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Abstract

Alzheimer’s disease (AD) is characterized by the accumulation and spread of Tau intraneuronal inclusions through-
out most of the telencephalon, leaving hindbrain regions like the cerebellum and spinal cord largely spared. These
neuropathological observations, along with the identification of specific vulnerable sub-populations from AD
brain-derived single nuclei transcriptomics, suggest that a subset of brain regions and neuronal subtypes possess

a selective vulnerability to Tau pathology. Given the inability to culture neurons from patient brains, a disease-relevant
in vitro model which recapitulates these features would serve as a critical tool to validate modulators of vulnerability
and resilience. Using our recently established platform for inducing endogenous Tau aggregation in human induced
pluripotent stem cell (hiPSC)-derived cortical excitatory neurons via application of AD brain-derived exogenous Tau
aggregates, we explored whether Tau aggregates preferentially induce aggregation in specific neuronal subtypes.
We compared Tau seeding in hiPSC-derived neuron subtypes representing regional identities across the forebrain,
midbrain, and hindbrain. Higher susceptibility (i.e. more Tau aggregation) was consistently observed among cortical
neuron subtypes, with CTIP2-positive, somatostatin (SST)-positive cortical inhibitory neurons showing the greatest
aggregation levels across hiPSC lines from multiple donors. hiPSC-neurons also delineated between the disease-
specific vulnerabilities of different protein aggregates, as a-synuclein preformed fibrils showed an increased propen-
sity to induce aggregates in midbrain dopaminergic (mDA)-like neurons, mimicking Parkinson’s disease (PD)-specific
susceptibility. Aggregate uptake and degradation rates were insufficient to explain differential susceptibility. The
absence of a consistent transcriptional response following aggregate seeding further indicated that intrinsic neuronal
subtype-specific properties could drive susceptibility. The present data provides evidence that hiPSC-neurons exhibit
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features of selective neuronal vulnerability which manifest in a cell autonomous manner, suggesting that mining
intrinsic (or basal) transcriptomic signatures of more vulnerable compared to more resilient hiPSC-neurons could
uncover the molecular underpinnings of differential susceptibility to protein aggregation found in a variety of neuro-

degenerative diseases.
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Introduction

Selective vulnerability of specific neuronal populations to
degeneration is a well-established feature of Alzheimer’s
disease (AD) [8, 26, 57]. Braak staging of AD brain tissue
demonstrates selective vulnerability at a regional level,
revealing a stereotypical progression of hyperphospho-
rylated, aggregated Tau inclusions from the locus coer-
uleus to the entorhinal cortex and, ultimately, throughout
the cortex [6, 7, 83]. While cortical regions are highly vul-
nerable to AD, midbrain and hindbrain regions remain
relatively free from Tau pathology during disease pro-
gression. In addition, recent studies in postmortem
AD brain tissue using single nucleus RNA-sequencing
(snRNA-seq) have furthered our understanding of selec-
tive vulnerability by identifying molecular signatures
associated with disease progression and neuronal sub-
classes preferentially lost as Tau pathology increases
[46, 53, 62]. One such study highlights the loss of SST-
positive cortical inhibitory neurons in individuals with
high AD pathology burden [54], suggesting this neuronal
subtype may be particularly vulnerable to disease pro-
cesses, while other studies have identified RAR-related
Orphan Receptor B (RORB)-positive cortical excitatory
neurons as highly susceptible to Tau tangles [45], and yet
the mechanism(s) driving the susceptibility of vulnerable
neurons to Tau aggregation and subsequent neuronal
loss remain unknown. Modeling selective vulnerability
in vitro could elucidate why certain neuronal populations
develop Tau pathology and why some subtypes are more
resilient.

Human induced pluripotent stem cells (hiPSCs) could
represent a suitable model system for studying the
underlying mechanisms of susceptibility based on their
well-established capacity to differentiate to a variety of
neuronal subtypes [49, 71, 77]. Indeed, a previous study
differentiated hiPSCs with the familial AD (fAD) muta-
tion APP-V717I into neurons with rostral and caudal
identities, finding inherent differences in Ap production
and in responsiveness to exogenous AP between these
neuronal subtypes [61]. Treatment with exogenous Af
preferentially induced Tau phosphorylation in hiPSC-
rostral neurons relative to hiPSC-caudal neurons, and
this effect on Tau was eliminated by immunodepletion
with an anti-AP antibody [61]. While the findings from
this study support the potential utility of hiPSC-derived

neuron subtypes to exhibit properties of selective vul-
nerability to AP, it remains to be determined whether
hiPSC-neuron subtypes also show more direct differ-
ences in their propensity to form Tau aggregates which
can progress to become neurofibrillary tangles (NFT), a
pathological hallmark of AD positively correlated to cog-
nitive decline [63]. This was recently made possible by the
establishment of a Tau seeding assay in hiPSC-neurons
that showed the formation of endogenous, insoluble Tau
aggregates following seeding with exogenous AD brain-
derived pathological Tau [51].

Here, we utilized hiPSC-derived neurons to study sus-
ceptibility to AD-relevant Tau pathology in vitro. hiPSCs
were differentiated into 5 distinct neuronal populations
representing neurons found in the forebrain, midbrain,
or hindbrain regions. The propensity of each neuronal
subtype to form endogenous Tau aggregates was exam-
ined following seeding with two separate fractions of
AD-brain-derived seeding-competent Tau. Among the
unique neuronal subtypes tested, CTIP2-positive, SST-
positive cortical inhibitory-like hiPSC-derived neu-
rons displayed the highest load of Tau aggregates, while
hypothalamic, midbrain dopaminergic (mDA), and spi-
nal cord-like neurons exhibited greater resilience. The
ability of protein aggregates to induce susceptibility pat-
terns consistent with human disease was not unique to
aggregated Tau as a-synuclein pre-formed fibril (PFF)
seeding in hiPSC-neurons showed enhanced susceptibil-
ity in midbrain dopaminergic neurons, consistent with
the observed neuronal vulnerabilities in PD. Exogenous
aggregate uptake and degradation rates alone could not
explain the differences in the propensity of different neu-
ron subtypes to form seeded aggregates. Furthermore,
transcriptomics revealed no differences in how the neu-
ronal subtypes responded to seeding, suggesting that
baseline cell intrinsic properties may underlie the selec-
tive vulnerability of distinct hiPSC-neurons.

Materials and methods

Experimental model and subject details

Human iPSC lines

The following hiPSC lines were used in this study: SBAD3
ClL.1 (StemBANCC) RRID:CVCL_ZX55 [84], BIONi010-
C (available from EBiSC www.ebisc.org; the EBiSC
Bank acknowledges Bioneer A/S as the source of human
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induced pluripotent stem cell line BIONi010-C-13 which
was generated with support from EFPIA companies and
the European Union (IMI-JU)) RRID:CVCL_1E68, ACS-
1023 (ATCC) RRID:CVCL_A324, and BIOMEDIi004-
A (BioMedX) RRID:CVCL_UL83 [73] and a subclone
derived from IPSC0028/SIGi001-A (Sigma-Aldrich)
RRID:CVCL_EE38. Detailed hiPSC donor line infor-
mation can be found in Table 1. Characterization of the
hiPSC lines confirming expression of markers of the
undifferentiated state and a normal karyotype were per-
formed by the manufacturers. Human iPSC maintenance
was performed as described previously [51].

Brain tissue for isolation of SI-AD material

Frozen human frontal cortical brain tissue from AD
(Braak stage V/VI) and non-AD (Braak stage 0/I) male
and female donors used in preparing sarkosyl-insoluble
Tau aggregates were generously provided by the Mas-
sachusetts Alzheimer’s Disease Research Center or pur-
chased from Folio (now Discovery Life Sciences) and
Banner Health.

Brain tissue for isolation of SS-AD material

Anonymized human brain samples were obtained from
The Netherlands Brain Bank (NBB), Netherlands Insti-
tute for Neuroscience, Amsterdam (open access: www.
brainbank.nl). All material has been collected from
donors for whom a written informed consent for a brain
autopsy and the use of the material and clinical infor-
mation for research purposes had been obtained by the
NBB.

hiPSC differentiation to distinct neuronal subtypes
Neural induction from hiPSCs to NPCs was performed
in a single batch per subtype per donor line.

Cortical inhibitory hiPSC-neurons

Pluripotent hiPSCs were differentiated to ventral fore-
brain neural progenitors and subsequently underwent
terminal differentiation to cortical inhibitory hiPSC-
neurons according to a modified published protocol

Table 1 Human iPSC donor line information
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[12]. Differentiation was initiated as described previously
[51]. On day O (beginning of hiPSC neural induction),
confluent hiPSCs were switched to Essential 6 media
(Thermo Fisher) supplemented with 500 nM LDN193189
(StemGent) and 10 uM SB431542 (R&D Systems). Neu-
ral induction was carried out from day O to day 17 as
described previously with slight modifications [51]. On
day 17, hiPSC-derived neural progenitor cells (hiPSC-
NPCs) were collected with Accutase, resuspended in
N2B27 medium (Advanced DMEM/F12, Neurobasal
medium, N2 supplement, B27 supplement without vita-
min A, pen/strep, GlutaMax; Thermo Fisher) +10%
DMSO at 10 million cells per mL, and frozen overnight
at —80°C in a controlled vessel at 1 °C per minute before
being transferred to LN, vapor for long-term storage.
Synchronization of hiPSC-NPC differentiation to corti-
cal inhibitory neurons is achieved by thawing frozen vials
(considered “DIV-8”) onto 77.5 pg/mL Matrigel®-coated
(Growth Factor Reduced; Corning) plates at 350,000
cells per cm? in N2B27 medium supplemented with 10
UM Y-27632 (Millipore) and subsequent culturing with
N2B27 medium. Neuronal differentiation was promoted
with the addition of the y-secretase inhibitor RO4929097
(VWR) at 500 nM on DIV-5. On DIVO (final hiPSC-neu-
ron replating), cells were plated as described previously
[51]. In rare cases where an hiPSC line showed evidence
of a dorsal identity following this protocol, differentiation
was repeated with smoothened agonist (SAG) to activate
hedgehog signaling and encourage ventralization.

