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Abstract

Tauopathies, including Alzheimer's disease (AD), are a class of neurodegenerative diseases characterized by the pres-
ence of insoluble tau inclusions. Tau phosphorylation has traditionally been viewed as the dominant post-translational
modification (PTM) controlling tau function and pathogenesis in tauopathies. However, we and others have identi-
fied tau acetylation as a primary PTM regulating both normal tau function as well as abnormal pathogenic features
including aggregation. Prior work showed robust tau acetylation in aggregation hotspots located within the 2nd

and 3rd repeat regions of tau (residues K280 and K311) in tauopathy brains, including AD, compared to non-tauop-
athy controls. By screening thousands of hybridoma clones, we generated site-specific and modification-specific
monoclonal antibodies targeting acetylated tau at residues K280 or K311. To validate these antibodies in a bona fide
neuronal system, we targeted the acetyltransferase CBP to the cytoplasm of neurons to promote tau acetylation.
Several antibody clones specifically detected CBP-acetylated tau and co-localized with ac-tau in neurons. Additionally,
our lead optimal anti-acetylated-tau monoclonal antibodies detected robust tau pathology in tangles and neuritic
plaques of human AD brains. Given the now emerging interest in acetylated tau as critical regulator of tau functions,
these sensitive and highly specific tools will allow us to further unravel the tau PTM code and, importantly, could be
deployed as diagnostic or disease-modifying agents.
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loss of native function is linked to tau polymerization and
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aggregation, which is thought to underlie various tauopa-
thies, including Alzheimer’s disease (AD), but also other
tauopathies including frontotemporal dementia (FTD),
Pick’s disease (PiD), progressive supranuclear palsy (PSP),
and corticobasal degeneration (CBD). While AD tau is
comprised of both 3R and 4R tau, excluding or includ-
ing the R2 region, respectively, several other tauopathies
show tau-isoform specificity, in which the predominant
tau isoforms are either 3R-tau (e.g. Pick’s disease [4]) or
4R-tau (e.g. corticobasal degeneration [5]).

It remains unclear exactly which tau species drive tau
aggregation and pathology. While tau phosphorylation
is classically associated with pathology, tau undergoes a
variety of other post translational modifications includ-
ing acetylation [1, 6, 7], methylation [8, 9], ubiquitina-
tion [10, 11], and SUMOylation [12, 13]. In particular,
tau acetylation, unlike phosphorylation, occurs primar-
ily in the microtubule binding region (MTBR) responsi-
ble for tau binding to MTs [14, 15]. Recent reports found
tau acetylation favors tau beta strand stacking, consistent
with a role for acetylation in defining the core tau proto-
filament, as shown by cryo-EM studies [16, 17]. Indeed,
we and others found that tau acetylation can promote
aberrant tau aggregation, proteolytic cleavage, and impair
microtubule binding [15, 18, 19]. Further demonstrating
the pathogenic effects of tau acetylation, loss of HDACS,
a tau deacetylase, exacerbated AD-like phenotypes in
PS19 mice [18]. In human AD brains, two of the most
prominent acetylated residues (K280 and K311) lie within
homologous sequences within their respective 2nd and
3rd MTBR repeats [1, 18]. Intriguingly, these residues
lie within two critical hexapeptide motifs (,,5VQIINKyg,
and 3,,VQIVYKj,;) that are responsible for tau’s ability to
self-aggregate [20, 21]. Furthermore, acetylation at these
two residues was observed in AD brains but not in non-
tauopathy control brains, leading us to speculate that
acetylation (at these two residues) occurs in a disease-
specific manner (unlike tau phosphorylation), highlight-
ing their exciting potential as therapeutic targets.

Given that tau acetylation can promote tau aggrega-
tion and prevent MT binding [14], these two particular
sites (K280 and K311) emerged as potentially powerful
drivers of tau pathology, though other sites of tau acety-
lation have also been documented (K163, K174, K274/
K281, K369, and others), suggesting that a complex tau
PTM profile exists. Among these other sites, acetyla-
tion at K174 and K274/K281 has been shown to promote
tau pathology in several cellular and mouse models of
tauopathy [22—-24]. Furthermore, acetylated tau has been
implicated in other non-AD tauopathies including trau-
matic brain injury (TBI), indicating broader significance
of tau acetylation to brain health and disease [25].
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Here, we developed, characterized, and validated a
panel of several novel monoclonal antibodies detect-
ing acetylated tau at residues K280 and K311, providing
highly specific tools to unravel the tau PTM code that
drives AD and other tauopathies. We anticipate that
these antibodies will provide powerful tools for future
biomarker assays or as immunotherapies.

Materials and methods

Plasmids and cell culture

The human tau constructs used were comprised of
full-length tau with two N-terminal inserts and all four
repeat domains (2N4R-tau). Site-directed mutagenesis
(NEB) was used to insert the P301L and S320F mutations
to generate 2N4R P301L/S320F tau. To generate plas-
mids pcDNA3.1-Flag-CBP CD-NES, pcDNA3.1-Flag-
CBP CD-NLS, pcDNA3.1-Flag-CBP CD_LD-NES and
pcDNA3.1-Flag-CBP CD_LD-NLS, pcDNA3.1-Flag-CBP
CD and pcDNA3.1-Flag-CBP CD_LD were PCR ampli-
fied using CBP-BamHI-R and CBP-KpnI-F, NES_F and
NES_R, or SV40-NLS-F and SV40_NLS_R were annealed
and inserted. To generate lentiviral expression plasmids
for pUltra-Flag-CBP CD-NES and pUltra-Flag-CBP CD-
NLS, Flag-CBP CD-NES and Flag-CBP CD-NLS were
amplified using primers 2xflag2pUltra F and 2xflag2pUl-
tra R and inserted into Agel and Sall linearized pUltra
using NEB NEBuilder HiFi DNA Assembly Master Mix
(Cat# E2621S). Similarly, for generating pUltra 2N4R wt,
pUltra 2N4R PL, wild-type 2N4R and P301L 2N4R were
amplified using primer Tau F and Tau R and inserted
into Agel and Sall linearized pUltra using T4 DNA ligase
(NEB, M0202S). Tau and CBP plasmids were cloned into
the pCDNA5/TO vector (Life Technologies). The K280R,
K311R wild-type tau mutations were generated using
site-directed mutagenesis (NEB). The primers used are
listed in Supplemental Table 3.

QBI-293 cells (ThermoFisher, #R70507) are com-
mercially available and maintained according to stand-
ard protocols. QBI-293 cells were cultured in DMEM
media (supplemented with 10% fetal bovine serum,
1X L-glutamine, and 1X penicillin/streptomycin).
FuGENE 6 transfection reagent (Promega) was used to
transfect QBI-293 cells with 2N4R tau and CBP con-
structs for 48—-72 h. Cells were lysed in 1X RIPA buffer
[50 mM Tris pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.5%
sodium deoxycholate, 1% Igepal CA-630, 0.1% SDS]
supplemented with deacetylase, phosphatase and pro-
tease inhibitors: 1 mM phenylmethylsulfonyl fluoride
(PMSF), 10 mM Nicotinamide (NCA), 1 mM sodium
orthovanadate (Na3VO4), 1 mM sodium fluoride
(NaF), 0.5 M p-glycerophosphate, 2 uM Trichostatin
A (TSA), and protease inhibitor cocktail composed of
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L-1-tosylamide-2-phenylethylchloromethyl, ~N-tosyl-L-
lysine chloromethyl ketone, leupeptin, pepstatin, and
soybean trypsin inhibitor, each at 1 pg/ml.

