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Abstract

Aim: Tau truncation (tr-tau) by active caspase-6 (aCasp-6) generates tau fragments that
may be toxic. Yet the relationship between aCasp-6, different forms of tr-tau and
hyperphosphorylated tau (p-tau) accumulation in human brains with Alzheimer’s disease
(AD) and other tauopathies remains unclear.

Methods: We generated two neoepitope monoclonal antibodies against tr-tau sites
(D402 and D13) targeted by aCasp-6. Then, we used five-plex immunofluorescence to
quantify the neuronal and astroglial burden of aCasp-6, tr-tau, p-tau and their co-
occurrence in healthy controls, AD and primary tauopathies.

Results: Casp-6 activation was strongest in AD and Pick’s disease (PiD) but almost
absent in 4-repeat (4R) tauopathies. In neurons, the tr-tau burden was much more abun-
dant in AD and PiD than in 4R tauopathies and disproportionally higher when
normalising by p-tau pathology. Tr-tau astrogliopathy was detected in low numbers in
4R tauopathies. Unexpectedly, about half of tr-tau positive neurons in AD and PiD
lacked p-tau aggregates, a finding we confirmed using several p-tau antibodies.
Conclusions: Early modulation of aCasp-6 to reduce tr-tau pathology is a promising ther-
apeutic strategy for AD and PiD but is unlikely to benefit 4R tauopathies. The large per-
centage of tr-tau-positive neurons lacking p-tau suggests that many vulnerable neurons
to tau pathology go undetected when using conventional p-tau antibodies. Therapeutic

strategies against tr-tau pathology could be necessary to modulate the extent of tau
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INTRODUCTION

Tau post-translational modifications (PTMs) define and modulate tau
function in healthy and diseased states. Tauopathies, a major group of
neurodegenerative diseases including Alzheimer’s disease (AD), Pick’s
disease (PiD), corticobasal degeneration (CBD), progressive supra-
nuclear palsy (PSP) and argyrophilic grain disease (AGD), share a pro-
gressive accumulation of pathological tau in the brain [1-3]. Although
tauopathies are classically defined by the morphology and distribution
of phosphorylated tau (p-tau) aggregates, other underexplored tau
PTMs are also critical to tau pathogenesis [4-6].

Proteolytic truncation of tau (tr-tau) by active caspases has
recently been recognised as a significant contributor to tau-driven
nosology in AD and primary tauopathies [7-10]. Caspases (Casps),
cysteine-aspartic proteases, are proteolytic enzymes with well-
defined roles in apoptosis and inflammation that cleave their sub-
strates after specific aspartic acid (D) residues [11,12]. Effector
caspases, including Casps-3 and Casps-7, and Casp-6, promote apo-
ptosis by processing multiple structural and regulatory proteins critical
for cell survival and maintenance when activated. In addition to being
an executioner of apoptosis, active caspase-6 (aCasp-6) can also act
as a non-apoptotic caspase and contribute to synaptic pruning during
development and inflammation [11,13,14]. aCasp-6 is found to cleave
tau at confirmed and putative sites, such as Asp (D) 421 (D421)—a C-
terminal site contributing to tau aggregation and the formation of tau
neurofibrillary tangles (NFTs) [7,9]. In this context, previous studies,
ours included, demonstrated relatively high levels of aCasp-6 in the
AD brain that co-occurs with an increasing burden of AD-associated
abnormal proteins, such as the amyloid-beta peptide and phospho-tau
[15-17]. In our study, we detected increased levels of aCasp-6 posi-
tive neurons in cases in progressive AD neuropathological stages [17].
Such increase of aCasp-6 positive neurons correlated with higher
numbers of phosphorylated tau (Ser 202 [CP13]) positive neurons.
This early and progressive increase of aCasp-6 levels in AD corrobo-
rates the hypothesis that caspase-6 activation exerts other roles
beyond executing the last steps of the apoptotic process. Thus, modu-
lation of Casp-6 activation may minimise pathological tau cleavage,
representing a promising therapeutic strategy in AD. However, funda-
mental gaps in our understanding of the relationship between
aCasp-6, tr-tau and p-tau deposits in human neurons and astroglia
persist. For example, it is unclear whether aCasp-6 is detected in
other tauopathies in addition to AD. Moreover, our knowledge on tr-
tau burden in tauopathies and the extent to which tr-tau and p-tau

aggregates co-occur in the same cells is practically limited to AD

abnormalities in AD. The disproportionally higher burden of tr-tau in AD and PiD sup-
ports the development of biofluid biomarkers against tr-tau to detect AD and PiD and

differentiate them from 4R tauopathies at a patient level.

Alzheimer’s disease, caspase-6, cell counting, immunohistochemistry, tau cleavage, tau
hyperphosphorylation, tau isoforms, tauopathies

Key points

e Tau truncation (tr-tau) by active caspase-6 (aCasp-6) gen-
erates toxic tau fragments prone to self-aggregation.

e The study generated two neoepitope monoclonal anti-
bodies against tr-tau sites (D402 and D13) targeted by
aCasp-6.

e The study used 5-plex immunofluorescence to quantify
presence and co-occurrence of aCasp-6, tr-tau, and p-tau
in neurons and astroglia in healthy controls, AD, and
primary tauopathies.

e Neurons in AD and Pick’s disease (PiD) showed high
Casp-6 activation and disproportionately high levels of tr-
tau.

e A significant subpopulation of tr-tau positive neurons

lacks p-tau signal.

among all tauopathies and focused on D421. Other caspases cleave
D421, and aCasp-6 cleaves other putative tau sites, including D402
near the C-terminus and D13 near the N-terminus of tau [16,18,19].
In AD, D402 tr-tau levels (detected by polyclonal antibodies) in NFTs
and neuropil threads were associated with lower global cognitive
scores in cases with no history of cognitive impairment, suggesting
that tau truncation may be an early event in AD pathogenesis [15].
Additionally, levels of D402 tr-tau correlate with pathological p-tau
and neuronal loss in human brains affected by AD [16,18], and it has
been tested as a CSF biomarker for AD since its levels positively cor-
relate with AD severity [20]. In vitro studies have also shown that tau
cleavage by aCasp-6 at D13, which is at the centre of the Tau-12 and
5A6 epitopes, results in the loss of immunoreactivity with both Tau-
12 and 5A6 N-terminal antibodies, suggesting a role for aCasp-6 in
the N-terminal truncation of tau [19]. However, more comprehensive
investigation of D13 and D402 tr-tau forms in tauopathies has been
limited, first by the lack of reliable monoclonal antibodies (mAbs)
targeting these specific cleavage sites, second because technology
enabling multiplex immunostaining has been developed only recently
and third because most studies lack other tauopathies, except for AD.