Hypothalamic hiPSC-neurons

Pluripotent hiPSCs were differentiated to ventral fore-
brain neural progenitors as described above. Ventral
forebrain hiPSC-NPCs were thawed and plated on DIV-8
as described previously [51] and subsequently cultured
with N2B27 medium supplemented with 500 nM SAG
(Sigma), 100 ng/mL recombinant FGF8-A (StemCell
Technologies), and 10 ng/mL recombinant GDF-2 (BMP-
9) (Peprotech) until DIVO. Neuronal differentiation was
promoted with the addition of the y-secretase inhibi-
tor RO4929097 (VWR) at 500 nM on DIV-5. On DIV,

Line Source Donor Age/Sex/Ethnicity Donor tissue Reprogramming Reprogramming factors APOE
method

IPSC0028 Sigma/Janssen 24/F/Caucasian Epithelial cells Retrovirus OSKM 3/4

BIONi010-C EBiSC 19/M/African American Dermal fibroblasts Episomal OSKML +shp53 3/4

SBAD3 StemBANCC 31/F/Unknown Fibroblasts Sendai OSKM 2/3

ACS-1023 ATCC 36/F/Caucasian Fibroblasts Retrovirus OSKM 3/3

BIOMEDI004-A BioMedX 64/M/Caucasian Fibroblasts ReproRNA OKSGM 3/3
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cells were plated as described previously [51], except at
~ 190,000 cells per cm? (60,000 cells per 96-well).

Cortical excitatory hiPSC-neurons

Pluripotent hiPSCs were differentiated to dorsal forebrain
neural progenitors and subsequently underwent terminal
differentiation to cortical excitatory hiPSC-neurons as
described previously [51]. In cases with evidence of high
neural crest contamination (indicates high Wnt signaling
at pluripotent stage), differentiation was repeated with-
out CHIR99021.

mDA hiPSC-neurons

Pluripotent hiPSCs were differentiated to midbrain floor-
plate NPCs and subsequent differentiation to midbrain
dopaminergic hiPSC-neurons according to a modified
published protocol [74]. Differentiation was initiated
using hiPSC cultures containing large homogeneous col-
onies with phase bright borders and low levels of sponta-
neous differentiation. Cells were harvested with Accutase
and plated at a density specific to each hiPSC donor line
onto 77.5 pg/mL Matrigel-coated 10 cm dishes (Day
—1) in StemFlex Complete supplemented with 10 pM
Y-27632. When hiPSC cultures reached ~75% conflu-
ency (typically Day 2), cells were harvested with ReLeSR
(StemCell Technologies) and plated onto uncoated 10
cm dishes in N2B27 medium (Advanced DMEM/F12,
Neurobasal medium, N2 supplement, B27 supplement
without vitamin A, pen/strep, GlutaMax; ThermoFisher)
supplemented with 10 pM SB431542 (R&D systems),
50 nM LDN193189 (StemGent), 0.75 uM CHIR99021
(R&D Systems), 0.5 pM SAG (Sigma), 200 uM Ascorbic
Acid (Sigma), and 5 pM Y-27632 (Millipore) to allow for
embryoid body formation. Embryoid bodies were sub-
sequently fed N2B27 medium (Advanced DMEM/F12,
Neurobasal medium, N2 supplement, B27 supplement
without vitamin A, pen/strep, GlutaMax; ThermoFisher)
supplemented with 10 puM SB431542 (R&D systems),
50 nM LDN193189 (StemGent), 0.75 uM CHIR99021
(R&D Systems), 0.5 uM SAG (Sigma), 200 pM Ascor-
bic Acid (Sigma) every other day until day 8, at which
time they were dissociated via trituration and plated at a
density specific to each hiPSC donor line onto 77.5 pg/
mL Matrigel-coated 12-well plates. On day 9, cells were
fed N2B27 medium (Advanced DMEM/F12, Neuroba-
sal medium, N2 supplement, B27 supplement without
vitamin A, pen/strep, GlutaMax; ThermoFisher) sup-
plemented with 10 uM SB431542 (R&D systems), 50 nM
LDN193189 (StemGent), 0.75 pM CHIR99021 (R&D
Systems), 0.5 uM SAG (Sigma), and 200 pM Ascorbic
Acid (Sigma). On day 10, cells were fed N2B27 medium
(Advanced DMEM/F12, Neurobasal medium, N2 sup-
plement, B27 supplement without vitamin A, pen/strep,
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GlutaMax; ThermoFisher) supplemented with 2.5 pM
SB431542 (R&D systems), 50 nM LDN193189 (Stem-
Gent), 0.75 uM CHIR99021 (R&D Systems), 0.5 pM
SAG (Sigma), and 200 pM Ascorbic Acid (Sigma). On
day 12, cells were harvested with Accutase and plated
at a density of 1.25 million cells per well onto 77.5 pg/
mL Matrigel-coated 6-well plates in N2B27 medium
(Advanced DMEM/F12, Neurobasal medium, N2 sup-
plement, B27 supplement without vitamin A, pen/strep,
GlutaMax; ThermoFisher) supplemented with 2.5 pM
SB431542 (R&D systems), 50 nM LDN193189 (Stem-
Gent), 0.75 uM CHIR99021 (R&D Systems), 0.5 uM
SAG (Sigma), 200 pM Ascorbic Acid (Sigma), and 5 pM
Y-27632 (Millipore). Following this replating step, cells
were cultured and replated two more times following the
same procedure at a density of 850,000 cells per well in
77.5 ug/mL Matrigel-coated 6-well plates. hiPSC-NPCs
were subsequently frozen as described previously [51].
Synchronization of hiPSC-NPC differentiation to neu-
rons was achieved by thawing frozen vials (considered
“DIV —15”) onto 77.5 pg/mL Matrigel-coated plates at
350,000 cells per cm? in N2B27 medium supplemented
with 3 pM CHIR99021 (R&D Systems), 0.5 pM SAG
(Sigma), 200 pM Ascorbic Acid (Sigma), and 10 pM
Y-27632 (Millipore). The following day (DIV-14), cells
were fed with N2B27 medium supplemented with 3 uM
CHIR99021 (R&D Systems), 0.5 pM SAG (Sigma), and
200 uM Ascorbic Acid before subsequent culturing in
N2B27 medium supplemented with 0.7 pM CHIR99021
(R&D Systems), 0.5 pM SAG (Sigma), and 200 pM Ascor-
bic Acid (Sigma). On DIV-9, hiPSC-NPCs were harvested
with Accutase and plated onto 77.5 pg/mL Matrigel-
coated plates at a density of 2 million cells per well in
N2B27 medium supplemented with 0.7 pM CHIR99021
(R&D Systems), 0.5 uM SAG (Sigma), 200 uM Ascor-
bic Acid (Sigma), and 10 pM Y-27632 (Millipore). Cells
were subsequently cultured in N2B27 medium sup-
plemented with 10 ng/mL BDNE, 10 ng/mL GDNE, 500
uM dcAMP, 1 ng/mL TGFP3 (R&D Systems), 2.5 ng/mL
Activin A, 200 pM Ascorbic Acid (Sigma), and 10 uM
DAPT (Cayman Chemical). Neuronal differentiation was
encouraged with the addition of the y-secretase inhibi-
tor RO4929097 (VWR) at 500 nM on DIV-5. For final
neuron replating, black 96-well plates (Corning/Fisher
353,219 or PerkinElmer Cell Carrier Ultra) were treated
with 0.01% Poly-L-ornithine (PLO; Sigma) solution over-
night at room temperature. The next day, PLO was com-
pletely aspirated and plates were then coated with 28 pg/
mL Matrigel diluted in DMEM/F12 +HEPES and stored
at 4°C overnight. On DIV 0, cells were harvested with
Accutase, passed through a 40 pm cell strainer (VWR)
to remove residual cell clusters, centrifuged at 300 xg
for 5 min, and plated into PLO-treated/Matrigel-coated
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plates at ~ 110,000 cells per cm? (35,000 cells per 96-well)
in NB27 + medium (Neurobasal Plus medium, B27 Plus
supplement, pen/strep, GlutaMax; ThermoFisher) sup-
plemented with 10 pM Y-27632, 500 nM RO4929097, 10
ng/mL BDNE, 200 uM Ascorbic Acid, 250 uM dcAMP,
5 ng/mL GDNE and 1 pg/mL Laminin. On DIV 2,
hiPSC-neurons were treated with 0.5 pg/mL Mitomycin-
C (Sigma) diluted in Neuronal Maintenance Medium
(NMM; NB27 + supplemented with 10 ng/mL BDNF, 200
UM Ascorbic Acid, 250 uM dcAMP, 5 ng/mL GDNE, and
1 pg/mL Laminin) for 1 h in the incubator (37 °C with
5% CO,). After incubation, two-thirds of the well vol-
ume was removed and replaced with fresh NMM sup-
plemented with 500 nM RO4929097. The hiPSC-neurons
were maintained with half volume media changes twice
weekly with fresh NMM.