Primary cortical neurons

Mouse primary cortical culture were performed in
accordance with the University of North Carolina (UNC)
Institutional Animal Care and Use Committee (UNC
IACUC protocol 21-257). Cortical neurons were iso-
lated from C57Bl/6 mice (Charles River) at embryonic
day 15-16 following lethal isoflurane anesthesia. Mouse
embryos were removed from the pregnant abdominal
cavity, washed with ice-cold 70% ethanol and placed in
cold Hank’s-buffered Balanced Salt Solution (HBSS).
Embryos in HBSS were transferred to a 10 cm dish.
Embryos were then removed from the membrane and
brains were dissected. The cortex was carefully isolated
and transferred to Hibernate-E solution (BrainBits) with
B27 (Gibco) and Glutamax (ThermoFisher). Cerebral
cortices were minced with forceps and incubated for
30 min at 37°C in HBSS with 20 U/mL papain (Worthing-
ton Biomedical), 1 mM EDTA, 0.2 mg/mL L-Cysteine,
and 5 U/mL DNAse (Promega). Cortical tissue was
further dissociated in plating media [BrainPhys media
(Stemcell), 5% fetal bovine serum, 1X B27 (Gibco), 1X
penicillin/streptomycin (Gibco), and 1X Glutamax] using
a P1000. The cell suspension was centrifuged for 5 min
at 1.5 RCF. The resulting pellet was resuspended in plat-
ing media and passed through a 40 um cell strainer. Cells
were counted using a Countess 3 automated cell counter
(Invitrogen) and plated in plating media at 600,000 cells/
well in 6-well plates for western blot or 30,000 cells/well
in 96-well plates for immunocytochemistry. The next
day (DIV1), plating media was completely aspirated and
fresh neuronal media [BrainPhys media (Stemcell), B27
(Gibco), 1X penicillin/streptomycin (Gibco), and 1X Glu-
tamax] was added.

Lentiviral production

Lentiviral production was performed by co-transfecting
37.5 mg lentivirus plasmid with 25 mg psPAX2, 12.5 mg
VSVG, and 6.25 mg REV plasmids per 15 cm culture
plates of lenti-X 293 T cells (Takara), with three dishes
of cells used for each lentiviral production. Two days
after transfection, culture media was collected then
centrifuged at 2000 g for 10 min. Lentiviral particles
were purified using a double-sucrose gradient method.
Supernatants were loaded onto a 70-60% to 30-20%
sucrose gradient and centrifuged at 70,000 g for 2 h at
17 °C. The 30-60% fraction containing the viral parti-
cles was retrieved, resuspended in PBS, filtered with a
0.45 mm filter flask, loaded onto a 20% sucrose solu-
tion, and centrifuged a second time at 70,000 g for 2 h
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at 17 °C. The supernatants were carefully discarded,
and the viral particles present in the pellet were resus-
pended in PBS, aliquoted and stored at — 80 °C.

Lentiviral neuron transductions and treatments

For lentiviral transductions, neurons were exposed
to~3.0x 10'2 viral particles per mL at DIV4 with the
exception of the CBP-CD-NES and CBP-NLS con-
structs which were added at 7.5x10'! (1/4 dilution)
to avoid CBP-induced toxicity. If multiple viruses were
co-transduced, both were added at the same time at the
above concentration. The following day, all media was
aspirated and replaced with half conditioned media
(from the same neuron culture) and half fresh neuronal
media (BrainPhys with B27, Pen-strep, and Glutamax).
Half of the media was discarded and replenished with
fresh neuronal media every two days until the end of
the experiment. For experiments where monoclonal
antibodies were added to primary neurons, antibodies
were added once at a final concentration of 26.6 nM
based off previous work [26].

Immunoblotting and biochemical analysis

QBI-293 and primary cortical neuron RIPA lysates soni-
cated 20 times on ice, then centrifuged at 15,000 rpm
for 20 min at 4 °C. Supernatant was removed from the
pelleted material, mixed with 6X loading dye with DTT,
then boiled at 98 °C for 10 min. Samples were resolved
via SDS-PAGE on 4-20% gradient gels (BioRad), trans-
ferred to nitrocellulose membrane using the iBlot 2 (Inv-
itrogen) using standard PO, 7-min settings. Membranes
were blocked with 2% milk in 1X TBS for 30 min then
incubated with primary antibody overnight at 4 °C. The
next day, membranes were incubated with HRP-conju-
gated anti-mouse or anti-rabbit antibodies (1:1000) for 1
h at room temperature. Blots were developed with ECL
Western Blotting substrate (Cytiva, Amsterdam) and
imaged on an GE ImageQuant LAS4000. The immunob-
lots in Fig. 2 were analyzed on parallel blots to allow mul-
tiplexing of different antibodies with identical molecular
weights. For sequential fractionations, transfected QBI-
293 cells were collected in ice-cold PBS with all inhibi-
tors, sonicated 20 times on ice, then centrifuged at 15,000
rpm for 20 min at 4 °C. The supernatant was removed
and labeled as the “PBS fraction” The pellet was washed
1X with cold PBS, centrifuged at 15,000 rpm for 20 min
at 4 °C. This was repeated using hi-salt buffer (50 mM
Tris, 10 mM EGTA, 5 mM MgSO4, 0.75 M NaCl, 0.02 M
NaF, pH 7.6), then RIPA buffer, then 1% SDS buffer. Sam-
ples with SDS buffer were centrifuged at room tempera-
ture. Only PBS and SDS fractions are shown.
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Immunoprecipitation

Following transfections, QBI-293 cells were collected via
scraping in cold NETN buffer (20 mM Tris pH 8.0, 150
mM NaCl, 0.5mM EDTA, 0.5% NP-40/IGEPAL) plus
deacetylase, phosphatase, and protease inhibitors. Pro-
tein levels in supernatants containing nuclear proteins
were measured using Protein Assay Dye Reagent Con-
centrate (BioRad, 5000006). Roughly 10% of the lysate
per sample was saved as Input samples, and equal pro-
tein concentrations were used in each IP reaction. Anti-
bodies were conjugated to beads, then remaining lysate
was added and incubated overnight, rotating at 4 °C. IP
antibodies used: Mouse IgG1 kappa isotype control (Inv-
itrogen, 14471485) and 19B6 (Ac-tau). 50 pL of Protein
A/G magnetic beads (Pierce, 88803) were incubated
with 8 pL antibody, per IP, for four hours prior to addi-
tion of lysates. The next day, beads were washed 3 X with
cold NETN Buffer with all inhibitors. Protein complexes
were eluted from beads in 100pL IgG Elution Buffer, pH
2.0 (Pierce, 21028) for 10 min, with continuous shaking
at 190 rpm, at room temperature. 10 uL Tris buffer at pH
10.4 was added to neutralize each sample. Western blot-
ting was performed on samples—15 pL of each IP was
loaded and 2% Input was loaded.

Immunocytochemistry

Cell culture immunocytochemistry experiments were
performed using QBI-293 cells or cortical primary neu-
rons grown on poly-D-lysine (PDL)-coated 96-well
plates. After transfection (48 h) or transduction (5-7
days unless otherwise stated), cells were rinsed in PBS
then fixed in 4% paraformaldehyde for 15 min, then
rinsed with PBS. Cells were then permeabilized with 0.2%
Triton X-100 (Sigma) in PBS for 20 min then blocked in
4% NGS for 1 h. Primary antibodies were added in 2%
milk and incubated overnight at 4°C. Cells were washed
in PBS with 0.05% tween and incubated with Alexa 488,
Alexa 594, or Alexa 647 conjugated secondary antibod-
ies and DAPI for 1 h. Cells were imaged using the EVOS
M7000 automated microscope or EVOS FL widefield
microscope using EVOS 20X objective (Invitrogen
AMEP4982) and 40X objectives (Invitrogen AMEP4754)
with DAPI, GFP, Texas Red, and Cy5 light cubes. Note:
Some representative images were artificially brightened
in Microsoft PowerPoint or Celleste 5.0 software (Invit-
rogen) to aid visualization. Any panels assessing the same
set of conditions (i.e. a specific monoclonal antibody
across treatments) were brightened to identical levels.