To interrogate the burden of Casp-6 tr-tau in human tauopathies
and generate insights on the potential relevance of therapeutic modu-

lation of Casp-6 activity in these diseases, we generated two novel
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TABLE 1 Demographic, clinical and neuropathological characteristics of the 37 cases included in the study

Brain weight NIA-AA
Clinical diagnosis Case Brain region Sex Age of death (years) PMI (grams) CDR ABC scores
Alzheimers disease 1 MFG/ITG F 64 7.3 870 3 A3, B3, C3
2 MFG/ITG M 59 9 1,090 3 A3,B3,C3
3 MFG F 67 9.7 1,001 2 A3,B3,C3
4 MFG/ITG M 64 6.8 1,197 3 A3,B3,C3
5 MFG M 71 6.5 1,029 3 A3,B3,C3
6 MFG/ITG F 74 9.8 1,215 3 A3, B3,C3
7 ITG F 75 6.9 1,006 3 A3,B3,C3
8 MFG M 60 6.1 912 3 A3,B3,C3
Argyrophilic grain disease 1 MFG/ITG F 88 17.8 1,280 0.5 A1,B2,C1
2 MFG/ITG M 77 4.9 1,236 0.5 Al1,B1,C1
3 MFG/ITG M 87 6.4 1,225 (0] Al,B1,CO
4 ITG M 68 83 1,511 1 A0, B2, CO
Corticobasal degeneration 1 MFG/ITG M 66 12.1 NA 0.5 A1, B1, CO
2 MFG/ITG F 64 8.6 1,187 0.5 Al,B1,CO
3 MFG/ITG M 73 8.2 1,192 3 Al,B1,CO
4 ITG M 79 57 1,414 0.5 A0, B1, CO
5 MFG F 64 7.8 1,132 0.5 AQ, B1, CO
6 MFG/ITG F 64 6.1 1,157 3 A0, B1, CO
7 ITG F 63 5.8 1,023 1 Al,B1,CO
8 MFG M 63 11.9 1,152 3 Al,B1,CO
9 MFG M 78 24 NA 3 A1, B1,CO
10 MFG M 65 45 1,100 3 Al,B1,CO
Picks disease 1 MFG/ITG M 64 13.7 1,017 2 A1, BO, CO
2 MFG/ITG F 69 6.3 1,032 3 A0, B1, CO
3 MFG/ITG M 57 124 1,113 3 A1, B1,CO
4 ITG M 60 15.2 927 3 A0, BO, CO
5 MFG F 76 5.9 929 3 Al1,BO, C1
6 ITG M 56 9.2 990 3 Al1,B1,C1
Progressive supranuclear palsy 1 MFG F 69 18.5 1,132 0.5 A1, B1, CO
2 MFG/ITG M 70 134 1,134 0.5 A0, B1, CO
3 ITG M 68 10.1 1,250 0.5 AO, BO, CO
4 MFG/ITG F 86 5.3 1,011 1 AQ, B1, CO
5 MFG/ITG F 68 13 1,170 0.5 A1, B0, CO
6 MFG/ITG M 80 7.9 1,285 2 A1, B1,CO
7 MFG/ITG F 73 71 1,183 0.5 A2,B1,C1
Control 1 MFG/ITG M 76 8.2 1,324 0] Al1,B1,C1
2 MFG/ITG F 86 6.4 1,300 (0] A0, B1, CO

Abbreviations: NIA-AA, National Institute on Aging and Alzheimers Association; MFG, Middle Frontal Gyrus; ITG, Inferior Temporal Gyrus.

epitopes (neoepitope) mAbs targeting proteolytic sites predominantly relationship to aCasp-6 and p-tau (Ser 202 and Ser396/Ser404) aggre-
cleaved by aCasp-6: D13 and D402. Next, we used a recently developed gates in two cortical areas of a well-characterised post-mortem brain
five-plex immunofluorescence (IF) protocol to quantify and map neurons cohort with AD; PiD, a sporadic 3-repeat (3R); PSP, CBD and AGD, all
and astroglia positive for D13 and D402 tr-tau and investigate their sporadic 4-repeat (4R) tauopathies; and healthy ageing controls.
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Participants

This study was exempt from ethical approval by the University of
California, San Francisco (UCSF) institutional review board. Post-
mortem human brains were obtained from UCSF's Neurodegenerative
Disease Brain Bank [21]. All brains underwent standardised neuro-
pathological assessment for neurodegenerative diseases that follow
universally accepted guidelines [22,23]. Inclusion criteria included a
post-mortem interval under 24 h and a lack of more than one primary
neuropathological diagnosis, an Axis | psychiatric disorder diagnosis, a
non-dementia neurological disorder and gross non-degenerative
structural neuropathology. Control cases were free of any clinical
symptoms of cognitive decline and neurological or non-incidental neu-
ropathological diagnoses. To provide a broad picture of the most com-
mon sporadic tauopathies, our cohort includes AD (3R/4R), AGD (4R),
CBD (4R), PiD (3R) and PSP (4R), as well as clinical and pathological
age-matched controls. We used 21 cases with matching MFG and ITG
regions (4 AD, 3 AGD, 4 CBD, 3 PiD, 5 PSP and 2 Controls) and
16 cases where either the MFG or ITG region was available (4 AD,
1 AGD, 6 CBD, 3 PiD and 2 PSP), totalizing 28 cases per region of
interest. Table 1 summarises all 37 cases.

