. Quantification of the images

suggested that treatmentwith PB94 significantly reduced the percent-

age of the area of astrocyte-positive signal and amyloid-positive signal

intensity (Figure 3C,D). Further, theNeuN-positive signal showeda sig-

nificant increase ofmature neurons around the hippocampal area after

PB94 treatment on AD transgenic mice (Figure 3E), which was further

confirmed by quantifying the images (Figure 3F).

In addition, we performed more IHC analyses by incubating these

brain sections using amyloid plaque–specific 3D6, microglia-specific

IBA1, 6E10, and the inflammasome activation hallmark protein ASC

(apoptosis-associated speck-like protein containing a caspase recruit-
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ment domain [CARD]).39 In neurodegenerative diseases, ASC is closely

associated with neuroinflammation by playing a key role in nucleotide-

binding domain, leucine-rich repeat, and pyrin domain–containing

protein 3 inflammasome activation and upregulating the production

of pro-inflammatory cytokines, where its activation within microglia

can contribute to neuronal damage and disease progression through

chronic inflammation. Confocal microscopic (4x) images are shown in

Figure 4A, and further magnification of these images was captured

using 10x objective, shown in Figure 4B (left panel 3D6; right panel

IBA1). Quantification of these images showed a significant reduction

of number of amyloid plaques, size and burden (% area), and microglia

intensity in PB94-treated brain sections (Figure 4C–F). In addition,

we performed another IHC analysis by probing the WT, 5xFAD (vehi-

cle), and 5xFAD (PB94 treated) with ASC-specific ASC antibody, and

Aβ/APP-specific 6E10 antibody to analyze the pathological change

in AD mouse brains. Confocal microscopy images (4x) are shown in

Figure 4G. Quantification of these images showed not only a reduction

of average plaque size but also total plaque number and percent-

age area covered by the amyloid positive signals from PB94-treated

brain sections compared to vehicle-treated 5xFADmice (Figure 4H–J).

Neuroinflammation-associated ASC burden (%) and the size of ASC

aggresome were significantly reduced in PB94-treated 5xFAD mouse

brain sections. Confocal images and relatedquantification are shown in

Figure 4K–L.We also assessed the effects of PB94onHDAC11 expres-

sion by IHC using 5xFAD mouse brain sections and analyzed with the

Image J. Quantification of the images revealed that PB94 did not sig-

nificantly change HDAC11 expression levels in different sub-regions,

including hippocampal CA3 and dentate gyrus of 5xFAD mice (Figure

S6 in supporting information). This suggested that PB94 led to anti-AD

effects in 5xFAD mice by functioning as an HDAC11 inhibitor without

significantly changing HDAC11 expression levels.

4.7 PB94 attenuates amyloid burden and
behavioral deficits in AD transgenic animals

Brain Aβ plaque accumulation is one of the most striking features in

AD pathology. Our previous work has identified ADLumin-1 as a brain-

permeable chemiluminescence probe that can precisely detect plaques

in vivo.40 Thus, to examine whether PB94 can ease the Aβ burden in

vivo, chemiluminescence imaging studies with ADLumin-1 were per-

formed. As shown in Figure 5A, compared to the WT animal group,

a significantly increased chemiluminescence signal of ADLumin-1 in

5xFADmouse brainswas observed, suggesting the accumulation of the

Aβ plaques in 5xFADmice.Medicationwith PB94 showed reduced sig-

nal of ADLumin-1 in 5xFAD mouse brains, indicating that PB94 can

ameliorate the amyloid burden (Figure 5B). Our findings of reduced

amyloid pathology in AD mice raised intriguing possibilities that phar-

macologic inhibition of HDAC11 might provide therapeutic benefits

to restore cognitive functions. To investigate this, we administered

PB94 in 5xFAD mice and conducted an array of cognitive behavior

assessments. 5xFADmicewere treatedwithPB94 (10mg/kg) daily and

performed behavioral tests, including Y-maze, buried food, and NOR

tests onday14.As shown inFigure5C, the5xFADmicedisplayedapro-

longed latency in finding buried food to intake compared to WT mice,

whichwas significantly shortened by thePB94 treatment. Additionally,

compared to the control vehicle, PB94-treated 5xFAD mice showed

improved performances in the Y-maze and NOR tests, suggesting the

anti-AD potential of PB94 by improving integrated cognitive functions

in 5xFADmice.

4.8 Anti-inflammatory effects of PB94 using
[11C]PBR28 probe

HDAC11 was reported to be involved in the immune response.41–43

Thus, we performed PET imaging studies with the well-reported

translocator protein (18kDa; TSPO)-targeting probe, [11C]PBR28,44,45

to determine the anti-neuroinflammation effects of PB94 inAD (Figure

5D).Dynamic PET scanswere conducted in 5xFAD (vehicle) and5xFAD

(PB94)mice (Figure5E). The summedPET/CT images and time–activity

curves (TACs) revealed high uptake of [11C]PBR28 in the brains of

5xFAD (vehicle) mice, with a maximum standardized uptake value of

1.2 (Figure 5F). Regional analysis indicates the regions of the hip-

pocampus, thalamus, hypothalamus, and striatum have a relatively

high uptake of [11C]PBR28, corresponding to the neuroinflammation

in these regions. Of note, 5xFAD mice treated with PB94 exhibited

significantly declined radioactivity (≈ 41%) accumulation in the whole

brain and each region compared to 5xFAD (vehicle), demonstrating

the anti-inflammation effects of PB94 (Figure 5G,H). Collectively, our

multi-modal investigations showed strong anti-AD impacts of PB94

including improvedneurobehavioral functions associatedwith reduced

neuroinflammation and ameliorated amyloid pathology related to AD.