Antibodies

The following primary antibodies were used in this study:
mouse monoclonal 19B6 ac-K280 (large-scale purifica-
tion) (Todd Cohen, 1:1000), mouse monoclonal 15E8
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ac-K311 (large-scale purification) (Todd Cohen 1:1000),
rabbit polyclonal ac-K280 (Todd Cohen, 1:500), rabbit
polyclonal ac-K311 (Todd Cohen, 1:500), K9JA (DAKO,
A0024 1:2000), Taul2 (Millipore, MAB2241, 1:1000),
Ac-Lysine (CST, 9441, 1:1000), FLAG M2 (Sigma, F1804,
1:2000), HA (Cell Signaling, 3724, 1:1000), GAPDH (Mil-
lipore-Sigma, CB1001, 1:1000). Small-scale purifications
of monoclonal antibodies from supernatant were used at
1:100 for SDS-PAGE and 1:25 for immunocytochemis-
try. For detection of 19B6 and 15E8 uptake, only mouse
secondaries were used (no primary antibody incubation).
Quantification of immunoblotting was performed using
ImageStudio Lite Version 5.2.

Neuronal antibody uptake assay

For western blot, primary cortical neurons were trans-
duced with lentivirus at DIV4 with P301L human tau
with or without CBP-CD-NES. At DIV5, 19B6 or func-
tional grade mouse IgGl isotype control (Invitrogen,
16471482) antibodies were added directly to culture at
a final concentration of 26.6 nM for seven days, replac-
ing half of the media every three days with fresh neuronal
media. Neurons were then washed 1X with PBS, then
lysed in RIPA buffer with inhibitors and collected for
SDS-PAGE analysis.

For immunocytochemistry, primary cortical neu-
rons were transduced with lentivirus expressing P301L
human tau with or without CBP-CD-NES at DIV10.
Immediately prior to antibody application, 500ul of
19B6 and 15E8 antibodies were cleared of aggregates
by centrifugation through a 0.1 um centrifugal filter
unit (Millipore, UFC30VV25) for two minutes at 12,000
RCEF. At DIV14 19B6 and 15E8 antibodies were directly
applied to primary cortical neuron cultures at a final
concentration of 26.6 nM and incubated at 37 °C, 5%
CO2 for thirty minutes. A glycine wash step was then
performed to remove antibody interacting with the cell
surface but not completely internalized. Specifically, the
pH was incrementally lowered by first adding one unit
volume of 0.2 M glycine pH 2.0 to each well contain-
ing neurons (with neuronal media) for 30 s. All media
was then removed and replaced with pure 0.2 M glycine
pH 2.0 for an additional 30 s. The wash solution was
removed and replaced with one well volume of 10 uM
wheat-germ agglutinin conjugated to AlexaFluor 647
(Invitrogen, W32466) diluted in artificial cerebrospinal
fluid (119 mM NaCl, 26.2 mM NaHCO3, 2.5 mM KClI,
1 mM NaH2PO4, 1.3 mM MgCl2, 10 mM glucose, and
2.5 mM CaCl2) for two minutes. WGA solution was
removed, and cells were immediately fixed in 4% para-
formaldehyde for ten minutes at room temperature. For
experiments that evaluated clathrin-mediated endocy-
tosis of monoclonal antibodies, primary neurons were
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pre-treated with each of the two inhibitors for 30 min
prior to addition of the antibody. 15E8 antibody (8
ug/mL) was added into media containing inhibitors
for another one hour. Inhibitors used were dynasore
(Sigma D7693) and anti-mouse Fc Block (BD Pharmin-
gen, 553,142). Cells were washed and fixed as described
above. The number of ac-tau positive neurons and neu-
rons displaying antibody uptake were quantified using
Celleste 6 (Invitrogen).

Confocal imaging

Confocal micrographs were acquired using an inverted
Zeiss 800 laser scanning confocal microscope equipped
with 405 nm, 488 nm, 561 nm, and 640 nm diode lasers
and two gallium arsenide phosphide (GaAsP) detectors.
Micrographs were acquired using a Plan-Apo 40x/0.95
NA air objective lens and ZEN Blue software. Bright-
ness and contrast were similarly adjusted between images
using Image] (NIH).

Human monocyte-derived macrophage culture

and differentiation

Primary hMDM were cultured from peripheral blood
mononuclear cells (PBMCs), isolated from human buffy-
coated leukopaks (New York Blood Center) as previously
described. In all scenarios, blood products were screened
against bacteremia and viremia, and the time from leu-
kapheresis to culture was<24h. Briefly, blood product
was diluted 1:1 with sterile PBS then overlaid atop a
Ficoll-Paque plus density matrix (Cytiva, GE17-1440-
02) for differential centrifugation at 500 RCF for 20 min
in a swinging-bucket centrifuge with no brake. Leuko-
cytes were isolated, rinsed in Hank’s-balanced salt solu-
tion, and cleaned of erythrocytes by 10-min incubation
in erythrocyte lysis solution (155 mM NH4Cl, 10 mM
KHCO3, and 0.1 mM EDTA) with agitation. Viable leu-
kocytes were counted using trypan blue exclusion hemo-
cytometry and plated in glass-bottom dishes (Nunc,
150680). Cells were maintained in complete media: Dul-
becco’s modified eagle media with high glucose, 10% fetal
bovine serum (Gibco, 160000—-044), and 20 pg/ml gen-
tamicin (Gibco 15750-60) at 37 °C, 5% CO2. Monocytes
were allowed to adhere to the substrate for approximately
5-7 days in culture, then exchanged into differentiation
media: complete media supplemented with 15 ng/mL
granulocyte—macrophage colony stimulating factor (GM-
CSF; RnD, 215-GM-010/CF). Differentiation media was
replenished every other day by half-media changes for a
total of two exchanges. Differentiated hMDM were then
returned to complete media with half-media changes
every two days.
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pH-sensitive pHAb dye conjugation

Large-scale purified 19B6 (ac-K280) antibody was con-
jugated to pH-sensitive pHAb dye (Promega, G9841)
per manufacturer protocol. Briefly, 100 pg of purified
19B6 antibody was buffer exchanged into amine con-
jugation buffer (10 mM sodium bicarbonate buffer,
pH 8.5) using Zeba spin-desalting columns (Pierce,
89890). pHAD dye (10 mg/mL in DMSO) was added at
a 20-molar excess to antibody (1.2 pL per 100 pg) and
incubated at room temperature protected from light
with orbital mixing at 200 RPM in a ThermoMixer C
(Eppendorf, 2231001005). Unreacted dye was removed
by passing the conjugation solution over a Zeba spin-
desalting column equilibrated with sterile 1X PBS, pH
7.4 for a total of two exchanges. Antibody concentra-
tion was obtained by A280 and recovery efficiency
determined to be approximately 70%. As a negative
control, isovolumetric equivalents of buffers, free of
19B6, were subject to conjugation and exchange proto-
cols in parallel to 19B6 reactions. As a positive control
for uptake and cargo acidification, commercial DH5a E.
coli were grown to stationary phase (OD600.>1.0) and
1.0 mL of culture was heat-killed at 65 °C for 10 min.
Bacteria were pelleted by centrifugation at 1,200 RCF
for 5 min, washed twice in amine conjugation buffer,
resuspended in 100 pL conjugation buffer with 1.2 pL
of pHAb dye, and conjugated as above. Unreacted dye
was removed by centrifugation with two wash cycles in
sterile 1X PBS. To remove bacterial aggregates, the pel-
let was resuspended in 100 pL sterile PBS and sonicated
10-times at 25% amplitude using a QSonica hand-soni-
cator probe.

hMDM-K280 internalization and acidification assay
hMDM were pre-charged with 10 uM Chloroquine or
isovolumetric equivalents of vehicle (sterile H20) for
60 min at 37 °C, 5% CO2. Cells were then stimulated
with 10 pL of either pHAB-19B6, pHAb-blank, or pHAb-
E. coli, and returned to the incubator for 30 min. Cells
were then imaged live using TAMRA filter settings on an
EVOS widefield inverted microscope at 20X magnifica-
tion with numerical aperture 0.40. Baseline fluorescence
was set using the pHAb-blank stimulated condition.

Small-scale monoclonal antibody purification

For small-scale antibody purifications, Protein G Mag-
netic Beads (Pierce, 88848) were used to purify antibody
from 500ul of hybridoma supernatant (provided by Gen-
Script) as per manufacturer protocol. The bound anti-
body was eluted using 100 ul IgG Elution Buffer, pH 2.0
(Pierce, 21028) for ten minutes intermittently rotating
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tubes to mix, and then neutralized with 10 ul of Tris pH
10.5 buffer.