Development of caspase-6-cleaved tau neoepitope
monoclonal antibodies

Except for TauC3 (D421), mAbs against Casp-6 tr-tau are not avail-
able. In collaboration with ChemPartner, we generated two
neoepitope mAbs targeting tau cleaved by Casp-6: mAbD13 (14-442;
Peptide I: HAGTYGLGDRKC) and mAbD402 (1-401; Peptide Il
CIVYKSPVVSGD). Briefly, both mAbs were produced by immunising
6- to 8-week-old wild type Balb/c, and SJL mice (SLAC) with keyhole
limpet hemocyanin (KLH) conjugated tau peptides using protocols
approved by the ChemPartner IACUC committee. A total of 50 pg of
each peptide was injected into each mouse’s abdominal cavity along
with 0.25 ml of Complete Freund’s Adjuvant (Sigma). Blood samples
were collected 1 week after immunisation. The antibody titre and
specificity in serum were determined by enzyme-linked immunosor-
bent assay (ELISA) analysis against BSA-conjugated peptides | and I
[24]. Western blot further confirmed antibody specificity against full-
length tau, tau 1-402, and tau 14-441 recombinant proteins, with
total tau being used to confirm equal loading [24]. Mice with specific
immune responses against tau peptides were selected for fusion and
were given a final boost by intraperitoneal injection of 100 pg of the
corresponding immunogen. After 4 days, all mice were sacrificed, and
their splenocytes lysed in NH4OH at 1% (w/w), followed by centrifu-
gation at 1,000 rpom and washes with DMEM (Invitrogen). Viable
splenocytes were fused with mouse myeloma cells SP2/0 (ATCC) at a
ratio of 5:1 with high-efficiency electric fusion (BTX ECM200). Fused
cells were re-suspended in DMEM with 20% FBS and hypoxanthine-
aminopterin-thymidine (HAT) medium (Invitrogen). Fourteen days

after cell fusion, hybridoma supernatants were collected and screened
by ELISA. Clones with an OD450nm > 1.0 were expanded in a 24-well
plate containing DMEM with 10% heat-inactivated FBS, and superna-
tants were collected after 3 days of culture. The antibody isotypes
were determined, and ELISA and western blot were used to test their
ability to bind to tau. Clones that showed desired reactivity and speci-
ficity against tau were subjected to subcloning to get stable monoclo-
nal hybridoma cells. Sub-cloning was carried out by limited dilution in
a 96-well plate with DMEM media containing 10% FBS. Clones with
specific tau binding were further expanded in DMEM media con-
taining 10% FBS for subsequent antibody production and cryopreser-
vation. See Section S1 for the analysis of antibody specificity.

Tissue processing and multiplex immunofluorescence
staining

We performed immunofluorescence (IF) assays on eight um thick tis-
sue sections from paraffin-embedded tissue blocks of the middle fron-
tal gyrus and inferior temporal gyrus. Each single slide underwent
immunohistochemical detection for up to five antibodies to detect:
neurons (NeuN), p-tau (CP13/PHF-1), aCasp-6 and Casp-6-tr-tau (see
Table S1 for a list of primary antibodies). Here, we chose to use CP13
and PHF-1 as a proxy for p-tau because the phosphorylation of tau at
Ser 202 and Ser396/Ser404 occurs earlier in AD, is present in all
tauopathies and rarely occurs in healthy brains [25,26].

As we found a significant number of tr-tau positive neurons lac-
king signal for CP13 in AD cases, we conducted additional experi-
ments to probe other common p-tau sites in tauopathies, as tau
cleavage by caspases could lead to loss of tau fragments containing
phospho-epitopes recognised by a given p-tau antibody. First, we
conducted double labelling immunostaining for mMAbCP13 and one of
the following p-tau monoclonal antibodies: mAbPHF-1, mAbAT100
and mAbT231 in AD cases (Table S1). We observed that practically all
neurons positive for AT100 and T231 were also positive for CP13.
However, about 15% of neurons positive for PHF-1 lacked CP13 pos-
itivity (Figure S3). Thus, we included an additional set of quantification
in the same AD and PiD cases and areas using a combination of
PHF-1, mAbD13 and mAbD402 antibodies to interrogate the propor-
tion of neuronal overlap between PHF-1 (p-tau) and D13 and D402
tr-tau.

Multiplex IF was performed on a Ventana discovery ultra-
automated staining instrument (Roche) with antibodies there were
previously characterised in single labelled immunostaining. Tissue sec-
tions were initially incubated with the mAbD13 antibody (1:150) over-
night, followed by the Discovery anti-mouse HQ, anti-HQ HRP and
FAM kit (Roche) for signal development. mAbD13 was stripped by a
denaturing solution of B-mercaptoethanol and SDS (BME/SDS; Sigma)
as previously described [27]. Next, sections were incubated with
NeuN (1:300) at room temperature for 1 h, followed by goat anti-
guinea pig HRP (1:200, Advansta). NeuN signal was developed using
the Discovery DCC kit (Roche). Excess unbound secondary HRP was
removed by incubating sections in Ventana BenchMark Ultra CC2
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FIGURE 1 Neuronal marker positivity in the middle frontal and inferior temporal gyrus of human post-mortem brains with common
tauopathies. Low and high magnification images showing multiplex immunofluorescence staining of neurons (NeuN, blue), active caspase-6
(aCasp-6, orange), neoepitope mAbs of caspase-6-cleaved tau sites (D402 and D13, green and cyan, respectively), and phosphorylated tau (Ser
202; p-tau, magenta). Compared to other tauopathies (B-E), AD (A) showed the most robust positivity for all markers, while no or negligible
positivity was observed in controls (F). Abbreviations: AD, Alzheimers disease (A); PiD, picks disease (B); CBD, corticobasal degeneration (C); PSP
progressive supranuclear palsy (D); AGD, argyrophilic grain disease. Scale bars: 50 pm