5 DISCUSSION

Despite extensive research, effective treatments for AD remain elu-

sive, largely due to the multifaceted nature of AD. Our current study

provides compelling evidence for the potential of HDAC11 as a novel

therapeutic target in AD. Our findings reveal a marked upregula-

tion of HDAC11 in both human AD post mortem brain tissues and

5xFAD transgenic mouse brains, correlating with the presence of amy-

loid plaques and neuroinflammatory markers. This observation aligns

with previous studies that have implicated epigenetic dysregulation

in neurodegenerative diseases.11,12 The co-localization of HDAC11

with Aβ pathology suggests that HDAC11 may play a crucial role in

the neuroinflammatory processes that exacerbate AD. By selectively

inhibiting HDAC11 with PB94, we observed significant reductions in

amyloid burden and neuroinflammation, as evidenced by live-animal

chemiluminescence probing and PET imaging.

The pharmacological properties of PB94, including its brain perme-

ability and selectivity for HDAC11, are noteworthy. Previous HDAC

inhibitors have faced challenges related to poor brain penetration and

lack of isoform specificity. PB94’s favorable pharmacokinetic profile

positions it as an ideal candidate for investigating the therapeutic



12 of 15 BAI ET AL.

F IGURE 4 IHC confocal microscopy analysis to further assess amyloid and neuroinflammatory events as a function of PB94 in 5xFAD animal
brain sections. (A), 4X confocal microscopy images ofWT (vehicle), 5xFAD (vehicle), and PB94 treated 5xFADmouse brain sections were probed
with amyloid-specific 3D6, microglia-specific IBA1, and nuclei-specific Hoechst to observe the effects of PB94 on amyloid pathology. (B), Higher
magnification (10x) images of theWT, 5xFAD sections are shown inmagenta (3D6) and red (IBA1). Quantification of the images tomeasure the
expression of different biomarkers is shown in (C)–(F). (G), 4X confocal microscopy images ofWT (vehicle), 5xFAD (vehicle), and PB94 treated
5xFADmouse brain sections were probedwith ASC, 6E10, andHoechst to observe the effects of PB94 on neuroinflammasome activity in
association with amyloid neuropathology in the brain. Quantification of the images tomeasure the expression of different biomarkers is shown in
(H)–(L). Scale bars corresponded to 100 µm. IBA1, ionized calcium binding adaptor molecule 1; IHC, immunohistochemistry;WT, wild type
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F IGURE 5 Reduction of amyloid pathology and restoration of cognitive functions in 5xFAD animals as a function of PB94. (A),
Chemiluminescence imaging studies with ADLumin-1 showed a reduction of amyloid burden in AD-transgenic animals after administering PB94 in
the diseasemodel. (B), Average radiation of ADLumin-1 shows a reduction of signal intensity in PB94-treated 5xFADmice compared to
vehicle-treatedWT/5xFAD. (C), PB94 improves cognitive function in AD-transgenic animals as shown by battery behavior tests.N= 4mice,
one-way analysis of variance followed by post hoc Tukey test to determine the difference among groups. (D), The chemical structure of
[11C]PBR28. (E), Representative PET/CT images (30–60minutes) focused on the 5xFAD- and PB94-treated 5xFADmouse brain. (F), TACs of
[11C]PBR28 inWT and 5xFADmice whole brain. (G), The AUC of TACs showed significantly increased radioactivity accumulation in the whole
brain of ADmice. H, Reginal analysis showed the uptake of [11C]PBR28 significantly increased in regions of interest. AD, Alzheimer’s disease; AUC,
area under the curve; CT, computed tomography; PET, positron emission tomography; SUV, standardized uptake value; TACs, time–activity curves;
WT, wild type.

potential of HDAC11 inhibition in AD. Our biochemical and immuno-

histochemical analyses further elucidate the mechanisms by which

PB94exerts its effects, including enhancedphagocytosis ofAβproteins
and decreased levels of neuroinflammatory cytokines. The upregu-

lation of Aβ phagocytosis in microglial BV2 cells treated with PB94

highlights the potential of HDAC11 inhibition to restore the normal

function of glial cells in clearing amyloid aggregates. This is particularly

relevant given that glial dysfunction contributes to the accumulation of

Aβ plaques in the early stages of AD.
Notably, neuroinflammation plays a complex dual role in the patho-

genesis of AD. In the early stages, the inflammatory response helps

clear amyloid aggregates, but as the disease progresses, this response

transforms into a destructive process. HDAC11 may play a critical

role in regulating this transition. By appropriately inhibiting HDAC11

activity, we may be able to slow or intervene in the pathological

progression of AD, thereby providing protection for patients’ cogni-

tive functions. While previous studies have focused on other HDAC

isoforms, such as HDAC6, our study is among the first to demon-

strate the efficacy of HDAC11 inhibition in an AD model. This novel

approach not only addresses the amyloid hypothesis but also targets

the neuroinflammatory processes that contribute to cognitive decline.

Collectively, this study establishes HDAC11 as a viable therapeu-

tic target for AD and presents PB94 as a potent, brain-permeable

HDAC11 inhibitor with significant anti-AD effects. By demonstrat-

ing the ability of HDAC11 inhibition to ameliorate multiple aspects

of AD pathology, including amyloid burden, neuroinflammation, and

cognitive deficits, our findings open new avenues for epigenetic-based

interventions in AD. Continued exploration of HDAC11’s roles in AD

and the refinement of PB94 could significantly advance the field, ulti-

mately improving outcomes for individuals affected by this devastating

disorder.
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