Mouse immunization to produce ac-K280 and ac-K311
monoclonal hybridomas

Acetylated peptide (QIIN {Lys-Ac} KLDLSNVQSC) and
non-acetylated peptide (QIINKKLDLSNVQSC) were
synthesized by the Peptide Department of GenScript. The
acetylated peptide was conjugated to a carrier protein
using the MBS method and mixed with Freund’s adjuvant
for immunization. Two groups of mice were immunized
separately: BALB/C (Animal Number: #B1676 ~1680)
and C57 BL/6 (Animal Number: #B1681 ~ 1685). Intra-
peritoneal injection method was performed with a dos-
age of 25 ug antigen/mice per injection. After three
routine injections, the best two animals were selected for
fusion based on the test results. The fusion partner used
was SP2/0, and the fusion was carried out using elec-
troporation. The successfully fused hybridoma cells were
seeded onto a 96-well plate, and the cell supernatant was
collected for detection and screening. Indirect ELISA was
used to coat the antigen on the ELISA plate, followed by
addition of the cell supernatant and secondary antibodies
to promote the selection of specific clones. The subclon-
ing was performed using a limiting dilution method to
obtain a stable proliferating monoclonal cell line. Mono-
clonal cell lines can be used for large-scale production in
a roller bottle. Mouse immunization and generation of
hybridoma lines were performed by GenScript.

Indirect ELISA protocol for ac-tau monoclonal hybridomas
The antigen peptides (listed above) were diluted in coat-
ing buffer and incubated at 37 °C for 1h. Coating buffer
with peptides was removed and washed with washing
buffer. Plates were blocked with blocking buffer and incu-
bated at 37 °C for 1h, then washed once with washing
buffer. Hybridoma supernatant was diluted with block-
ing buffer and added to the plates with coated antigen
peptides for 1h at 37 °C. Plates were then washed four
times with washing buffer. HRP-conjugated secondary
antibodies were diluted in blocking buffer and added to
the plate for 30 min at 37 °C, then washed four times in
washing buffer. 100 ul of TMB reagent was added to each
well and incubated at room temperature until sufficient
color development (15-20 min). Reaction was stopped
with stop solution and absorbance read at 450 nm using
a microplate reader. Indirect ELISAs were performed by
GenScript.

Large-scale monoclonal antibody production

and purification

Hybridomas were cultured in DMEM containing
10% FBS and incubated at 37 °C. When hybridomas

Page 6 of 18

reached >70% confluence, cells were transferred to shake
flask culture flask. When>70% confluent, cells were
transferred to a roller bottle and incubated in electro-
thermal incubator for roughly 7 days. Cell suspension
was centrifuged at 8000 rpm for 30 min to collect super-
natant. Supernatant was then filtered with 0.22 um fil-
ter to remove debris. Protein A/G resin was bound to a
purification column. Antibody sample was transferred to
column, then washed several times. Antibody was then
eluted with low pH elution buffer and then immediately
neutralized the pH with neutralization buffer. Antibody
eluate was dialyzed with a dialysis bag against PBS at 4 °C
overnight. Large-scale monoclonal antibody production
and purification was performed by GenScript.

Hybridoma cell culture

Prior to antibody sequencing, frozen vials of hybridoma
cells from each clone (provided by GenScript) were
thawed and transferred to a 15mL sterile centrifuge tube
with 10 mLs of DMEM (Corning 10-013-CV) with 10%
FBS and 1% penicillin/streptomycin. Cells were centri-
fuged at 800 rpm for 5 min. Supernatant was discarded
and cells were suspended in 10 mL of media then trans-
ferred to a tissue-treated 10cm dish. Cells were incu-
bated at 37 °C for 2-3 days until slightly adherent cells
cover ~75% of the bottom of the dish. At this point,
supernatant was collected from cells, and cells were gen-
tly washed off the bottom of the plate (cells are slightly
adherent) with 10 mL of fresh media then divided into
four 10cm dishes. Two days later, supernatant was aspi-
rated from one plate and cells were scraped in Trizol then
stored at —80°C until sequencing protocol. The three
other dishes were collected in FBS media containing 10%
DMSO, then stored in liquid nitrogen.

Monoclonal antibody sequencing

Mouse monoclonal antibody sequencing was performed
following previous work with additional modifications.
Total RNA was extracted from hybridoma cell lines using
TRIzol Reagent (Invitrogen), and reverse transcription
polymerase chain reaction was applied using SMART-
Scribe Reverse Transcriptase (Takara cat# 639537) with
primers in Supplemental Table 2. Antibody variable
regions were amplified using touch-down PCR using Q5
High-Fidelity DNA Polymerase (98 °C for 30s; 10 cycles of
98 °C 15s, 63-57.5 °C for 30s (decrease 0.5 °C each cycle),
and 72 °C 30s; 15 cycles of 98 °C 30s, 72 °C 30s; followed
by 72 °C 2min and hold at 4 °C) with primers in Sup-
plemental Table 3. Amplified antibody DNA fragments
were gel extracted using QIAGEN QIAquick Gel Extrac-
tion Kit (Cat#28706) and inserted into Nhel and BamHI
linearized pcDNA3.1 using NEB NEBuilder HiFi DNA
Assembly Master Mix (Cat# E2621S). Transformations
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were performed using NEB Stable Competent E. E. coli
(Cat#C3040H), and DNA sequences were obtained by
Sanger sequence using CMV forward primer.

Postmortem human immunohistochemistry

Human, Braak VI AD post-mortem brain was provided
by the Center for Neurodegenerative Disease Research
(CNDR) at the University of Pennsylvania. Four AD cases
and one Pick’s disease case were used for post-mortem
human brain THC. All tissues were ethanol fixed human
tissue. Small-scale antibody purifications (from Pro-
tein G beads) were used at 1:25. Formic acid retrieval
was used on 6um tissue. We note that ethanol fixed tis-
sue and formic acid retrieval are required for maximal
detection sensitivity of ac-tau pathology in AD cases.
On day 1 of IHC, slides were de-paraffinized with two
five-minute incubations with Xylene. Slides were rehy-
drated in descending EtOH series for one minute each
until 70% EtOH. Slides were then immersed in ddH20 for
1 min, then placed in 88% formic acid for five minutes.
Slides were washed in H20, then incubated for 30 min
in mixed methanol/H202. Sections were washed in H20
for another 10 min, then washed in 0.1 M Tris buffer pH
7.6 for five minutes. Slides were then blocked in block-
ing buffer (0.1 M Tris/2% FBS) for another five minutes.
Primary antibodies were diluted in blocking buffer and
added to each section. Slides were incubated at 4°C in
humidified (Tris-soaked kimwipe) chamber overnight
(16-20 h). On day 2, slides were washed in Tris three
times for 2 min, then blocked in Tris/FBS for 5 min. Goat
anti-mouse IgG1-HRP secondary antibody was applied at
1:1,000 in blocking buffer and incubated at room temper-
ature for one hour. Slides were then washed in Tris twice
for 3 min. Vector DAB solution was made with 1 drop
of DAB per mL of stable DAB Buffer and inverted, not
vortexed. DAB was applied to each slide using a transfer
pipette and incubated for exactly 7 min per slide. Slides
were rinsed with Tris buffer, then ddH20 for 5 min. Har-
ris Hematoxylin (Thermo-Shandon) counterstain was
applied for 20 s then washed twice in H20. Slides were
washed in running tap water for 15 min, then dehydrated
and cleared in xylenes (1 min each EtOH (70%, 80%, 95%,
95%, 100%, 100%) and two changes of Xylene for 5 min
each. Slides were coverslipped with Cytoseal.