solution (Roche) at 95°C for 8 min, followed by incubation with mAb
CP13 (1:4,000) or PHF-1(1:12,000) at room temperature for 1 h (see
Table S1 for a complete list of antibodies). CP13 signal was developed
using the Discovery omnimap anti-mouse HRP and Cy5 kit (Roche).
To avoid cross-reaction between CP13 and mAb402 primary anti-
bodies, an antibody stripping step using Ventana BenchMark Ultra
CC2 solution at 100°C followed by Discovery antibody denaturing
reagent was performed after development of CP13. Finally, sections
were incubated with the remaining primary antibodies—a cocktail of
active caspase-6 (1:800) and mAbD402 (1:700)—at room temperature
for 6 h. The active caspase-6 signal was developed with Discovery
omnimap anti-rabbit HRP and Rhod 6G kit (Roche). mAbD402 signal
was developed with biotinylated anti-mouse (1:200, Vector Laborato-
ries) with Streptavidin Alexa Fluor 790 (1:200, Thermo Fisher). To

reduce autofluorescence, sections were incubated in 0.8% Sudan
Black B (Sigma) in 70% ethanol and coverslipped with prolong anti-
fade mounting media (Invitrogen). All reactions included antibody elu-
tion controls as described in Ehrenberg et al. [27].

Quantitative analysis of positive markers

Cell quantification was performed blinded to clinical and neuropatho-
logical diagnosis and independently reviewed by three of the co-
authors. Each region of interest (ROI) was imaged at 20X magnifica-
tion with a Zeiss Axiolmager A2 microscope equipped with a Zeiss
Colibri 7: Type FRR [G/Y] CBV-UC 7-channel fluorescence light
source and an electronic platform. AF350 was visualised using a DAPI
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filter set, AF488 with a GFP filter set, AF546 with a DsRed filter set,
AF647 with a Cy5 filter set and AF790 with a Cy7 filter set. Figures 1
and 2 show representative examples of positive markers in neurons
(all tauopathies) and astroglia (CBD and PSP), respectively. A semi-
automated pipeline was used to quantify marker positivity in both cell
types (Figure 3). This approach is further described in Section S1.

Statistical analysis

Data analysis was performed using R Statistical Software (version
3.6.1; R Foundation for Statistical Computing, Vienna, Austria). Means
and standard deviations were calculated for demographic and quanti-
tative neuropathological data. Heatmaps and Venn diagrams were cre-
ated using superheat and eulerr libraries, respectively. Proportion of
Neuronal positivity for mAbD402, mAbD13 and aCaspé was com-
pared using Mann-Whitney U test.

RESULTS

Table 1 summarises the demographic, clinical and neuropathological
characteristics of all 37 cases used in this study. A total of 56.75%
were male, the mean (SD) age of death was 70.02 (8.52) years, the
mean (SD) post-mortem interval was 9.37 (4.28) h and the mean
(SD) brain weight was 1,135.02 (144.14) g.

All tauopathies show expected positivity for neuronal
p-tau

We used the p-tau mAbCP13 (Table S1) to map p-tau Ser
202-positive neurons in five sporadic tauopathies and healthy con-

trols. All cases showed expected percentages of neuronal p-tau inclu-
sions in the MFG and ITG. In the MFG, the minimal neuronal p-tau

]

FIGURE 2 Multiplex immunofluorescence images showing the co-occurrence of phosphorylated-tau (Ser202, magenta), active caspase-6
(aCasp-6, orange) and neoepitope mAbs against caspase-6-cleaved tau sites (D402 and D13, green and cyan, respectively) in astroglial cells from
human post-mortem brains affected by CBD (A) and PSP (B). PSP (B) showed greater positivity for all markers, as compared to CBD (A).
Abbreviations: CBD, corticobasal degeneration (A); PSP progressive supranuclear palsy (B). Scale bars: 50 pm

Coniposts

positivity in AGD (an average of 0.03%) was anticipated since this
region is typically spared of tau pathology. Of note, in controls, we
found p-tau positivity in an average of 0.09% of ITG neurons, which is
within the bounds expected in Braak stage 1/2 cases [28]. Overall,
our results confirm the presence of tau lesions in predicted regions
based on disease diagnosis and provide a basis for interpreting the
magnitude of tr-tau burden (Table 2; Figure 4).

In AD and PiD, the proportion of neurons positive for
aCasp-6 is significantly higher than in other
tauopathies tested

We and others previously found higher numbers of neurons positive for
aCasp-6 in AD than in controls. aCasp-6 promotes tau cleavage. Here,
we investigated other common tauopathies also that show increased
burden of aCasp-6 positive neurons (Table 2; Figures 4 and 5). aCasp-6
positivity was absent in controls. In AD, we found that an average of
4.23% neurons in the MFG and 6.38% of neurons in ITG were positive
for aCasp-6, while in PiD, we found 4.82% and 4.9%, respectively. Con-
versely, the percentage of aCasp-6 positive in the other tauopathies
was at most, less the /4 of the values found in AD and PiD (CBD, ITG).
Non-parametric tests confirm that neuronal aCasp-6 is almost negligible
in the 4R-tauopathies compared to AD and PiD.