Spinal cord hiPSC-neurons

Pluripotent hiPSCs were differentiated to spinal cord
NPCs according to a modified published protocol [21].
Differentiation was initiated as described previously [51].
On day 0 (beginning of hiPSC neural induction), conflu-
ent hiPSCs were switched to N2B27 medium (Advanced
DMEM/F12, Neurobasal medium, N2 supplement, B27
supplement without vitamin A, pen/strep, GlutaMax;
Thermo Fisher) supplemented with 500 nM LDN193189
(StemGent), 10 uM SB431542 (R&D Systems), and 1 pM
CHIR99021 (R&D Systems). Starting day 3, Laminin
(Sigma) was added at 1 pg/mL concentration to help pre-
vent cell lifting. Six days after initiation, the cells were
harvested with Accutase and plated at 1.5 million cells
per cm? in N2B27 medium supplemented with 500 nM
LDN193189 (StemGent), 10 uM SB431542 (R&D Sys-
tems), 1 uM CHIR99021 (R&D Systems), 100 nM reti-
noic acid (R&D Systems), 500 nM SAG (Sigma), and 10
uM Y-27632 (Millipore). 10 ng/mL FGF2 (Millipore) was
briefly added to the medium until day 13. On day 13,
hiPSC-NPCs were collected with Accutase, resuspended
in N2B27 medium +10% DMSO at 10 million cells per
mL, and frozen overnight at —80 °C in a controlled vessel
at 1 °C per minute before being transferred to LN, vapor
for long-term storage. In cases with evidence of high
neural crest contamination (indicates high Wnt signaling
at pluripotent stage), differentiation was repeated with-
out CHIR99021 after day 6. Synchronization of hiPSC-
NPC differentiation to spinal cord neurons is achieved by
thawing frozen vials (considered “DIV-8”) onto 77.5 pg/
mL Matrigel®-coated (Growth Factor Reduced; Corn-
ing) plates at 350,000 cells per cm? in N2B27 medium
supplemented with 10 uM Y-27632 (Millipore) and sub-
sequent culturing with N2B27 medium supplemented
with 500 nM retinoic acid (R&D Systems) and 100 nM
SAG (Sigma). Neuronal differentiation was encouraged
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with the addition of the y-secretase inhibitor RO4929097
(VWR) at 500 nM on DIV-5. On DIVO (final hiPSC-neu-
ron replating), cells were plated as described previously
[51], except at ~190,000 cells per cm2 (60,000 cells per
96-well).

RNA Isolation and quantitative PCR

Total RNA was prepared from hiPSC cultures using the
MagMAX"™ mirVana" Total RNA Isolation Kit (Thermo
Fisher) according to the manufacturer’s instructions.
The integrity (RIN score) and concentration of the RNA
was determined using an Agilent TapeStation. Reverse
transcription was performed with Superscript IV VILO
(Thermo Fisher) in a 20 pl reaction with 16 pl per sample.
The cDNA yield for each reaction was determined using
Quant-iT™ OliGreen® reagent (Thermo Fisher). Samples
were subjected to qPCR analysis using the Juno/Biomark
HD high throughput platform (Fluidigm). Briefly, cDNA
was preamplified for 15 PCR cycles in a multiplex fash-
ion using a panel of 96 Tagman assays (Thermo Fisher;
Table 2). Following tenfold dilution with water, the pre-
amplified samples were prepared for loading onto the
integrated fluidic circuit in accordance with the manufac-
turer’s protocol. Data analysis was performed using the
GenEx Professional software package, version 6 (MultiD
Analyses AB). Starting with the raw Ct values, the Nor-
mfinder feature of the software was used to identify the
most robust normalization scheme, resulting in the use
of the 12 most stable transcripts to convert raw Cts into
delta Ct values (referred to as global normalization).

Western blots

Preparation of cell lysates

DIV16 hiPSC-neurons were rinsed with ice-cold PBS and
MPER lysis buffer supplemented with cOmplete™ pro-
tease inhibitors (Millipore) and PhosSTOP™ (Millipore)
was added directly to adherent cells. Cells were incu-
bated in lysis buffer for 5 min on ice. Cell lysates were
then transferred to microcentrifuge tubes and spun at
3,000 xg for 5 min. The supernatant was collected and
technical and biological replicates for each hiPSC-neu-
ron subtype were pooled. Total protein quantification
was performed using the Micro-BCA™ Protein assay
(Thermo Fisher). Cell lysates were normalized by total
protein concentration and LDS sample buffer (Thermo
Fisher) and reducing agent containing DTT (Thermo
Fisher) were added.

Blotting

Cell lysates were boiled at 95 °C for 5 min on a heat
block and then separated by gel electrophoresis on a
4-12% NuPAGE Bis—Tris gel (Thermo Fisher). Preci-
sion Plus Protein Dual Color Standard (Bio-Rad) was
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Gene name Gene category assay ID
ADARB2 Inhibitory neuron Hs00218878_m1
ALDH1A2 Dentate gyrus neuron Hs00180254_m1
AQP4 Astrocyte Hs00242342_m1
ASCL1 Immature neuron Hs00269932_m1
B3GAT2 CA3 neuron Hs00369834_m1
BCL11B Cortical neuron Hs01102259_m1
c1QL2 Dentate gyrus neuron Hs00704398_s1
CADPS2 Dentate gyrus neuron Hs00604528_m1
CALB1 Interneuron Hs01077197_m1
CALB2 Interneuron Hs00242372_m1
CAMK2A Excitatory neuron Hs00947041_m1
CCDC85A CA3 neuron Hs00287585_m1
CCK Interneuron Hs00174937_m1
CHAT Cholinergic neuron Hs00758143_m1
CUX1 Cortical neuron Hs00738851_m1
DBH Noradrenergic neuron Hs01089840_m1
DCX Pan-neuronal Hs00167057_m1
DDC Dopaminergic neuron Hs01105048_m1
DOCK10 CA1 neuron Hs00391515_m1
EIF4A2 Housekeeping Hs00756996_g1
ELAVL2 CA3 neuron Hs00270011_m1
ENT Midbrain neuron Hs00154977_m1
FEZF2 Cortical neuron Hs01115572_g1
FOXA2 Midbrain neuron Hs00232764_m1
FOXG1 Forebrain neuron Hs01850784_s1
FOXP2 Cortical neuron Hs00362818_m1
GAD1 Inhibitory neuron Hs01065893_m1
GAPDH Housekeeping Hs02786624_g1
GRIK4 CA3 neuron Hs00205979_m1
HOXC5 Hindbrain neuron Hs00232747_m1
IGSF3 CA3 neuron Hs01035583_m1
ISL1 Peripheral neuron Hs00158126_m1
LAMPS Cortical neuron Hs00202136_m1
LEF1 Whnt signaling Hs01547250_m1
LHX2 Hippocampal neuron Hs00180351_m1
LHX6 Interneuron Hs00232660_m1
LHX9 Hippocampal neuron Hs00294879_m1
LMXTA Dopaminergic neuron Hs00898455_m1
MAP2 Pan-neuronal Hs00258900_m1

MAPT_2192(3R/4R)
MAPT_2312(4R)
MNX1

MSH6

NANOG

NECAB1

NEUROD!1

NGFR

NKX2-1

NKX6-1

Pan-neuronal
Mature neuron
Motor neuron
Broadly expressed
Pluripotency marker
Cortical neuron
Cortical neuron
Neural crest