Statistical analyses

GraphPad Prism software was used to create all graphs
and perform all statistical analyses. To compare ac-tau
signal by immunoblotting, we performed separate two-
tailed, unpaired student’s t-test from n=3 replicates. For
antibody uptake experiments with inhibitors, one-way
ANOVA was performed using Dunnet’s multiple com-
parison test.
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Results

Generation of anti-acetylated tau monoclonal antibodies
Using a hybridoma screening platform, we evalu-
ated ~ 5,000 mouse monoclonal antibodies comprised of
IgG1 and IgG2 isotypes that detected tau acetylated at
either lysine K280 or K311 residues. Among these, 24
clones exhibited desirable specificity for their respective
acetylated tau residue. The variable heavy and light-chain
complementarity-determining regions (CDRs) determine
the antibody’s ability to bind an antigen. To assess if any
clones had identical or similar CDRs, we utilized a modi-
fied protocol to sequence heavy-chain and light-chain
CDRs of all 24 clones [27]. Strikingly, several of these
clones had either identical or highly overlapping CDRs
(Table 1). Thus, CDR sequences were directly correlated
with the optimal recognition of acetylated tau epitopes.

Validation of ac-K280 and ac-K311 clones using engineered
CBP variants

Creb-binding protein (CBP) was previously shown to act
as a tau acetyltransferase [1, 28]. Therefore, we validated
which of these 24 clones detected CBP-acetylated tau
(ac-tau) in cells. Using antibodies purified from hybri-
doma supernatants, we found that several clones exhib-
ited specificity for CBP-acetylated human tau, but not
their respective acetylation-null K280R or K311R con-
trol mutants by western blot (Fig. 1A, B, Supplementary
Fig. 1). As expected, the K280R and K311R mutants were
acetylated at other lysine residues, as detected using a
pan-acetylated lysine antibody (Fig. 1C). We also verified
that most clones showed a high degree of specificity for
ac-tau peptides vs. their comparable non-ac-tau control
peptide by ELISA (Fig. 1D). Clones with similar CDRs
were equally effective, while other less optimal clones
that emerged from our screen lacked sensitivity or speci-
ficity when tested in the presence of the acetyltransferase
CBP (Supplemental Fig. 1).

Since tau acetylation primarily occurs within the cyto-
plasm, we sought to develop an approach that would
allow for cytoplasmic expression of CBP and avoid
non-specific acetylation of nuclear CBP substrates. To
achieve this, we generated lentiviruses expressing CBP’s
catalytic domain (CD; residues 1088-1758) containing
either a nuclear export signal (NES) or a nuclear locali-
zation signal (NLS). Unlike full-length~265 kD CBP,
the smaller active catalytic domain (~82 kD CBP-CD) is
readily packaged and expressed via lentiviral-mediated
transduction of neurons. CBP-CD-NES was successfully
targeted to the cytoplasm of QBI-293 cells or primary
cortical neurons (Fig. 2A, B). Co-transfection or co-
transduction of CBP-CD with 2N4R tau was performed,
followed by immunoblotting to assess the specificity
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Table 1 Heavy chain and light chain variable region CDRs of top 24 ac-K280 and ac-K311 hybridoma clones

Ac-K280 monoclonal heavy-chain CDRs

Ac-K311 monoclonal heavy-chain CDRs

Clone CDR1 CDR2 [CBR3 " [isotype Clone CDR1 CDR2  [CDR3 " isotype |
1936,1728, 25Eg, GINIEDDY, [ 19G1, kappa 14G8, 15E8, 7G4 |GYTFTNYG | IYIGNGYT |ARWRPGYFFDY | IgG1, kappa
28H2, 24G12, 29C3 21D9 GYTFTTYG |IYFGNGYT |[ARWVTGYYFDY | IgG2a, kappa
9G4, 12B9 SN KB 'DPENgET IRDFEV___| 1gG2b, kappa 11H4 GYTFTNYG |IYIGNGFT | GRWRPGYYFDY | IgG1, kappa
2387 gt::';ggi :giE:DgI :lzg'/ :922: tﬂppa 13812, 5D8 GYTFTNYG |IVIGNGYT |GRWRPGYYFDY | IgG2b, kappa
6C1 oo TiorEDerT IgGZbY kappa 13H11 GYTFTNYG |ISIGNGYT | GRWRPGYYFDY | IgG1, kappa
6F7 g o] 'RD";':V 9G2b, kappa 25812 GYTFTNYG | IYIGSGYT | ARWVNGYYFDY | IgG2b, kappa
S0H12 LRIKDIDY IIRCE 1961, kappa 3E10 GYTFTSYG |IYIGNGYT |VRWRPGYFFDY | IgG1, kappa
10c7 GFNIKDYY  [IDRENGET ISIRERE 19G2b, kappa 11D5 GFTGSSYG |ISYGGTYT | SSLWETWLAY | IgG1, kappa
Ac-K280 monoclonal light-chain CDRs Ac-K311 monoclonal light-chain CDRs
Clone CDR1 CDR2 _Isotype Clone CDR1 CDR2 Isotype
1986, 17G8, 25E5, | susssy STS |HQYHRSPLT | g1, kappa 14G8, 7G4, 11H4 | QNIVHSNGDTY |KVS | FQSSLVPLT | IgG1, kappa
28H2, 24G12, 29C3 15E8 QNIVHTNGDTY |KVS FQSSLVPLT | IgG1, kappa
23B7 SSVSSSY STS HQYHRSPLT | IgG2b, kappa 21D9 RTIVHSNGNTY | KVS FQSSLVPPT | IgG2a, kappa
9G4, 12B9, 10C7 | QNIVHGSGHTY |KVS | FQGSHVPLT | I9G2b, kappa 13512, 508 QTIVHSNGNTY |KVS  |FQSSLVPLT | 19G2b. kappa
6C1 SSISSTF RTS HQYHRSPLT | 1gG2b, kappa 13H11 QTIVHSNGNTY | KVS FQSSLVPLT | IgG1, kappa
6F7 QSIVHDNGHTY |KVS  |FQGSHIPLT | IgG2b, kappa 25B12 QSIIHSNGNTY |KVS  |FQSSLVPPT | IgG2b, kappa
30H12 Ssvsssy STS  |HQYRRSPLT | IgG1, kappa 3E10 QSIVHSNGNTY [KVS  |FQTSLVPLT | IgG1, kappa
11D5 LSIVHSNGNTY |RVS |FQGSHIPPT | IgG1, kappa
Example sequence: 19B6 Heavy  CDR1 CDR2 CDR3

EVQLQQSGAEFVRPGASVKLSCTVSGLNIEDDYIQWLKQRPEQGLEWIGWIDPENGDPKYASKFQGKATLTADTSSKIAYLHLSSLTSEDTAVYYCATRGLWGQGTTLTVSS

Each ac-K280 (left) and ac-K311 (right) clone is listed with their respective complementarity determining regions (CDR1, CDR2, and CDR3). Heavy-chain CDRs are listed
at the top, light-chain CDRs are listed at the bottom. Clones with identical sequences are listed together. An example sequence for the heavy-chain of 19B6 is shown

with the location of each CDR depicted within the sequence.

A) K280-19B6 K280-23B7 K280-9G4 B) K311-15E8 K311-14G8 K311-13B12
WT K280R WT K280R WT K280R WT K311R WT K311R WT K311R
CBP: — + — + -+ - o+ = % = % CBP: — + — + -+ -+ -+ = 4+
IB: mAb IB: mAb
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Fig. 1 Molecular and biochemical validation of candidate ac-K280 and ac-K311 monoclonal antibodies. Representative immunoblots of QBI-293
cells transfected with wild-type 2N4R human tau or acetyl-null K280R/K311R 2N4R human tau and full length CBP. Small-scale purification of ac-tau
monoclonal antibodies from hybridoma supernatants were applied to blots. A ac-K280 antibody clones. B ac-K311 antibody clones. C total
acetylated lysine showing acetylation of K280R and K311R tau at other residues. D Quantification of ELISA OD450 signal from monoclonal ac-K280
and ac-K311 antibodies incubated with acetylated versus non-acetylated peptides. Peptides: Ac-K311-QIVY{Lys-Ac}PVDLSKVTSC, QIVYKPVDLSKVTSC;