Neuronal cleaved tau aggregates are also more
prominent in AD and PiD than in 4-repeat tauopathies

Previous studies focusing on the tr-tau sites D421 (mAbTauC3) and
D402 (polyclonal antibody) showed tr-tau aggregates in AD, but rela-
tively little is known about tr-tau aggregates in common primary
tauopathies. Here, we used neoepitope mAbs targeting tau cleaved by
Casp-6 at a C-terminal site (D402) and a previously unexplored N-
terminal site (D13) to quantify the magnitude of tr-tau pathology in
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FIGURE 3 Schematic of the
semi-automated cell counting
approach. First, single-channel
images were stacked (step one)
followed by manual placement of
counters on positive cells using
FlJIs built-in counting tool (step
two). Next, counter coordinate
data were extracted from FlJI
files (step three). The number and
type of co-occurring markers
were determined by searching for
coordinates present within a two-
pixel radius of each other using a
Python script (step four).
Abbreviations: aCasp-6, active
caspase-6; p-tau,

phosphorylated tau

NeuN D13
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Step 1
Stacked, single-channel images

Step 2
Manually placed cell counters

Step 3
Extracted counter coordinates
aCasp-6 p-tau D402
X BYe r X Y Counter X i Counter
275 407 1 275 407 A 275 407 1 275 407 |
2 431 439
2 418 334
294 227
3 165 168
370 162 3 370 162 4 370 162
Step 4
Output

Number of neurons positive for colocalized...
Dl13/aCasp-6: 1

D13/p-tau: 2

D13/D402: 2
aCasp-6/p-tau: 1
aCasp-6/D402: 1
p-tau/D402: 2
Dl13/aCasp-6/p-tau: 1
D13/aCasp-6/D402: 1
D13/p-tau/D402: 2
aCasp-6/p-tau/D402: 1
aCasp-6/D13/p-tau/D402: 1

AD and other tauopathies (Tables 2 and 3 and Figures 4 and 5).
mAbD13- and mAbD402-immunoreactive deposits in neurons in all
tauopathies showed neuronal cytoplasmic inclusions that were absent
in healthy controls. The morphology of these inclusions resembled the
ones seen with p-tau antibodies, that is, tangles in AD, Pick’s bodies
and neurons in PiD (Figures 1 and S2). Glia pathology in PSP and CBD
resembled tufted astrocytes and astrocytic plaques, respectively
(Figure 2). Overall, neuronal positivity for mAbD402 in ITG was at

least six times greater in AD and PiD than in other tauopathies,
reaching as much as 6.66% on MFG neurons and 6.08% of ITG neu-
rons in AD (Table 2; Figure 4). Curiously, the proportion of D402 posi-
tive neurons in PiD was much smaller in MFT than in ITG. The
proportion of mAbD402 positive neurons in AD was statistically sig-
nificantly higher in AD than all 4R-tauopathies in both areas and of
PiD in MFG (Table 3). The neuronal burden of D13 tr-tau was also sig-
nificantly higher in AD and PiD than in other 4R-tauopathies
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(A) Middle frontal gyrus (B) Inferior temporal gyrus
AD (n=7) Mean proportion AD (n = 5) Mean proportion
of total neurons of total neurons
AGD (n =3) 25% AGD (n =4) 25%
CBD (n=8) CBD (n =6)
PID (n = 4) 2% PIiD (n =5) 2%
PSP (n = 6) PSP (n = 6)
15% 15%
Control (n=2) Control (n=2)
aCasp-6| + - - - + o+ o+ - - - + o+ + - + 10% aCasp-6| + - - - + o+ 4+ - - - + o+ + - + 10%
ptau| - + - = BEE - - P - R - s ptau| - + - = BEE - - PR - R - s
D402 - - + - - 4+ -+ -+ 4+ -+ + + 5% D402 - - + - -+ -+ -+ 4+ -+ + + 5%
D13 - | - | -+ - -+ |-+ + -+ + + + D13 - | - | -+ - -+ |-+ + -+ + + +
0% 0%

FIGURE 4 Heatmaps illustrating mean percentages of neurons in the middle frontal (A) and inferior temporal gyrus (B) with antibody
positivity for active caspase-6 (aCasp-6), mAbD402, mAbD13 and phosphorylated tau (Ser202; p-tau). AD, AGD, CBD, PiD and PSP cases
showed expected p-tau positivity in neurons, based on diagnosis. AD and PiD brains exhibited the highest neuronal positivity for aCasp-6,
mAbD402 and mAbD13. AGD showed no positivity in the middle frontal gyrus for aCasp-6, mAbD402 or mAbD13 and negligible positivity in the
inferior temporal gyrus. CBD and PSP showed minimal positivity for aCasp-6 and D402. Positivity for aCasp-6, mAb402 and mAbD13 was either
not detected or scarce in controls. Abbreviations: AD, Alzheimers disease; AGD, argyrophilic grain disease; CBD, corticobasal degeneration; PiD,
picks disease; PSP, progressive supranuclear palsy. Rows represent tauopathies, controls, and a list of antibodies included in the analysis. Cells
represent mean percentages of total neurons (colour gradient) found positive for individual or multiple antibodies. The +/— symbols represent
the presence (+, dark grey) or absence (—, light grey) of the antibody signal

Middle frontal gyrus Inferior temporal gyrus

Tau marker

1033 total neurons 1339 total neurons

Mean number of
positive neurons

Alzheimer’s disease 32.6% tr-tau+ neurons are also p-tau+ 35.3% tr-tau+ neurons are also p-tau+

1227 total neurons 1115 total neurons

Pick’s disease 66.2% tr-tau+ neurons are also p-tau+ 44.1% tr-tau+ neurons are also p-tau+

FIGURE 5 Venn diagrams illustrating the frequency of marker co-occurrence for AD and PiD, the two tauopathies with the highest marker
positivity. Each coloured ellipse represents mean numbers of positive neurons for each antibody, including phosphorylated tau Ser202, mAbCP13
(green), mAbD402 (cyan) and mAbD13 (orange), and active caspase-6 (grey) identified by multiplex immunofluorescence. The given total numbers
of neurons also represent the mean of all cases of a given diagnosis in the given region of interest, and more details are described in Table 2.
Abbreviations: AD, Alzheimers disease; PiD, picks disease; aCasp-6; active caspase-6; p-tau, phosphorylated tau