Neural progenitor
Neural progenitor

Hs00902192_m1
Hs00902312_m1
Hs00907365_m1
Hs00943000_m1
Hs02387400_g1

Hs00332733_m1
Hs01922995_s1

Hs00609976_m1
Hs00968940_m1
Hs00222355_m1
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Gene name Gene category assay ID
NR4 A2 Dopaminergic neuron Hs01117527_g1
NTNG1 Excitatory neuron Hs01552822_m1
NTRK1 Sensory neuron Hs01021011_mT1
NTRK2 Sensory neuron Hs00178811_m1
OLIG2 Oligodendrocyte/motor neuron  Hs00300164_s1
OTX2 VTA dopaminergic neuron Hs00222238_m1
PAX3 Peripheral neuron Hs00249950_m1
PAX6 Dorsal forebrain Hs01088114_m1
PCBD1 Broadly expressed Hs01548084_g1
PDGFRA Oligodendrocyte Hs00998018_m1
PDYN Dentate gyrus neuron Hs00225770_m1
PHOX2A Dorsal hindbrain progenitor Hs00605931_mh
PHOX2B Dorsal hindbrain progenitor Hs00243679_m1
PITX3 Dopaminergic neuron Hs01013935_g1
POU3F1 CA3 neuron Hs00538614_s1
POU3F2 Cortical neuron Hs00271595_s1
POUSF1 Pluripotency marker Hs04260367_gh
PPP1R1B Neuron enriched Hs00259967_m1
PRKCD Dentate gyrus neuron Hs01099047_m1
PROX1 Dentate gyrus neuron Hs00896293_m1
PVALB Interneuron Hs00161045_m1
QDPR Brain enriched Hs01077088_m1
RBFOX3 Pan-neuronal Hs01370654_m1
RELN Cortical neuron Hs01022646_m1
RORB Cortical neuron Hs00199445_m1
RPL13 Housekeeping Hs00744303_s1
SAMD3 Dentate gyrus neuron Hs00381007_m1
SATB2 Cortical neuron Hs01546836_s1
SCGN CA3 neuron Hs00199630_m1
SLC17A6 Excitatory neuron Hs00220439_m1
SLC17A7 Excitatory neuron Hs00220404_m1
SLC18A3 Cholinergic neuron Hs00268179_s1
SLCTA3 Astrocyte Hs00904823_g1
SLC32A1 Inhibitory neuron Hs00369773_m1
SLC6A3 Dopaminergic neuron Hs00997374_m1
SOX1 Neural progenitor Hs01057642_s1
SST Interneuron Hs00356144_m1
SYN1 Pan-neuronal Hs00199577_m1
SYP Pan-neuronal Hs00300531_m1
TBR1 Cortical neuron Hs00232429_m1
TFAP2A Non-neural ectoderm Hs01029413_m1
T™H Dopaminergic neuron Hs00165941_m1
THEMIS Cortical neuron Hs01041269_m1
TSPAN18 CA3 neuron Hs00901276_m1
TSPAN7 Hippocampal neuron Hs00190284_m1
TUBB3 Pan-neuronal Hs00801390_s1
VIP Interneuron Hs00175021_m1
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included on each gel to assist with molecular weight
estimation. The gel was transferred using the iBlot2 dry
blotting system (Thermo Fisher) onto a pre-activated
PVDF membrane using the PO program. Membranes
were blocked using Intercept® (PBS) blocking buffer
(LI-COR Biosciences) for 1 h at RT on a shaker prior
to primary antibody addition. Membranes were incu-
bated with primary antibodies (Table 3) overnight on
a shaker at 4 °C. The following day, membranes were
washed with PBST, then incubated with Licor IRDye "
anti-rabbit (680RD) and anti-mouse (800 CW) second-
ary antibodies (LI-COR Biosciences) at 1:5000 for 1 h
at RT. The membranes were then washed with PBST
and imaged on the Licor Odyssey CLX system (LI-COR
Biosciences) RRID:SCR_014579.

Table 3 List of primary antibodies
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Single cell RNA-seq

Sample collection

DIV14 hiPSC-neurons were harvested with Accutase
(Thermo Fisher) and resuspended at a concentration of
200 cells/pL in 0.4% BSA/PBS. 43.1 uL of cell suspension
(~ 8,600 cells) was input for single cell library generation.

Library generation and sequencing

Single-cell RNA-seq libraries were prepared from each
sample using the Chromium Single Cell 3" Reagent
kit (10X Genomics) following manufacturer’s instruc-
tions. Briefly, nanoliter-scale Gel Beads -in-emulsion
(GEMs) were generated by combining barcoded Sin-
gle Cell 3" v3.1 Gel Beads (10X Genomics), a master
mix containing cells and partition oil onto Chromium

Antibody Source Catalogue # Host RRID
HT7 Thermo Fisher MN1000 Mouse IgGT monoclonal AB_2314654
MAP2 Abcam ab5392 Chicken polyclonal IgY AB_2138153
CTIP2 Abcam ab18465 Rat monoclonal IgG2a; 2586 AB_2064130
TBR1 Abcam ab183032 Rabbit monoclonal AB_2936859
FOXG1 Abcam ab18259 Rabbit polyclonal AB_732415
FOXA2 Abcam ab108422 Rabbit monoclonal AB_11157157
HOXB4 Abcam ab76093 Rabbit monoclonal AB_2119271
Tyrosine Hydroxylase Pel-Freez P40101-150 Rabbit polyclonal AB_2617184
B-actin Sigma-Aldrich A1978 Mouse monoclonal AB_476692
TauC Dako (Agilent) A0024 Rabbit polyclonal AB_10013724
MCT1(conformational tau) AbbVie MC1 Mouse monoclonal IgG1 Produced internally by AbbVie
HJ9.2 (epitope: amino acids 4-8 of Tau) AbbVie HJ9.2 Mouse 1gG2b Produced internally by AbbVie
PHF1 (Tau pSer396/pS404) P. Davies Albert Ein- PHF1 Mouse monoclonal IgG1 AB_2315150

stein College of Medi-

cine; New York; USA
MC1 (conformational tau) P. Davies Albert Ein- MC1 Mouse IgG1 AB_2314773

stein College of Medi-

cine; New York; USA
Tau12 (anti-Tau, 6-18) BioLegend 806,502 Mouse monoclonal AB_2564708
HT7 - Biotinylated Thermo Fisher MN10008B Mouse monoclonal AB_223453
AT100 (Tau pThr212/pSer214) Thermo Fisher MN1060 Mouse monoclonal AB_223652
AT180 (Tau pThr231) Thermo Fisher MN1040 Mouse monoclonal AB_223649
Nanog R&D AF1997 Goat polyclonal AB_355097
Oct4 R&D AF1759 Goat polyclonal AB_354975
PAX6 Biolegend 901,301 Rabbit polyclonal AB_2565003
AP2a DSHB S5e4 Mouse monoclonal IgGT1 AB_528085
SOX10 R&D AF2864 Goat polyclonal AB_442208
OTX2 R&D AF1979 Goat polyclonal AB_2157172
OLIG2 Millipore AB9610 Rabbit polyclonal AB_570666
NKX6.1 DSHB F55 A10 Mouse monoclonal IgG1 AB_532378
pSynuclein Ser129 (D1R1R) CST 23,706 Rabbit monoclonal AB_2798868
LMX1A Abcam ab139726 Rabbit polyclonal AB_2827684
TUBB3 (TUJ1) BioLegend 801,201 Mouse monoclonal IgG2a AB_2313773




Weidling et al. Acta Neuropathologica Communications (2025) 13:108

Next GEM Chip G (10X Genomics). Reverse transcrip-
tion of GEM was performed to produce barcoded, full-
length ¢cDNA from poly-adenylated mRNA. Following
the GEM incubation, GEM cleanup was performed using
silane magnetic beads to obtain purified first-strand
cDNA. Barcoded, full-length ¢cDNA was then ampli-
fied via PCR and 25% of generated cDNA was used for
library construction. Quality control of cDNA and pre-
pared libraries was performed using the high sensitivity
D5000 ScreenTape assay on a 4200 TapeStation System
(Agilent) RRID:SCR_018435. Libraries were sequenced
using a NovaSeq 6000 S4 200 cycle flow cell (Illumina)
RRID:SCR_016387.

Data analysis

Sequence alignment and pre-processing of data
was conducted using 10 XCell Ranger 7.0 software
RRID:SCR_023221. The count matrix was then ana-
lyzed using Seurat 4.3.0 [33, 70, 75] RRID:SCR_007322.
While creating a Seurat object, standard filtering options
(min.cells =3; min.features =200) were applied. scD-
blFinder [29] RRID:SCR_022700 was used for doublet
identification. The intronic ratio was identified and cells
with an intronic ratio greater than 50% were removed.
The median absolute deviation (MAD) cut-off was used
to remove low-quality or outlier cells from the data-
sets. Cells containing greater than 15% mitochondrial
genes and cells containing less than 2000 features were
removed. Data was normalized using the global-scaling
normalization method after removing unwanted cells
from the dataset. 3000 highly variable genes were used
for downstream analysis. Principal component analysis
was performed to reduce dimensionality and 20 princi-
pal components were used to identify clusters. Neuron
maturity index was applied as described previously [36].

Bulk RNA-seq

Sample treatment and RNA extraction

DIV16 hiPSC-neurons were seeded with 0.5 nM SI-AD
or treated with an equal volume of either SI-Control
material or PBS. 72 h following treatment, RNA lysates
were collected in MagMAX'" lysis buffer (Thermo
Fisher). Total RNA was prepared from hiPSC cultures
using the MagMAX " mirVana"" Total RNA Isolation Kit
(Thermo Fisher) as described above.

Library preparation with PolyA SELECTION and illumina
sequencing
RNA library preparation, and sequencing were con-
ducted at Azenta Life Sciences (South Plainfield, NJ,
USA) as follows:

RNA samples were quantified using Qubit 2.0 Fluo-
rometer (Life Technologies) RRID:SCR_020553 and RNA
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integrity was checked using Agilent TapeStation 4200
(Agilent) RRID:SCR_018435.

Strand-specific RNA sequencing libraries were pre-
pared using the NEBNext Ultra II Directional RNA
Library Prep Kit for Illumina following manufacturer’s
instructions (NEB, Ipswich, MA, USA). Briefly, mRNAs
were enriched with oligo(dT) beads and then fragmented
for 8 min at 94 °C. cDNA were subsequently synthesized.
During second strand synthesis, the DNA was marked
by incorporating dUTP. ¢cDNA fragments were then
adenylated at 3’ends, and index adapters were ligated to
c¢DNA fragments. Limited cycle PCR was used for library
enrichment. The incorporated dUTP in the second strand
¢DNA quenched the amplification of the second strand,
which preserves the strand specificity. The sequencing
library was validated on the Agilent TapeStation (Agi-
lent) RRID:SCR_018435, and quantified by using Qubit
2.0 Fluorometer (Thermo Fisher) RRID:SCR_020553 as
well as by quantitative PCR (KAPA Biosystems).

The sequencing libraries were clustered on the flow-
cell and subsequently loaded on an Illumina sequencer
RRID:SCR_016387 according to manufacturer’s instruc-
tions. The samples were sequenced using a 2 X 150bp
paired end (PE) configuration. Image analysis and base
calling were conducted by the control software. Raw
sequence data (.bcl files) generated by the sequencer were
converted into fastq files and de-multiplexed using Illu-
mina’s bcl2fastq 2.20 software RRID:SCR_015058. One
mismatch was allowed for index sequence identification.