Ac-K280-QlIN{Lys-Ac}KLDLSNVQSC, QIINKKLDLSNVQSC
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Fig. 2 A neuronal tau acetylation assay using cytoplasmic targeted CBP to validate the specificity of ac-tau monoclonal antibodies. A QBI293 cells
transfected with CBP catalytic domain (CD) with a nuclear exclusion sequence (NES) or nuclear localization sequence (NLS). CBP-FLAG labeled

in 488, DAPI in blue. Scale bars, 50 um. B Primary mouse cortical neurons transduced with lentivirus expressing CBP CD NES or CBP CD NLS.
CBP-FLAG labeled in 488, DAPI in blue. Scale bars, 50 um. € QBI293 cells transfected with wild-type 2N4R human tau with CBP-CD-NES, CBP-CD-NLS,
or CBP-catalytically dead mutant (CBP-mut) NES probed with ac-K280 and ac-K311 antibodies. Each condition was performed in duplicate. D
Primary mouse cortical neurons lentivirally transduced with empty vector, wild-type 2N4R human tau with or without CBP-CD-NES and CBP-CD-NLS
probed with ac-K280 and ac-K311 antibodies. Each condition was performed in triplicate. Blots were probed with purified 19B6 or purified 15E8,
rabbit polyclonal ac-K280 or rabbit polyclonal ac-K311, CBP (FLAG), and total tau (K9JA). E-F Quantification of ac-tau in primary neurons (ac-K280

(E) and ac-K311 (F) antibodies) comparing CBP-CD-NES and CBP-CD-NLS. N=3; p-value: * < 0.05, ** <0.01. * denotes ~ 100kd CBP-CD cross-reactive
band. G Immunoprecipitation of ac-K280 tau in QBI293 cells with 19B6 (Input-left; IP-right) probed with polyclonal K280, 1986, total tau (K9JA),

and total ac-lysine antibodies. H QBI293 cells were transfected with wild-type 2N4R human tau or P301L/S320F 2N4R human tau with or without
CBP-CD-NES. Lysates were processed by sequential fractionation through PBS, hi-salt buffer, RIPA buffer, then 1% SDS buffer and probed with 1986
and 15E8 antibodies. PBS fraction (top) and 1% SDS buffer fraction (bottom) are shown
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of our two lead ac-K280 and ac-K311 clones, which we
refer to as 19B6 and 15E8, respectively. In transfected
QBI-293 cells, we found that 19B6 detected ac-K280
similar to a previously generated rabbit polyclonal anti-
body [1]. Similarly, 15E8 detected an ac-K311 banding
pattern that was identical to a previously generated rab-
bit polyclonal K311 antibody [18] (Fig. 2C). We did not
observe ac-tau when expressing a catalytically inactive
CBP mutant (CBP-mut) lacking acetyltransferase activity
(L1434A/D1435A), confirming CBP-dependent acetyla-
tion (Fig. 2C). In transduced primary cortical neurons,
19B6 and 15E8 detected acetylated tau in CBP-CD-NES
expressing neurons (Fig. 2D). In these neurons, CBP-CD-
NES induced ac-tau by ~ 2—5 fold compared to CBP-NLS,
supporting ac-tau accumulation upon CBP targeting to
the cytoplasm in transduced primary neurons (Fig. 2E,
F). To further validate the specificity of 19B6, QBI-293
cells were co-transfected with wild-type tau or an acety-
lation-null K280R tau mutant in the presence or absence
of CBP-CD-NES. We then immunoprecipitated tau using
19B6 and observed the expected ac-tau in the presence
of CBP-CD-NES, but this was completely abrogated with
the K280R mutant (Fig. 2G). This pulldown provides
additional evidence that 19B6 demonstrates specificity
for acetylated tau at residue K280.

We observed some differences in the extent of tau
acetylation in QBI-293 and primary neurons. For exam-
ple, nuclear targeted CBP-CD-NLS generated acetylated
tau at low levels in neurons but more strongly in QBI-293
cells, the latter likely due to slight CBP leakage into the
cytoplasm. We also noticed a non-tau cross-reactive 100
kD acetylated substrate that emerged only in the presence
of the active truncated CBP-CD in either QBI-293 cells
or primary neurons. This is a non-specific band resulting
from expression of the constitutively active CBP-CD con-
struct, since we did not observe this band with full length
CBP (Supplemental Fig. 2A, B). Therefore, the 100 kD
band likely represents an unknown acetylated substrate
that is non-specifically detected by the 19B6 antibody.
Any future immunoblotting performed with 19B6 should
consider the reactivity of a 100 kD cross-reactive band.
No other cross reactivity was observed. We reiterate that
detection of the 100 kD cross-reactive band only occurs
in the presence of the artificially truncated and active

(See figure on next page.)
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CBP construct but not full length CBP. Overall, our lead
clones show highly desirable properties including acet-
ylation-specificity and site-specificity in a neuronal tau
acetylation assay.

To identify which tau species are recognized by the
monoclonal ac-tau antibodies, we performed a sequen-
tial biochemical fractionation of QBI-293 cells in which
we acetylated either wild-type soluble tau or a highly
aggregate-prone tau mutant containing two FTD-causing
familial mutations (P301L-S320F, termed PL-SF) [29]. In
the soluble PBS extracted fractions, only monomeric ac-
tau species were detected with 19B6 (ac-K280) and 15E8
(ac-K311) regardless of the tau variant. In the insoluble
SDS-extracted fractions, the PL-SF tau variant formed
more insoluble ac-tau than wild-type tau, as expected
(Fig. 2H). Thus, we conclude that our monoclonal anti-
bodies detect both soluble and insoluble acetylated tau
species.

Immunocytochemistry validation of ac-K280 and ac-K311
clones in neurons

To determine if our candidate ac-tau antibodies detected
acetylated tau by immunocytochemistry (ICC), we co-
transduced neurons with 2N4R tau in the presence or
absence of CBP-CD-NES and found that 19B6 selectively
detected ac-tau with much greater sensitivity compared
to other clones (e.g., 23B7 and 9G4) (Fig. 3A). We identi-
fied two ac-K311 clones that detected ac-tau to a similar
degree (15E8, 14G8), though we note that 14G8 showed
some non-specific background staining even in the
absence of acetylated tau (Fig. 3B). Conversely, 13B12,
13H11, and 21D9 were either less sensitive or non-spe-
cific (Fig. 3B). We examined several other clones by ICC
and found those with similar CDRs to be equally sensi-
tive and specific while others either lacked detection
sensitivity or were non-specific (Supplemental Fig. 3).
Importantly, for scaling and production purposes, large-
scale purifications of 19B6 and 15E8 maintained sensitiv-
ity and specificity in ICC assays employing acetylation of
either wild-type or mutant P301L tau (Fig. 3C).

Clone 19B6 is internalized and shows target engagement
With the increasing interest in using anti-tau antibod-
ies as immunotherapies, we sought to evaluate whether

Fig. 3 Immunocytochemistry validation of ac-tau monoclonal antibodies in primary neurons. Primary mouse cortical neurons were transduced

for five days with lentiviruses for empty vector control, wild-type human tau, or wild-type tau and CBP-CD-NES. A Immunocytochemistry of neurons
with rabbit polyclonal ac-K280 (RFP) and small-scale purification of 1986, 23B7, and 9G4 (GFP). B Immunocytochemistry of neurons with rabbit
polyclonal ac-K311 (RFP) and small-scale purification of 15E8, 14G8, 13B12, 13H11, and 21D9 (GFP). C Immunocytochemistry of large-scale purified
19B6 and 15E8 (GFP) and polyclonal ac-K280 and ac-K311 (RFP) after lentiviral transduction with wild-type or P301L human tau and CBP-CD-NES

or CBP-CD-NLS. Scale bars, 125 um. DAPI in blue
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our most effective clones, 19B6 and 15ES8, are inter-
nalized by primary cortical neurons and engage the
desired target, which in this case is CBP-acetylated tau.
Primary neurons were transduced with P301L tau in
parallel with CBP-CD-NES to facilitate tau acetylation.
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After exposing cultures for seven days to 19B6, we
found by immunoblotting that 19B6 more readily
accumulated within neurons co-expressing tau and
CBP-CD-NES compared to isotype control antibody,
suggesting 19B6 uptake and affinity for ac-tau (Fig. 4A).
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Fig. 4 Ac-tau monoclonal antibodies 19B6 and 15E8 are internalized by primary neurons and microglia in an Fcyll/Ill receptor-dependent