(Tables 2 and 3). Interestingly, the relative neuronal burden of D13 the potential of measuring D13 tr-tau levels as a potential fluid-based
was higher than D402 in PiD, although similar or even slightly lower biomarker to differentiate AD from other tauopathies.
in AD (Table 2; Figure 4). These results suggest that Casp-6-tr-tau is a In AD and PiD, the tauopathies with the highest percentage of

more defining feature of tauopathies with 3R tau aggregates (AD and aCasp-6-positive neurons, 84.1-89.1% and 65.4-70% of these neu-
PiD) than 4R tau aggregates (AGD, CBD and PSP). Also, it highlights rons, respectively, also harbour tr-tau. Co-occurrence was lower in the
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TABLE 3 P values for the comparison of the proportion of neurons positive for active caspase-6 (top), D402 tr-tau (middle) and D13 tr-tau
(bottom) among different tauopathies, per brain area using Mann-Whitney Wilcoxon tests

AD AGD CBD PiD
MFG ITG MFG ITG MFG ITG MFG ITG

aCasp6é

AGD 0.021 0.0195 - - - - - -

CBD 0.0012" 0.0087" 0.299 0.45 - - - -

PiD 0.9273 0.5476 0.0436 0.0195 0.0277 0.0519 - -

PSP 0.0023" 0.0087" 0.0591 0.7461 0.2824 0.4225 0.1714 0.0173"
D402

AGD 0.021 0.019 - - - - - -

CBD 0.0012° 0.035 0.299 0.582 - - - -

PiD 0.0424" 0.548 0.1187 0.065 0.2044 0.12 - -

PSP 0.0051" 0.022" 0.2198 0.741 0.5674 0.935 0.3789 0.035"
D13

AGD 0.021° 0.0195 - - - - - -

CBD 0.0205 0.0043" 0.0178 0.3314 - - - -

PiD 0.3152 1 0.0436 0.0195 0.1091 0.0043" - -

PSP 0.0047" 0.0519 0.0591 0.5895 0.4908 0.8726 0.0667 0.0519

Abbreviations: aCasp-6, active caspase-6; AD, Alzheimers disease; AGD, argyrophilic grain disease; CBD, corticobasal degeneration; PiD, Picks disease;

PSP, progressive supranuclear palsy.
*Statistical significance at p < 0.05.

opposite direction, as only 50.7-65.9% (mAbD402) and 43.1-67.9%
(mAbD13) of tr-tau neurons were also positive for aCasp-6 in AD; simi-
larly, tr-tau neurons were positive for aCasp-6 in 34.8-100%
(mAbD402) and 25-51.6% (mAbD13) in PiD (Table 2; Figures 4 and 5).

In AD, a substantial percentage of neurons with tr-tau
lack p-tau inclusions

Here, we evaluated the degree of co-occurrence between p-tau
(Ser202) and tr-tau at D402 and D13 cleavage sites (Table 2; Figures 4
and 5). Since the percentage of neurons with D402 and D13 tr-tau
was minimal in the tested 4R tauopathies (AGD, CBD and PSP), we
only included AD and PiD in the analysis. In PiD, 60% and 62.9% of
MFG neurons positive for D402 and D13 tr-tau, respectively, also
showed p-tau (Ser202) positivity. The overlap was about 1/3 less in
ITG neurons (40.9% and 44.2%). Surprisingly, only 23.2% and 26.8%
of the MFG and ITG mAbD402-positive neurons showed p-tau
(Ser202) positivity in AD. Overlap for D13 tr-tau and p-tau (Ser202)
occurred in 56.9% and 46.4% of MFG and ITG D13-positive neurons,
respectively (Table 2; Figures 4 and 5). Interestingly, D402 and D13
tr-tau only show partial neuronal co-occurrence in both diseases
(Figure 5). p-tau inclusions are a hallmark of all tauopathies. Although
abnormal tau phosphorylation at Ser202 is considered one of the ear-
liest and most universal events in tau pathogenesis, other pathological
p-tau species are common in tauopathies. We interrogated the possi-

bility that another commonly used p-tau antibody could have better

overlap with tr-tau signal in the same neurons. We did further analysis
using additional p-tau markers, including PHF-1 (Ser 396/ Ser 404),
AT100 (Thr 212/Ser 214) and T231 (Thr231; Table S1). First, we con-
ducted double IF staining for CP13/PHF-1, CP13/AT100 and CP13/
T231 and analysed the overlap between each antibody combination.
We observed that 100% of AT100 and T231 stained neurons were
also positive for CP13 (Figure S3). However, the overlap between
PHF-1 and CP13 was partial, with approximately 10% of the neurons
positive for PHF-1, but not for CP13 (Figure S3). Considering these
findings, we further probed AD and PiD cases using multiplex IF for
the antibody combination PHF-1/ mAbD13/mAbD402. Overlap
remained partial. Only 25.4-27.9% (mAbD402; MFG, ITG) and 47.4-
38.5% (mAbD13; MFG, ITG) of tr-tau neurons were also positive for
PHF-1 in AD, while 28.1-55.6% (mAbD402) and 27.6-54.2%
(mAbD13) overlapped in PiD (Table S2; Figure 6).

Altogether, our results suggest that a substantial population of
neurons undergoes pathological-tau changes that are not
identified by p-tau, as demonstrated here using several p-tau

antibodies.

Astroglial Casp-6-cleaved tau inclusions in CBD
and PSP

Tau deposits in astroglia are a prominent feature of CBD and PSP
[29]. Previous studies suggest that there is D421 tr-tau astroglial
pathology [8] but it is less clear if D13 and D402 tr-tau also
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Middle frontal gyrus

Inferior temporal gyrus

-

Alzheimer’s disease

Tau marker

N

Mean number of
positive neurons

%

|

Pick’s disease

28

38

FIGURE 6 Venn diagrams illustrating the frequency of marker co-occurrence for AD and PiD, the two tauopathies with the highest marker
positivity. Each coloured ellipse represents mean numbers of positive neurons for each antibody, including phosphorylated tau Ser396/404,
mADbPHF-1 (green), mAbD402 (cyan) and mAbD13 (orange) identified by multiplex immunofluorescence. Abbreviations: AD, Alzheimers disease;

PiD, picks disease; aCasp-6; active caspase-6; p-tau, phosphorylated tau

accumulate in astroglia as well. Here, we focused on p-tau (Ser202)-
positive astroglia in CBD and PSP, since these tauopathies show dom-
inant tau lesions in this cell type. We used tissue sections that were
used to quantify tau pathological changes in neurons. PSP showed a
relatively strong p-tau positivity in tufted and thorned astrocytes in
the MFG and ITG (Table S3; Figures 2 and 7). In CBD, p-tau positivity
in astrocytic plaques was also strong. In the MFG, 8.99% of p-tau-
positive astrocytes also showed Casp-6 activity in PSP (3.70% in
CBD). Overall, the percentages of p-tau positive astroglia with over-
lapping tr-tau were higher in PSP than in CBD, and D13 tr-tau was
more prevalent than D402 tr-tau in both brain regions (Table S2). We
failed to observe astroglia with tr-tau inclusions lacking p-tau. Our
results suggest that astroglia, similar to neurons, show Casp-6-cleaved
D13 and D402 tr-tau.