Data analysis

Paired-end RNA-seq reads were trimmed using TRIM-
Galore RRID:SCR_011847, which used Cutadapt version
2.10 [52] RRID:SCR_011841. The reads were aligned to
hg38 using STAR [20, 47] RRID:SCR_004463 and gene-
level counts were generated using featureCounts [47]
(non-default parameters specified: —primary, —ignore-
Dup) RRID:SCR_012919. Limma-voom was used for dif-
ferential expression analysis RRID:SCR_010943. Genes
with CPM >2 in > = 6 samples were tested for differen-
tial expression. A threshold of adj.P.Val <0.05 was used
to determine differentially expression/significance. For
Gene Ontology [1, 2] enrichment analyses, hypergeo-
metric tests were performed using clusterProfiler [88, 90]
RRID:SCR_016884. Background gene lists included all
genes tested for differential expression.

Cell characterization immunofluorescence

PFA fixation

hiPSCs, hiPSC-NPCs and hiPSC-neurons were fixed by a
15 min incubation at room temperature in 3% paraform-
aldehyde solution in PBS (Thermo Fisher), followed by
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three PBS washes. Fixed cells were subsequently stored in
DPBS with calcium/magnesium (Thermo Fisher) at 4 °C.

Immunofluorescence staining

Prior to incubation with primary antibody, cells were
incubated for 1 h in blocking buffer composed of 3%
Bovine Serum Albumin (BSA) (Millipore) and 0.3% Tri-
ton X-100 (Sigma) in PBS. Following blocking, cells were
incubated with primary antibodies (Table 3), diluted
to the appropriate concentration in blocking buffer and
filtered through a 0.22 um Spin-X column (Corning),
overnight at 4 °C, with shaking. The following day, pri-
mary antibody solution was removed and cells were
washed three times with PBS. Cells were then incubated
with Alexa Fluor™ secondary antibody (Thermo Fisher),
diluted 1:500 in blocking buffer and filtered through a
0.22 pm Spin-X column (Corning), for 1 h at room tem-
perature, with shaking. Following incubation with sec-
ondary antibody, cells were incubated with Hoechst
33,342 solution (Invitrogen), diluted 1:5000 in PBS, for 15
min at room temperature, with shaking. Cells were then
washed two times with PBS and imaged immediately on
an Operetta CLS high content imaging system (Perki-
nElmer) RRID:SCR_018810 or stored at 4 °C, protected
from light, for subsequent imaging. Images are displayed
with consistent settings across donor lines or cell types
for comparison. Quantification of DIV21 hiPSC-neuron
% Nuclei, HT7 (Tau) area, MAP2 area, and TH intensity
were performed using Harmony software (PerkinElmer)
RRID:SCR_018809.

Brain-derived Tau aggregates

Sarkosyl-insoluble protein preparation and characterization
(SI-AD)

Frozen tissue was handled as described previously [51].
Briefly, we first divided large (usually > 10 g/piece) frozen
tissues into smaller pieces (0.5—-1 mg/piece) for randomi-
zation, then prepared aliquots of large stocks of lysates
made from multiple pieces of tissue for future use. Tau
pathology of these tissues was confirmed using the HTRF
Tau aggregation assay (Cisbio) and HEK biosensor seed-
ing. Importantly, lysates derived from AD brains that
have low levels of Tau aggregates were excluded from fur-
ther use (data not shown). Sarkosyl-insoluble protein (SI-
AD and SI-Control) were prepared and characterized as
described previously [51] from pathology-confirmed AD
or non-AD donors purchased from Folio (now Discovery
Life Sciences) and Banner Health brain bank.

Sarkosyl-soluble protein preparation and characterization
(SS-AD)

Frozen samples from frontal and temporal cortex of
15 individual AD patients with Braak stages V-VI were
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homogenized, pooled and the TBS-soluble fraction S1 as
well as the corresponding sarkosyl-insoluble pellet was
generated from the pool as described previously [72]. To
purify soluble seeding competent species, the TBS-sol-
uble S1 fraction was adjusted to 1% N-lauroyl-sarkosine
(Sigma) and incubated for 1.5 h at room temperature,
followed by a high-speed centrifugation at 150 000 xg
for 3 h at 4 °C, yielding the sarkosyl-soluble supernatant
(SS1) fraction. Ultracentrifugation columns (Vivaspin
30 K concentrator spin columns; Sartorius) were used
according to manufacturer’s instructions to exchange
the buffer to PBS and achieve app. sixfold concentration
of the SS1 fraction. Further de-salting of the concen-
trate was achieved with 7 K ZebaSpin desalting columns
(Thermo Fisher), and the volume of the de-salted sample
was adjusted back to its original concentration by app.
sixfold dilution in PBS +0.1% Pluriol (Pluronic F68).
For immunoprecipitation, antibodies HJ9.2 (epitope:
amino acids 4-8 of Tau, mouse IgG2b) and PHF1 (Tau
pSer396/404, mouse IgGl; kindly provided by Peter
Davies to AbbVie through a Material Transfer Agree-
ment with Feinstein Institute) RRID:AB_2315150 were
bound and cross-linked to magnetic anti-mouse Dyna-
beads (Thermo Fisher using dimethylpimelimidate (DMP,
Thermo Fisher) in 0.2 M triethanolamine/HCl pH 8.2
according to manufacturer’s instructions. Beads linked
to HJ9.2 and PHF1 were mixed at a 1:1 ratio, washed
with PBS +0.1% Pluriol and added to the de-salted SS1
fraction. After 20 h incubation at 6 °C on a rocking plat-
form, beads were washed with PBS +0.1% Pluriol and
subjected to an elution with competition peptides span-
ning the respective antibody epitope (PHF1 competition
peptide: H-Arg-Glu-Asn-Ala-Lys-Ala-Lys-Thr-Asp-His-
Gly-Ala-Glu-Ile-Val-Tyr-Lys-Ser(PO3H,)-Pro-Val-Val-
Ser-Gly-Asp-Thr-Ser(PO3H,)-Pro-Arg-His-Leu-OH;
HJ9.2 competition peptide: H-Glu-Pro-Arg-Gln-Glu-
Phe-Glu-Val-Met-Glu-Asp-His-Ala-Gly-Thr-Tyr-Gly-
Leu-Gly-OH). Peptides were dissolved at 1.2 mg/ml each
in PBS +0.1% Pluriol, mixed at a 1:1 ratio and cleared by
a 15 min centrifugation at 16 200 X g, followed by filtra-
tion through a 30 kDa cutoff filter column (Vivaspin, GE
Healthcare). Immunoprecipitation beads were exposed
to the peptide solution for 90 min at 37 °C with shaking,
and the supernatant was collected. After a second, 30
min incubation at 37 °C of the beads with fresh competi-
tion peptide solution, the two eluate fractions were com-
bined (= peptide elution). The competition peptides were
removed from these eluate fractions using ultracentrifu-
gation columns (Vivaspin concentrator spin columns;
Sartorius, 30 kDa cutoff). The beads were subsequently
exposed to two additional elution steps using a low pH
elution buffer (100 mM glycine/HCI, pH 2.8 +140 mM
NaCl +0.1% Pluriol) for 2 min at room temperature. Low
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pH eluates were neutralized using 2 M Tris HCI pH 8.5
(1:40 dilution) for subsequent SDS-PAGE analysis. All
fractions were shock frozen on dry ice and stored at — 80
°C until further use.

ELISA- based profiling of HJ9.2 and PHF1 antibody binding
properties

For ELISA analysis, recombinant human 2N4R Tau pro-
tein was generated and subjected to heparin-based aggre-
gation to generate recombinant PHFs as described [51].
Both recombinant Tau fibrils and sarkosyl-insoluble AD
brain fractions (SI-AD) were either used in their native
state or after a denaturation treatment consisting of the
addition of an equal volume of 2 x Laemmli buffer (Bio-
Rad) supplemented with 100 mM DTT and 5 min heat
treatment at 98 °C.

For absolute quantification of total Tau and phospho-
Tau, recombinant human 2N4R Tau produced in E. coli
or in Sf9 insect cells, respectively, were used as a standard
[3]. Colorimetric sandwich ELISAs using HJ9.2 and PHF1
as capture and biotinylated Taul2 RRID:AB_2564708 as
detection antibodies were used, for quantification of total
Tau, Taul2 was used as a capture and biotinylated HT7
antibody RRID:AB_223453 as a detection reagent. ELISA
procedures are described in detail elsewhere [4]. For the
determination of binding profiles to native and denatured
antigens, dilution series were prepared for all antigens
and ELISA-based dose-response curves were generated
for each antibody. GraphPad Prism software was used for
curve fitting and calculation of the area under the curve
(AUC) values for each antibody/antigen combination to
enable a comparison of the antibody binding profiles.