manner. A Immunoblots of P301L transduced primary neurons with or without co-expression of CBP-CD-NES following antibody

exposure. P301L+CBP-CD-NES neurons were exposed to 19B6 or IgG1 mouse isotype control antibody for seven days. Immunoblots were

probed with polyclonal ac-K280, ac-K311, and total human tau (Tau12). The exact same lysates were run on a separate blot and probed

with only anti-mouse secondary to assure maximal detection of the heavy and light chains. B Quantification of Tau12, polyclonal ac-K280,
polyclonal ac-K311, and monoclonal antibody heavy chain signal from panel A. N=3; p-value: *=<0.05; ns=not significant. C Representative
immunocytochemistry images of P301L transduced primary neurons with or without CBP-CD-NES after application of 1986 and 15E8 antibodies.
Neurons were labeled with polyclonal ac-K311 (RFP) and anti-mouse secondary (GFP) to label 19B6 and 15E8 uptake. White arrows label
representative neurons exhibiting colocalization. Scale bars, 125 um. DAPI in blue for C, D, and E. D Representative 40X confocal images from panel
C highlighting co-localization of monoclonal 15E8 (GFP) and polyclonal ac-K311 (RFP). Neurons were stained with wheat germ agglutinin
(magenta) to label the extracellular surface of neuronal processes. Regions of antibody uptake across ac-tau positive neuron processes and somas
are labeled with white arrows. Scale bars, 20 pum. E Primary cortical neurons were pre-treated with dynasore (80 uM) or anti-mouse Fc Block (1 ug/1°
cells) for 30 min, followed by the addition of 15E8 (8 ug/mL) for 1 h. Cells were fixed and stained with rabbit polyclonal ac-K311 and anti-mouse
secondary (to detect antibody uptake). Quantification to the right shows the number of neurons positive for antibody uptake over the total
number of ac-tau neurons per field. White arrows label neurons positive for antibody uptake. N=15 fields per condition, across two separate
biological replicates; p-value: ** < 0.05; Scale bars, 50 um. F Cultured primary hMDMs were cultured and exposed to pHAb-vehicle, pHAb-19B6,
pHADb-198B6 + chloroquine (10 uM), or E. coli as a positive control for uptake and cargo acidification. We note a low-level background fluorescence
detected in apoptotic hMDMs after CQ treatment. Representative 20X images are shown. Cells exhibiting pHAb uptake are labeled with white

arrows. Scale bars, 200 um
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We did not observe ac-tau degradation or clearance,
suggesting antibody uptake may not be sufficient to tar-
get tau for degradation in this system (Fig. 4B). To con-
firm that 19B6 and 15E8 show target engagement, we
allowed uptake of either 19B6 or 15E8 for one hour and
subsequently performed double labeling to detect anti-
body engagement with ac-tau. Indeed, we observed a
high degree of colocalization between the internalized
antibodies and ac-tau, as both 19B6 and 15E8 labeled
ac-tau positive cell bodies and neuronal processes.
As expected, in the absence of CBP, we did not detect
antibody engagement with non-acetylated tau (Fig. 4C,
D). These data suggest that 19B6 and 15E8 are inter-
nalized by neurons and show desirable ac-tau target
engagement.

Internalization of tau antibodies is primarily mediated
by clathrin-mediated endocytosis (CME) involving FcylIl/
III receptor binding to IgGs [30]. To evaluate the mecha-
nism by which ac-tau antibodies are internalized, we pre-
treated primary cortical neurons with the CME inhibitor
dynasore or anti-mouse Fc Block, which blocks IgG bind-
ing to FcylIl/III receptors. The internalization of 15E8 was
significantly reduced by both dynasore and mouse Fc
Block confirming a CME and FcyII/III dependent mecha-
nism of uptake (Fig. 4E).

Since microglia (brain-resident macrophages) can
assist in clearing pathological tau as a response to immu-
notherapies [31, 32], we further assessed whether 19B6
could be internalized into immune cells. We adopted a
primary human monocyte-derived macrophage model
(hMDMs) that resemble human microglia based on tran-
scriptional similarities [33, 34. Clone 19B6 was first pre-
conjugated to pHAD, a pH-sensitive dye that fluoresces
during endocytic-lysosomal processing and subsequent
acidification [35], and then delivered 19B6-pHAD to cul-
tured hMDMs. We found that 19B6 does indeed accu-
mulate in hMDMs (Fig. 4F). Chloroquine (CQ), which
inhibits lysosomal acidification, prevented most fluores-
cence of 19B6-pHAD, suggesting 19B6 is not only inter-
nalized but also processed by lysosomal acidification. As
a positive control, E. coli, which are readily internalized
for lysosomal degradation, were detected in the hMDMs
(Fig. 4F). Thus, 19B6 is not only internalized by neurons

(See figure on next page.)
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but can also be processed by unrelated immune cell
types.

Ac-tau monoclonal antibodies detect tau pathology

in human AD brain

Finally, we evaluated whether ac-tau monoclonal anti-
bodies have utility in detecting tau pathology in human
AD brains. We performed histology by immunohis-
tochemistry (IHC) on the frontal cortex of four AD
patients. Both 19B6 and 15E8 detected neurofibrillary
tangle (NFT) pathology in all four AD patients. Among
ac-K280 clones, 17G8 shares an identical CDR with
19B6, while among ac-K311 clones, 14G8 shares a highly
similar CDR with 15E8. All of these clones detected
robust tau pathology by IHC. Only one of our candidate
ac-K311 antibodies, 13B12, which detects ac-tau by west-
ern blot and ICC, was unable to detect ac-tau in human
brain by IHC (data not shown). All of the ac-tau mono-
clonal antibodies, particularly the ac-K280 clones, recog-
nized tau-positive neuritic plaque pathology in addition
to NFTs (Fig. 5A, B). The ac-tau pathological lesions that
we observed with ac-tau monoclonal antibodies were as
robust as those observed with the AT8 antibody (phos-
phorylated S202/T205) (Fig. 5C). We conclude that our
panel of highly specific antibodies have desirable bio-
chemical and histological properties and therefore pro-
vide utility in the detection of pathogenic tau species
in vitro, in primary neurons, and in human postmortem
brain.

Discussion

In this study we generated, validated, and characterized
several new monoclonal antibodies targeting acetylated
K280 and K311 residues of tau. We focused on these two
residues since our previous mass spectrometry analysis
found that they are most prominently acetylated in vitro
and in human AD NFTs [1, 18]. Furthermore, the acet-
ylation of these residues is robust by histology of AD
brains [1, 18]. Interestingly, both residues are located
in homologous positions within known hexapeptide
aggregation motifs within the MTBR of tau and their
acetylation is expected to dissociate tau from MTs via
impaired electrostatic interactions, and hence further

Fig. 5 Ac-tau monoclonal antibodies detect AD pathological lesions in postmortem human brains. Sections were stained with small-scale
purification of A monoclonal ac-tau K280 antibodies (clones 1986 and 17G8) and B monoclonal ac-tau K311 antibodies (clones 14G8 and 15E8)
and visualized using an avidin—biotin complex detection system. Sections were lightly counterstained with hematoxylin and then imaged. Cortical
brain sections from four separate AD patients (across three different cortical regions) were stained with both sets of Ac-K280 and Ac-K311 clones.
Patient 4 was only stained with 17G8 and 15E8. C Hippocampal brain tissue from the same AD cases were stained with AT8 (5202/T205) to label
phosphorylated tau. Hippocampus from a non-diseased control patient is shown for comparison. The white square represents a magnified inset.

Scale bars, 200 um
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drive tau aggregation [1]. Indeed, our prior in vitro and
rodent studies demonstrate a pathogenic role for these
two residues in disease, which promotes tau dysfunction
and drives tau aggregation, leading to their accumulation
in a disease-specific manner in mice and humans [1, 18,
36-38]. While much of the literature supports aberrant
tau acetylation as a driver of tau dysfunction, including
more recent cryo-EM structural data [17], there are at
least 15 ac-tau residues that have been identified in AD
brains [39]. Some of these, such as K174, K274, and K281
have been found to promote tau dysfunction and exac-
erbate cognitive deficits in vivo [22-24, 40]. Though the
majority of acetylated residues likely drive aberrant pro-
cesses, others could potentially suppress pathogenic tau
by preventing hyperphosphorylation at nearby phospho-
rylated epitopes (S252/356) [41, 42], however additional
studies are needed to support any reported neuroprotec-
tive role for acetylated tau in vivo. These studies empha-
size the complexity of the tau PTM code but nonetheless
make a strong argument to develop acetylated tau-spe-
cific tools and assays to interrogate tau regulation and
the impact of ac-tau on the brain.