DISCUSSION

We used a recently developed five-plex immunofluorescence
(IF) protocol [27], novel tr-tau mAbs and quantitative analyses to ana-
lyse two cortical areas in post-mortem brain sections from individuals
with common tauopathies and healthy controls to interrogate: (1) the
extent of neuronal caspase-6 activation in non-AD tauopathies;
(2) the neuronal and glial burden of Casp-6-tr-tau, other than D421, in
AD and other tauopathies; and (3) the frequency of co-occurrence of

N- and C-terminus tr-tau fragments, p-tau and aCasp-6 within the
same neurons and astroglia. This study offers several novel findings
informing mechanisms and possible strategies for diagnosing and
treating AD and other tauopathies.

First, the amount of aCasp-6- and tr-tau-positive neurons burden
was much higher in AD and to a lesser extend in PiD than in 4R
tauopathies. In fact, evidence of Casp-6 activation was almost absent
in pure 4R tauopathies (Tables 2 and S3 and Figures 4 and 7). aCaspé
mediates the truncation of tau into fragments that may be toxic and
prone to self-aggregation [9,16]. Thus, it is not surprising that com-
pared to the 4R tauopathies, the mean percentages of neurons with
D402 and/or D13 tr-tau were 23.3-(D13; compared to AGD in ITG)
to 111-fold higher (D402; compared to CBD in MFG) in AD. We pre-
viously showed that aCasp-6 inhibitors ameliorate tau pathology in
iPSC-derived neurons with the frontotemporal dementia-causing
V337M MAPT mutation [17]. Therefore, Casp inhibitors could be a
promising therapy for tauopathies with significant 3R tau pathological
forms, but they are unlikely to be useful in treating 4R tauopathies.

Second, the higher amount of tr-tau in AD and PiD compared to
4R tauopathies cannot be credited only to a higher number of p-tau
neurons in the former. For instance, whereas the percentage of p-tau
(Ser202)-positive neurons in AD was 4.86 times greater than in PSP
(MFG), the percentage of tr-tau-positive neurons (mAbD402 and
mAbD13) in AD were 37 and 7.7 times greater than that in PSP
(MFG) and even greater than in CBD.
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(A) Middle frontal gyrus

CBD (n=3) Mean proportion.
of total p-tau+ glia
PSP (n=3) 25%
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D402 B - e - B ¢ | ¢ 20%
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(B) Inferior temporal gyrus 15%
CBD (n=3)
10%
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FIGURE 7 Heatmaps illustrating mean percentages of phospho-tau
positive astroglia, in the middle frontal (A) and inferior temporal gyrus

(B) of CBD and PSP brains, which were also positive for active caspase-6,
mAbD402 and mAbD13 antibodies. CBD and PSP were selected for this
analysis because they contain the greatest amount of astroglia pathology.
PSP showed higher astroglia positivity for all markers, relative to CBD.
Abbreviations: CBD, corticobasal degeneration; PSP, progressive
supranuclear palsy. Rows represent tauopathies, controls, and a list of
antibodies included in the analysis. Cells represent mean percentages of
total neurons (colour gradient) found positive for individual or multiple
antibodies. The 4+/— symbols represent the presence (+, dark grey) or
absence (—, light grey) of antibody signal

The disproportionally higher burden of tr-tau relative to p-tau in AD
and PiD compared to 4R tauopathies suggests that fluid-based biomarkers
based on tr-tau may be superior to p-tau biomarkers with regards to AD
and PiD diagnosis and efforts to differentiate these diseases from other
tauopathies [30]. Developing biomarkers to detect D13 and/or D402 tr-
tau is attractive and feasible. Although CSF lacks C-terminus tau peptides,
making it challenging to detect tau fragments above residue
268 (e.g., D421) [31,32], our multiplex IF approach enabled us to establish
that an N-terminus form of tr-tau (D13) is more abundant in neurons as
compared to a C-terminus form (D402). However, mAbD13 and
mAbD402 exhibit a high degree of co-occurrence. Recent studies on
fluid-based biomarkers with an N-terminal assay (NT1)—including the N-
terminal mAbTaul2 (amino acids 6-13)—show that as NT1 levels increase,
clinical decline in subjects with positivity for other AD biomarkers
worsens. NT1 levels probably remain intact in non-AD dementia [33-35].
Supported by our guantitative neuropathological results and the success
of other N-terminal truncated assays, mAbD13 may become an essential
player in the arsenal of biofluid biomarkers against AD.