SDS-PAGE analysis of SS-AD protein

Eluates as well as final SS-AD preparations were run on
4-20% Criterion TGX SDS-PAGE gels in parallel with
recombinant human 2N4R Tau as a standard. Silver
staining was performed according to Blum et al., 1987
[5]: Gels were fixed with a mix of 50% ethanol and 12%
acetic acid in H,O overnight, followed by a 1 h wash in
50% ethanol and 12% acetic acid in H,O. Three 20 min
washes with 50% ethanol in H,O were performed, fol-
lowed by a 1 min sensitization step using 0.2 g Na,S,04
in 500 ml H,O. Gels were washed three times for 20 s
in H,O and stained for 20 min with 0.4 g AgNO, in 200
ml H,O mixed with 100 pl formaldehyde (30%) in 200
ml H,O. Next, gels were washed three times for 20 s in
H,O and developed with 12 g Na,CO; in 200 ml H,O
mixed with 100 pl formaldehyde (30%) until the desired
staining intensity was achieved. Then, gels were washed
three times for 20 s in H,O and exposed to stop solution
containing 50% ethanol and 12% acetic acid in H,O for
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3 min. A final fixation step using 5% acetic acid and 16.5%
methanol in H,O was performed for 15 min.

For Western blotting, SDS-PAGE gels were blot-
ted onto 0.2 um PVDF membranes using the Trans-
Blot Turbo Transfer System (Bio-Rad). To improve the
accessibility of epitopes, the membranes were boiled
at 100 °C in PBS for 20 min, blocked in 2% BSA in PBS
+0.05% Tween-20 over night at 6 °C, washed three times
with TBS +0.05% Tween-20 +0.1% BSA and incubated
with the respective primary antibodies (Taul2, AT100
RRID:AB_223652, AT180 AB_223649) in TBS +0.1%
Tween-20 +5% skim milk powder (Sucofin) for 2 h at
room temperature. Membranes were washed three
times with TBS +0.05% Tween-20 +0.1% BSA and incu-
bated with anti-mouse secondary antibody conjugated
to horseradish peroxidase (goat anti-mouse poly-HRP,
Pierce) in TBS +0.05% Tween-20 +0.1% BSA for 1 h at
room temperature. Membranes were washed three times
with TBS +0.05% Tween-20 +0.1% BSA, washed once
with TBS and exposed to Clarity Western ECL Substrate
mixed with Peroxide solution according to manufactur-
er’s instructions (Bio-Rad) for 5 min in the dark at room
temperature. Chemiluminescent signals were detected
using the ChemiDoc Touch imaging system (Bio-Rad)
RRID:SCR 021693 and analyzed using Image Lab soft-
ware (version 6.0) RRID:SCR_014210.

Analysis of seeding competence for SS-AD

The seeding competence of different intermediate frac-
tions and the final SS-AD protein were assessed in a
twofold dilution series using the HEK293 Tau biosensor
assay as previously described [3].

For testing of SS-AD in human iPSC-derived neurons,
the hiPSC line IPSC0028 (Sigma-Aldrich, Table 1) was
differentiated into dorsal forebrain neural progenitors
and subsequently underwent terminal differentiation to
cortical excitatory hiPSC-neurons as described previ-
ously [51].

For immunocytochemistry, cells were fixed in ice-cold
methanol and stained with MC1 RRID:AB 2314773
(hiPSC-derived neurons) primary antibody, kindly
provided by Peter Davies to AbbVie through a Mate-
rial Transfer Agreement with Feinstein Institute. Stain-
ing, imaging, and image analysis procedures have been
described in detail previously [48].

Recombinant Tau aggregates
Recombinant human Tau PHFs (2 N4R P301L) were pre-
pared as described previously [51].

Synuclein pre-formed fibrils
Wildtype full-length human o-synuclein pre-formed
fibrils (PFFs) were generated as described previously [65]
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and obtained from the Luk laboratory at the University
of Pennsylvania [at a stock concentration of 5 mg/mL in
Dulbecco’s PBS (DPBS)]. PFFs were diluted to 0.1 mg/mL
in Dulbecco’s PBS (DPBS) and sonicated for 1 min at 30%
amplitude with 1 s on, 1 s off pulses using a QSonica 500
water bath sonicator RRID:SCR_025441.

Tau aggregation assays

SI-AD and SS-AD Tau aggregation assays

Tau aggregation assays were performed as previously
described [51]. Briefly, SI-AD or SS-AD protein was
diluted to the appropriate concentration in neuronal
maintenance media and the appropriate volume of
diluted SI-AD or SS-AD protein was added to DIV16
hiPSC-neurons. Media was exchanged post-seeding
on DIV19 for the first time and regular, biweekly media
changes took place until DIV44. DIV44 hiPSC-neurons
were fixed with ice cold 100% methanol (Sigma) at —20
°C for 15 min, followed by three PBS washes.

Tau aggregation immunofluorescence

Methanol fixed, DIV44 hiPSC-neurons were incubated
with blocking buffer composed of 3% Bovine Serum
Albumin (BSA) (Millipore) in PBS, for 1 h at room tem-
perature, with shaking. Following blocking, primary
antibodies were diluted in blocking buffer and filtered
through a 0.22 pm Spin-X column (Corning) and added
to hiPSC-neurons overnight at 4 °C, with shaking. The
following day, hiPSC-neurons were washed three times
with PBS and incubated with Alexa Fluor™ secondary
antibody, diluted 1:500 in blocking buffer, and filtered
through a 0.22 pm Spin-X column (Corning), for 1 h at
room temperature, with shaking. Following secondary
antibody incubation, hiPSC-neurons were incubated
with Hoechst 33,342 solution (Invitrogen), diluted 1:5000
in PBS, for 15 min at room temperature, with shaking.
hiPSC-neurons were subsequently washed two times
with PBS and imaged on an Opera Phenix high con-
tent imaging system (PerkinElmer) RRID:SCR_021100.
Quantification of MC1-positive spot area, HT7 area, and
MAP2 area were performed using Harmony software
(PerkinElmer) RRID:SCR_018809.

Synuclein aggregation assays

Synuclein pre-formed fibril (PFF) aggregation assays

Prior to addition to hiPSC-neuron cultures, freshly soni-
cated synuclein PFFs were diluted to a 2 X concentration
in prewarmed neuronal maintenance media (NMM).
2% synuclein PFFs were added at 1x to DIV21 hiPSC-
neurons. hiPSC-neurons were maintained for 6 weeks
following PFF addition and 1/3 media changes were per-
formed twice weekly. After 6 weeks, hiPSC-neurons were
fixed with 4% PFA (Thermo Fisher).
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Synuclein aggregation immunofluorescence

PFA fixed, DIV63 hiPSC-neurons were incubated with
blocking buffer composed of 3% Bovine Serum Albumin
(BSA) (Millipore) in PBS, for 1 h at room temperature,
with shaking. Following blocking, hiPSC-neurons were
incubated with primary antibodies, diluted in blocking
buffer and filtered through a 0.22 pm Spin-X column
(Corning), overnight at 4 °C, with shaking. The following
day, hiPSC-neurons were washed three times with PBS
and incubated with Alexa Fluor" secondary antibody,
diluted 1:500 in blocking buffer and filtered through a
0.22 um Spin-X column (Corning), for 1 h at room tem-
perature, with shaking. Following secondary antibody
incubation, hiPSC-neurons were incubated with Hoechst
33,342 solution (Invitrogen), diluted 1:5000 in PBS, for
15 min at room temperature, with shaking. hiPSC-neu-
rons were subsequently washed two times with PBS and
imaged on an Opera Phenix high content imaging system
(PerkinElmer) RRID:SCR_021100.

siRNA knockdown

SiRNA treatment

One day prior to transfecting hiPSC-neurons with
siRNA (DIV12), hiPSC-neuron media was replaced with
100 pL NMM without penicillin and streptomycin. On
DIV13, hiPSC-neurons were transfected with 25 nM
Silencer Select siRNA (Thermo Fisher), using the Stem-
fect RNA transfection kit (Reprocell) according to man-
ufacturer instructions. The following day, two thirds of
the media was replaced with NMM without penicillin/
streptomycin.

Confirmation of gene knockdown

Three days post siRNA-treatment (DIV16), hiPSC-neu-
ron lysates were collected for total RNA isolation. RNA
extraction and quantitative PCR analysis were completed
as described above in “RNA isolation and quantitative
PCR”.

Tau aggregation assays in siRNA treated hiPSC-neurons
siRNA treated hiPSC-neurons were seeded with 0.5 nM
SI-AD protein on DIV16 and methanol-fixed four weeks
later (DIV44) for IF analysis.

Tau uptake and degradation analysis

pHrodo labeling of sPHFs and a-synuclein PFFs

pHrodo " labeling was carried out with the pHrodo "
Antibody Labeling Kit (Thermo Fisher) according to
manufacturer’s instructions, with some modifications.
Briefly, Tau sPHFs and a-synuclein PFFs were diluted to
1 mg/mL with PBS and sodium bicarbonate solution pro-
vided with the kit. Subsequently, sPHFs and PFFs were
incubated with pHrodo " red dye (freshly resuspended
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to 1 mg/mL in DMSO) using a molar ratio of dye to
protein of 7:1. sPHFs were incubated with dye for 30
min at room temperature, at which point 100 mM Tris
HCI pH 7.5 was added to stop the dye labeling reaction.
Labeled sPHFs and PFFs were then run through PD Spin-
Trap'" G-25 columns (Cytiva) according to manufacturer
instructions to separate labeled sPHFs from remaining
unbound pHrodo™ dye. Protein concentration of the
resulting pHrodo'" labeled sPHFs was determined using
a Micro-BCA™ Protein assay (Thermo Fisher).