While acetyl-mimic substitutions (K-to-Q substitu-
tions) have been instrumental in studying lysine acety-
lation, these mutations do not always fully recapitulate
genuine tau acetylation, partially because they are non-
labile modifications. Instead, for this study, we developed
assays to express the catalytic domain of CBP (CBP-CD)
in the cytoplasm to induce tau acetylation in cell culture
(Fig. 2). The future use of cytoplasmic CBP might allow
us to interrogate reversible tau acetylation without the
need for acetyl-mimic mutants. For example, tau can
be deacetylated by HDAC6, a cytoplasmic-residing
histone deacetylase. Our recent study revealed loss of
HDACES6 potently exacerbated tau acetylation and subse-
quent pathology in PS19 mice [18]. SIRT1, another tau
deacetylase, was found to deacetylate tau at K174, attenu-
ating propagation of tau pathology across the brain [43].
Thus, cytoplasmic and/or nuclear CBP-CD can poten-
tially be used as a discovery-based tool to delineate the
signaling pathways that modulate tau acetylation/deacet-
ylation. We note, however, in addition to enzymatic acet-
ylation, tau can also undergo auto-acetylation in vitro, in
the complete absence of CBP but in the presence of the
cofactor acetyl-CoA [28, 44].

These new ac-K280 and ac-K311 monoclonal tools
have numerous advantages. We previously generated rab-
bit polyclonal antibodies against ac-K280 and ac-K311 [1,
18], which detect multiple unresolved epitopes and can-
not be traced back to a singular clone. However, these
new monoclonal antibodies generated in this study are
derived from an unlimited supply of immortalized hybri-
doma cells and can be engineered to refine and enhance
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specificity, activity, tissue uptake, or even humanized for
translational immunotherapy studies. We were surprised
to find that six of thirteen ac-K280 and two of thirteen
ac-K311 antibodies had identical heavy-chain and light-
chain CDRs (Table 1). This suggests strong sequence
specificity conferred by specific CDRs that can be refined
for optimal ac-tau recognition and could provide an
excellent “backbone” for antibody engineering.

With the recent FDA approval of lecanemab and adu-
canumab [45, 46], immunotherapies have gained appre-
ciable attention as a potential therapy for AD and other
neurodegenerative diseases. This has spurred a flurry
of pre-clinical and clinical trials targeting total tau and
pathogenic strains of tau. Pre-clinical immunotherapy
trials have found varying levels of success in alleviating
tau pathology (hyperphosphorylation, insolubility, tau
seeding and spread) and associated behavioral abnor-
malities (motor, memory) [47-52]. Five clinical tri-
als have found evidence of target engagement and have
progressed towards Phase 2 efficacy trials [53]. A future
immunotherapy against ac-tau could provide a higher
degree of tau sub-species specificity, thus leaving total
normal tau intact by targeting only the pathogenic tau
pool and avoiding potential off-target effects.

Tau immunotherapies could function by either (1)
binding extracellular tau in the brain, thereby prevent-
ing neuronal uptake and propagation or (2) undergo-
ing internalization into neurons and/or microglia and
subsequently binding and promoting tau degradation
by autophagy, proteosome, or microglial-dependent
phagocytosis [31, 32, 54, 55]. We showed that 19B6 (ac-
K280) can be internalized by both neurons and micro-
glia (Fig. 4). Once internalized by neurons, 19B6 and
15E8 colocalized with ac-tau both in the cytoplasm and
within ac-tau positive neuronal processes, supporting
target engagement. The assumption is that, if taken up by
neurons or microglia, one could conceivably block ac-tau
pathogenesis as a potential treatment for AD and other
tauopathies. Indeed, a recent study found that passive
immunization of P301L mice using an ac-K280 antibody
could rescue some aspects of cognitive decline by reduc-
ing the levels of tau oligomers [56]. These findings sup-
port the therapeutic potential of targeting ac-tau.

Given the striking disease-specificity for ac-K280 and
ac-K311, with no apparent detection in non-tauopathy
controls, ac-tau antibodies could also be employed in
diagnostic biomarker assays. While phosphorylated tau
(at residues T181, T205, T217, T231) is routinely meas-
ured in biofluids, it is worth noting that phosphorylated
tau is detected even in healthy patients, albeit at lower
levels, contrary to what we and others observed with
ac-tau [39, 57-60]. It is certainly plausible that ac-tau
biomarker assays could provide more accurate readouts
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of disease severity, disease progression, or as a distin-
guishing diagnostic feature among different but highly
related tauopathies.

In summary, tau acetylation is a complex facet of
an intriguing and evolving tau PTM profile that will
require new tools and approaches to fully appreciate its
role and regulation in health and disease. We generated
a large panel of ac-tau monoclonal antibodies in this
study, with two in particular (19B6 and 15E8) that show
exceptional cellular, biochemical, and histological prop-
erties including high specificity and sensitivity for the
detection of acetylated tau. We anticipate that future
studies will extend these findings to other tauopathies
beyond AD, which could inform more personalized and
targeted therapeutic strategies.

Conclusions

In summary, we generated and characterized new mon-
oclonal antibodies targeting tau acetylation at residues
K280 and K311, two pathological acetylated residues
which accumulate in AD. Furthermore, we validated the
use of these antibodies using biochemical, cellular, and
histological approaches. While some ac-tau antibodies
have been generated in the field, their sensitivity and/or
specificity is often times questionable or lacking, cre-
ating a need for more standardized ac-tau tools. Given
the emerging evidence supporting tau acetylation in
AD and other tauopathies, the antibodies developed
here provide highly desirable new tools to unravel the
complex tau PTM code and could be further deployed
in biomarker assays and as novel anti-tau therapeutics.
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Supplemental Figure 1. Immunoblot and ELISA validation of additional
ac-K280 and ac-K311 clones. Representative immunoblots of QBI-293 cells
transfected with wild-type 2N4R human tau or acetyl-null K280R/K311R
2N4R human tau and full length CBP. Small-scale purification of ac-tau
monoclonal antibodies from hybridoma supernatant were applied to
blots. A) ac-K280 antibody clones. B) ac-K311 antibody clones. Notes: 1A,
clones in the top row have identical CDRs to 19B6; * or ** denote identical
CDRs to 9G4 or 14G8 antibodies (listed at the bottom of the panel).

Supplemental Figure 2. A single non-specific ~100 kD band is detected by
ac-tau monoclonal antibodies but only in response to constitutively active
CBP-CD. A) Representative immunoblots of QBI-293 cells transfected with
wild-type 2N4R human tau, tau and CBP-CD-NES/NLS, or CBP-CD-NES/
NLS alone. Immunoblots were probed with 19B6, 15E8, FLAG (CBP-CD)
and K9JA (total tau) antibodies. B) Representative immunoblots of QBI-293
cells transfected with wild-type 2N4R human tau with or without CBP-CD-
NES or full length CBP. Cells were also transfected with catalytically dead
versions (denoted LD) of CBP-CD-NES and full length CBP as negative
controls. Immunoblots were probed with 1986, 15E8, K9JA (total tau),
FLAG (CBP-CD-NES), and HA tag (CBP full length) antibodies.

Supplemental Figure 3. Immunocytochemistry validation of additional
ac-K280 and ac-K311 monoclonal antibodies in primary neurons. Primary
mouse cortical neurons were transduced for five days with lentiviruses for
empty vector control, wild-type human tau, or wild-type tau and CBP-CD-
NES. A) Ac-K280 clones B) Ac-K311 clones. Note: * or ** denote identical
CDRs to 19B6 or 14G8 antibodies (listed at the bottom of the panel).
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