Third, and most intriguing, in AD and PiD, a subpopulation of neu-
rons as large as the subpopulation of p-tau neurons harbours tr-tau
inclusions in the absence of p-tau signal. We confirmed these findings
using several p-tau antibodies (Ser 202, Ser 396/Ser 404, Thr 212/Ser
214 and Thr 231) to avoid bias in our analysis by focusing only on a
single antibody. P-tau aggregates are a critical feature of all

tauopathies, and most neuropathology labs rely on p-tau inclusions to

" Appled Netronology—WILE Y| 2%
classify and stage tauopathies in humans and experimental models.
Experimentally, tau cleavage at D421 causes loss of adjacent p-tau
epitope S422 [36] and attenuates phosphorylation at Ser396/404 and
Th231 [37]. Thus, a neurofibrillary tangle previously containing p-tau
could lose p-tau epitopes as the tangle matures. Even if this would
explain the great number of tr-tau+ neurons lacking p-tau signal, the
results are still very relevant because this significant tau pathology is
not being detected in neuropathological assessments. Evidence shows
that tr-tau can independently affect neuronal function [20]. Another
possibility is that neurons accumulating tr-tau may follow a patho-
genic pathway independent of tau phosphorylation. Experimental and
post-mortem human studies support this hypothesis by demonstrating
that tr-tau is an early event leading to filament formation in
tauopathies [9,36,38-40]. For instance, Horowitz et al. [19] detected
N-terminal tau truncation, preceding C-terminal truncation and phos-
phorylation at th18 in AD. Even if these authors did not have access
to an antibody specific to D13 tr-tau as we have, their results support
the same conclusions. Very few studies examined the co-occurrence
of neuronal tr-tau and p-tau in tauopathies. These studies used fewer
cases and reported that p-tau positive neurons may or not have co-
occurring tr-tau signal, not the opposite. But these studies focused on
D421, whereas N-terminal tr-tau was the most abundant form in our
study [8,41]. In summary, the finding that a large population of neu-
rons with pathological tau is not detected with common p-tau anti-
bodies is probably highly relevant for understanding AD and PiD
pathology. As a start, it reveals a neglected area of investigation
related to selective vulnerability and pathogenesis of AD and, to a
lesser extent, PiD because almost all studies probe p-tau alone. Also,
our study supports the notion that therapeutic approaches for modu-
lating the generation of tr-tau species, including the use of aCasp-6
inhibitors or mAbD13, may be necessary to treat AD in addition to
strategies aimed at modulating the accumulation of p-tau species.

Fourth, although most aCasp-6 positive neurons also show positiv-
ity for tr-tau, the opposite is not true. As we used validated monoclonal
antibodies, it is unlikely that our IF reactions detected tr-tau forms
other than D13 and D402. Positivity for aCasp-6 may be a relatively
ephemeral process. Thus, the tr-tau forms remain even when aCasp-6
is not present anymore. aCasp-6 predominantly triggers cleavage of tau
at D13 and D402. However, another effector Casps, such as Casp-3,
Casp-7 or Casp-8, may cleave tau at the D402 and D13 sites. To
address this possibility, we performed immunostaining in AD tissue
using antibodies against Casp-3. However, we found no positivity for
Casp-3 (not shown here because results are negative), in line with other
studies failing to identify Casp-3 activation in human brain tissue, possi-
bly due to its very transient nature [16,42,43]. Further studies testing
Casp-7 and Casp-8 activity in tauopathies are warranted.

Fifth, D13 and D402 tr-tau were also present in p-tau-positive
astroglia in PSP and, to a much lesser extent, CBD, confirming that
Casp-mediated tau pathological changes extend beyond neurons in
tauopathies (Figure 6; Table S3), in line with previous findings using
the mAbTauC3 (D421) [8].

Our approach offers several strengths to maximise analytical rig-

our. We generated neoepitope mAbs against Casp-6-tr-tau at D402
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(C-terminus) and D13 (N-terminus) truncation sites. We also investi-
gated the burden of these inclusions simultaneously with p-tau and
aCasp-6 burden in distinct human tauopathies. Our results highlight
the importance of studies comparing different tauopathies side by
side, as similarities and differences may inform their pathogenesis.
When comparing the percentages of neuronal D402 and D13 tr-tau
to those of neuronal p-tau in the same disease, the differences
between AD/PiD and PSP/CBD become even more apparent. Multi-
plex IF methods have been limited by difficulties in eluting any anti-
body, including tau antibodies, while maintaining tissue integrity to
allow multiple staining cycles in the same histological slide. Here, we
applied a pipeline recently developed in-house that provides excellent
elution of tau antibodies verified by rigorous quality control steps
[27]. Our methodology enabled us to examine three tau antibodies
raised in the same species, simultaneously. Additionally, the simulta-
neous use of several antibodies in the same tissue section increases
confidence in our results. We ran the experiments in a calibrated
autostainer to avoid potential biases caused by immunostaining batch
variation. This approach also minimises the chances of false-negative
results. For instance, all our tissue samples, except for AGD, which is
not expected to show p-tau positivity in the MFG [44,45], showed rel-
atively strong p-tau positivity. CBD showed minimal Casp-6 activation
compared to the other tauopathies (Table 2; Figures 4 and 5). Finally,
we quantified neurons and pathological inclusions in two separate
sets of slides of the same case cases, with similar results. Neverthe-
less, our approach is not free of limitations, many inherent to post-
mortem studies involving the human brain. Such limitations include
the cross-sectional nature of the specimens and the relatively small
number of cases analysed. Obtaining well-characterised post-mortem
human brain tissue from healthy controls and rare tauopathies, espe-
cially those from cases lacking neuropathological comorbidities, is
challenging. Despite our relatively small cohort size, we counted over
56,000 individual neurons in MFG and ITG combined.

In summary, this study demonstrates a strong association
between aCasp-6 and tr-tau, suggesting that Casp-6-cleavage of tau
in neurons is likely a feature of tauopathies with predominant 3R,
rather than 4R, tau. In AD and PiD, sizeable percentages of neurons
positive for tr-tau lacked evidence of p-tau. Considering the progres-
sive nature of AD and other tauopathies, early modulation of Casp-6
activation and Casp cleavage of tau could have a significant therapeu-
tic value against tau aggregation and neuronal death. This study fur-
ther supports the potential of biofluid biomarkers for tr-tau forms to
diagnose AD and differentiate AD from other tauopathies at the sin-
gle patient level. Future studies in human and clinically relevant
models of tau pathology, such as iPSCs from patients with MAPT
mutations [46], are crucial for a better understanding of caspase-

mediated pathways that lead to tau pathology in tauopathies.
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