Alexa Fluor 594 labeling of sPHFs for Tau uptake probe

Tau sPHFs were diluted to 1 mg/mL with 0.1M sodium
bicarbonate (Sigma). A594 dye (Invitrogen) was added
at a final molar ratio of 1:1 dye to protein. The sPHFs
plus A594 dye were incubated for 30 min at room tem-
perature. Labeled sPHFs were then run through PD Spin-
Trap' " G-25 columns (Cytiva) according to manufacturer
instructions to separate labeled sPHFs from remaining
unbound A594 dye. Protein concentration of the result-
ing A594 labeled sPHFs was determined using a Micro-
BCA"™ Protein assay (Thermo Fisher).

Alexa Fluor 594 plus black hole quencher labeling for Tau
degradation probe

To generate the Tau degradation probe, sPHFs labeled
with A594 dye were incubated with black hole quencher
3 succinimidyl ester dye (BHQ3) (Bioresearch Tech-
nologies). Briefly, BHQ3 dye was added to A594 labeled
sPHFs at a 1:10 dye to protein ratio and incubated for 30
min at room temperature. Labeled sPHFs were then run
through PD SpinTrap " G-25 columns (Cytiva) according
to manufacturer instructions to separate labeled sPHFs
from remaining unbound A594 dye. Protein concentra-
tion of the resulting A594 and BHQ3 labeled sPHFs was
determined using a Micro-BCA™ Protein assay (Thermo
Fisher).

pHrodo labeled sPHF treatment and imaging

pHrodo™ labeled sPHFs were diluted in neuronal main-
tenance media and added to DIV16 hiPSC-neurons at
a final concentration of 50 nM. Live cell images were
taken at 20 X magnification every hour, starting 4 h after
pHrodo " sPHF treatment, continuing 76 h post-treat-
ment on an Incucyte S3 (Sartorius) RRID:SCR_023147.
Quantification of Tau uptake in pHrodo sPHF treated
hiPSC-neurons was performed using the Incucyte S3
2018 A software RRID:SCR_023147 and normalized to
TUBB3 area.

Tau uptake and degradation probe treatment and imaging
Alexa fluor 594 (A594) labeled sPHFs (Tau uptake probe)
or A594 +Black hole quencher 3 (BHQ3) labeled sPHFs
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(Tau degradation probe) were diluted in neuronal main-
tenance media and added to DIV16 hiPSC-neurons at
a final concentration of 50 nM. Live cell images were
taken at 40 X magnification every 4 h, starting at the
time of labeled sPHF addition (t =0), using an Opera
Phenix high content imaging system (PerkinElmer)
RRID:SCR_021100. Quantification of A594 signal was
carried out using Harmony analysis software (Perki-
nElmer) RRID:SCR_018809. For analysis of lysosomal
dependent Tau degradation, cells were treated with 3 nM
bafilomycin Al (Sigma) at the time of Tau degradation
probe addition. Lysosomal dependent degradation quan-
tification represents the ratio of Tau degradation probe
signal in hiPSC-neurons without bafilomycin Al to the
Tau degradation probe signal in hiPSC-neurons treated
with bafilomycin Al. Hoechst 33,342 solution (Invitro-
gen) was added, at a 1:30,000 dilution, alongside fluo-
rescently labeled sPHFs to allow visualization of nuclei.
Quantification of the sum intensity of A594 spots and
nuclei number were performed using Harmony software
(PerkinElmer) RRID:SCR_018809.

SI-AD transfection

One day prior to SI-AD transfection (DIV15), hiPSC-neu-
ron maintenance media was replaced by neuronal main-
tenance media lacking penicillin/streptomycin. On the
day of seeding, SI-AD protein was diluted in a 1:10 mix-
ture of Stemfect’ RNA transfection reagent:Stemfect
transfection buffer (Reprocell) or an equal volume of
Stemfect” transfection buffer without Stemfect” trans-
fection reagent. SI-AD mixtures with or without Stem-
fect™ transfection reagent were incubated at room
temperature for 20 min and then diluted in neuronal
maintenance media to the appropriate SI-AD concentra-
tion. SI-AD with or without Stemfect™ transfection rea-
gent was added to DIV16 hiPSC-neurons. On DIV19, the
first post-seeding media exchange was performed, fol-
lowed by regular biweekly media exchanges until DIV44,
at which point hiPSC-neurons were methanol fixed for IF
analysis.

Identification of common upregulated genes

between hiPSC-neuron RNA-seq and AD brain
single-nucleus-RNA-sequencing

Differential gene expression analysis was conducted
on the hiPSC-neuron scRNA-seq data using a non-
parametric Wilcoxon rank sum test in Seurat [50, 55]
RRID:SCR_007322, comparing cortical inhibitory hiPSC-
neurons vs hypothalamic hiPSC-neurons, cortical inhibi-
tory hiPSC-neurons vs mDA hiPSC-neurons, and cortical
inhibitory hiPSC-neurons vs spinal cord hiPSC-neurons.
Overlapping upregulated genes from scRNA-seq com-
parisons were examined for overlap with upregulated
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genes between the PBS-treated cortical inhibitory hiPSC-
neuron vs PBS-treated hypothalamic hiPSC-neuron bulk
RNA-seq analysis described above. Differential gene
expression data from a published snRNA-seq data human
AD brain dataset was used to identify upregulated genes
in AT8-positive vs AT8-negative neurons [64]. Common
upregulated genes were identified by comparing upregu-
lated genes from the cortical inhibitory hiPSC-neurons vs
resilient hiPSC-neurons and upregulated genes from the
AT8-positive vs AT8-negative neurons from snRNA-seq
of human AD brains. For enrichment analyses, hyper-
geometric tests were performed using clusterProfiler [88,
90] RRID:SCR_016884. The background gene lists list
included the intersection of all genes tested for differen-
tial expression among the three datasets (hiPSC-neuron
bulk RNA-seq, hiPSC-neuron snRNA-seq, and published
AD brain snRNA-seq).

Statistical analysis

Statistical analyses were performed using GraphPad
Prism RRID:SCR_002798. Datasets were analyzed using
either a one-way ANOVA with Tukey’s test (for datasets
with one variable) or a two-way ANOVA with Tukey’s
test (for datasets with two variables). P-values were set as
follows: * p< 0.05, ** p< 0.01, *** p< 0.001, **** p< 0.0001.
Biological replicates refer to the use of different hiPSC
donor lines within an experiment while technical repli-
cates refer to independent measurements from separate
wells of the same hiPSC donor line.

Figures
All figures were generated with Adobe Illustrator version
24.0 RRID:SCR_010279.

Results

Establishing hiPSC-derived neuronal models for studying
selective vulnerability to Tau pathology

To determine whether different hiPSC-neuronal sub-
types display unique propensities to form endogenous
Tau aggregates that mimic the patterns of neuronal sus-
ceptibility observed in AD patients, we first differentiated

(See figure on next page.)

Page 13 of 32

hiPSC lines from clinically undiagnosed, apparently
healthy donors into neurons expressing neuronal mark-
ers associated with either forebrain (cortical inhibitory,
cortical excitatory, and hypothalamic), midbrain (mid-
brain dopaminergic), or hindbrain (spinal cord) identi-
ties. For our studies, 5 hiPSC donor lines were selected
from individuals with differing sexes, ages, and apolipo-
protein E (APOE) genotypes (Table 1). All hiPSC lines
expressed OCT4 and NANOG, markers associated with
the undifferentiated state (Supplementary Fig. 1a). The
5 hiPSC donor lines were differentiated into 5 distinct
neuronal subtypes via small molecules based on estab-
lished protocols [12, 21, 51, 59] (Fig. 1a). Characteriza-
tion of dorsal and ventral forebrain neural progenitor
cells (NPCs) indicated high expression of the neuroec-
toderm marker, PAX6, and low levels of common con-
taminants, including SOX10 (neural crest) and AP2«a
(non-neural ectoderm) (Supplementary Fig. 1b). Mid-
brain NPCs expressed OTX2 (forebrain/midbrain) and
LMX1 A (midbrain) but not PAX6 while dorsal forebrain
NPCs, which were PAX6-positive/ OTX2-positive/LMX1
A-negative (Supplementary Fig. 1c). Spinal cord NPCs
expressed OLIG2 (hindbrain) and NKX6.1 (ventral neu-
ral tube) but not FOXG1 (forebrain) or OTX2 in contrast
ventral forebrain NPCs which expressed FOXG1 and
OTX2 and were negative for OLIG2 and NKX6.1 (Sup-
plementary Fig. 1d).

Following further differentiation and 21 days of subse-
quent neuronal maturation without replating (DIV21),
the resulting neuronal populations were characterized
across donor lines using a 96-gene qRT-PCR panel com-
posed of pan-neuronal, glial, NPC, and neuron subtype-
specific markers (Table 2). Principal component analysis
revealed that the hiPSC-neurons largely clustered by sub-
type protocol and not by donor (Fig. 1b). DIV21 hiPSC-
neurons expressed the pan-neuronal markers TUBB3,
MAP2, SYN1, SYB DCX, RBFOX3 (NeuN), and MAPT
regardless of subtype (Fig. 1c). Each neuronal subtype
also expressed appropriate regional identity markers,
with cortical neurons expressing FOXGI, the mDA neu-
rons expressing FOXA2, ENI, OTX2, DDC, LMXI A,

Fig. 1 Establishing hiPSC-derived neuronal models for studying selective vulnerability to Tau pathology. a Schematic depicting hiPSC
differentiation to distinct neuronal subtypes along with their identifying marker gene expression. Created with BioRender.com. b PCA of DIV21
96 target gene expression data from 5 hiPSC-neuron subtypes across 5 hiPSC donor lines. The proportion of variance for PC1 is 20.73%,

while the proportion of variance for PC2 is 17.04%. c Heat map with hierarchical clustering depicts select marker gene expression at DIV21

in 5 hiPSC-neuron subtypes across 5 hiPSC donor lines. Log10 normalized expression values are scaled per neuronal population to indicate
highly expressed genes. Cl = cortical inhibitory hiPSC-neurons, CE =cortical excitatory hiPSC-neurons, Hypo =hypothalamic hiPSC-neurons,
mDA =midbrain dopaminergic hiPSC-neurons, SC =spinal cord hiPSC-neurons. d Immunofluorescence of DIV21 hiPSC-neurons differentiated
to 5 distinct neuronal subtypes. Scale bar =50 um. e Quantification of DIV21 hiPSC-neuron percent of nuclei positive for cortical layer (CTIP2,
TBR1) and regional identity markers (FOXG1, FOXA2, and HOXB4). F Western blot analysis of total Tau (TauC, red) and actin (green) from DIV16
hiPSC-neurons differentiated to 5 neuronal subtypes. L= ladder, labeled with molecular weight (kDa)
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and TH, and the spinal cord neurons expressing HOXCS,
PHOX2 A, and PHOX2B. The cortical inhibitory and
cortical excitatory neurons were further separable based
on their cortical layer and neurotransmitter-associated
markers. Cortical inhibitory neurons expressed BCL11B
(cortical layer V) and SLC32 A1 (inhibitory, VGAT) while
cortical excitatory neurons expressed TBRI (cortical
layer VI) and SLC17 A6 (excitatory, VGLUT2). While the
hypothalamic neurons were derived from the same NPC
intermediate as the cortical inhibitory neurons, treat-
ment of the NPCs with SAG, FGF-8a, and BMP9 was
sufficient to induce TH expression, which has previously
been associated with a hypothalamic identity when co-
expressed with SST [69]. mDA neurons expressed TH,
DDC, and OTX2, consistent with a dopaminergic iden-
tity. Spinal cord neurons expressed CHAT and SLCI18 A3,
consistent with a cholinergic identity (Fig. 1c).
Immunofluorescence (IF) analysis was used to con-
firm protein expression of genes found to be differ-
entially expressed at the RNA level, providing further
confidence in the distinct identities of the hiPSC-derived
neuronal subtypes (Fig. 1d and e). Representative images
from a single donor line (IPSC0028) showed that cor-
tical inhibitory hiPSC-neurons expressed the deep
layer cortical marker CTIP2 (BCLI11B), cortical excita-
tory hiPSC-neurons expressed the deep layer cortical
excitatory marker TBR1, hypothalamic hiPSC-neurons
expressed TH protein, mDA hiPSC-neurons expressed
the midbrain marker FOXA2 and the dopaminergic
marker TH, and spinal cord hiPSC-neurons expressed
the hindbrain marker HOXB4 (Fig. 1d). scRNA-seq also
showed co-expression of BCLI1B and SST in hiPSC-
neurons derived using the cortical inhibitory protocol,
co-expression of TBR1 and SLC17 A6 in hiPSC-neurons
derived using the cortical excitatory protocol, co-expres-
sion of FOXG1 and TH in hiPSC-neurons derived using
the hypothalamic protocol, co-expression of FOXA2 and
LMX1 A in hiPSC-neurons derived using the mDA pro-
tocol, and co-expression of HOXB4 and CHAT in hiPSC-
neurons derived using the spinal cord-like protocol

(See figure on next page.)
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(Supplementary Fig. 2a—f). In addition, DIV21 IF quan-
tification demonstrated the reproducibility of marker
gene expression across donor lines (Fig. 1e). Consistent
with observations from DIV21 qRT-PCR (Fig. 1b), the
ACS-1023 hypothalamic neurons were an outlier relative
to hypothalamic populations derived from other hiPSC
donor lines, with a higher percentage of TBR1-positive
nuclei (Fig. 1e). This provided further support to exclude
the ACS-1023 hypothalamic neurons due to challenges
with achieving a similar identity across donors which was
critical for subsequent experiments.

Critically, while Tau and MAP2 IF staining in the
hiPSC-neurons highlighted morphological differences in
axonal and dendritic networks between the distinct sub-
types (Fig. 1d), qPCR and western blot analysis revealed
no differences in MAPT RNA or total Tau protein
expression across the neuronal subtypes (Supplemen-
tary Fig. 1f; Fig. 2g). The maturation status of the differ-
ent neuron subtypes was also evaluated by applying the
neuron maturity index (NMI) [36], which showed no dif-
ference in maturation between subtypes (Supplementary
Fig. 2h).

Distinct hiPSC-derived neuronal subtypes show differential
susceptibility to seeding with AD brain-derived Tau
aggregates

Given the spatiotemporal pattern of Tau pathology
spread observed in AD, we predicted that an in vitro
model that recapitulates the human disease would show
that forebrain-like hiPSC-neurons display the highest
vulnerability to seeding with Tau seeds (i.e. more Tau
aggregation), while midbrain- and hindbrain-like hiPSC-
neurons would be more resilient. We utilized an estab-
lished high content Tau seeding aggregation assay to
measure vulnerability to Tau in hiPSC-derived neurons
[51]. This assay does not require Tau overexpression and
triggers endogenous, insoluble Tau aggregation following
seeding with AD brain-derived Tau without overt toxic-
ity. hiPSC-derived neurons were seeded with sarkosyl-
insoluble Tau enriched from AD brain tissue (SI-AD) at

Fig. 2 Distinct hiPSC-derived neuronal subtypes show differential vulnerability to seeding with AD brain-derived Tau pathology. a Representative
DIV44 images from hiPSC-neuronal subtypes seeded with 1 nM SI-AD. MC1 labels Tau aggregates; MAP2 labels dendrites. Scale bar =50 pm. b
Quantification of MC1-positive spot area normalized to soluble Tau (HT7) area at DIV21 in 5 hiPSC-neuron subtypes across 5 donor lines, seeded
with range of SI-AD concentrations. Data normalized to cortical inhibitory hiPSC-neurons seeded with 1 nM SI-AD. Data represents the average of 4
or 5 biological replicates +SD (3 technical replicate wells, 30 fields per well). ns =not significant, *=p-value <0.05, ** =p-value <0.01, *** =p-value
<0.001, **** = p-value <0.0001 according to one-way ANOVA with Tukey’s test. ¢ Representative DIV44 images from unseeded hiPSC-neurons

(left) or hiPSC-neuronal subtypes seeded with 1 nM SS-AD. MC1 labels tau aggregates; MAP2 labels dendrites. Scale bar =50 pm. d Quantification
of MC1-positive spot area normalized to soluble Tau (HT7) area at DIV21 in 5 hiPSC-neuron subtypes across 3 donor lines, seeded with range

of SS-AD concentrations. Data normalized to cortical inhibitory hiPSC-neurons seeded with 1 nM SI-AD. Data represents the average of 2 or 3
biological replicates +SD (3 technical replicate wells, 30 fields per well). ns =not significant, ** =p-value <0.01 according to one-way ANOVA

with Tukey's test
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0.25, 0.5, or 1 nM on DIV16 (i.e. 16 days after neuron
maturation in the final assay plate). Four weeks post
treatment [51], cells were fixed with methanol to remove
soluble Tau and endogenous Tau aggregation was quan-
tified using IF labeling with MC1, a conformation-spe-
cific antibody against pathological Tau [40], followed by
high content imaging. MC1 immunoreactivity in hiPSC-
neurons 4 weeks post exogenous Tau aggregate addition
revealed the presence of endogenous Tau aggregates
triggered by the application of SI-AD material (Fig. 2a).
Quantification of MC1-positive insoluble Tau aggregates
revealed that the cortical inhibitory neurons consistently
displayed the most Tau aggregation among the neuron
subtypes tested and across donor lines (Fig. 2a and b,
Supplementary Fig. 3). In contrast, the cortical excitatory,
hypothalamic, mDA, and spinal cord neurons showed
lower levels of Tau aggregation relative to the cortical
inhibitory neurons. Interestingly, the TBR1-positive cor-
tical excitatory neurons showed more variability in their
relative Tau aggregation levels across donor lines, with
the cortical excitatory neurons derived from the ACS-
1023 and BIOMEDi004-A donors having more similar
aggregation relative to their respective cortical inhibitory
neurons.

We then investigated whether the susceptibility to Tau
aggregation was influenced by the type of seeding-com-
petent Tau species used. For this purpose, we isolated
sarkosyl soluble Tau aggregates (SS-AD) from AD-brain
[45]. While SI-AD is believed to represent neurofibril-
lary tangle brain deposits, SS-AD contains smaller solu-
ble Tau aggregates more likely to be responsible for the
propagation and spread of Tau pathology from neuron
to neuron in AD-brain [28] (for a detailed description of
biochemical and seeding properties of SS-AD, see Sup-
plementary Fig. 4). While SS-AD triggered lower total
Tau aggregation relative to SI-AD (Fig. 2c), SS-AD seed-
ing led to a similar pattern of relative Tau aggregation
levels observed with SI-AD seeding. CTIP2-positive SST-
positive cortical inhibitory hiPSC-neurons consistently
showed the highest relative Tau aggregation levels, while
hypothalamic, mDA, and spinal cord hiPSC-neurons
showed lower relative Tau aggregation levels on average
(Fig. 2c and d, Supplementary Fig. 5). Similar to our find-
ings with SI-AD, cortical excitatory neurons seeded with
SS-AD showed higher donor line variability in their Tau
aggregation outcome relative to other neuronal subtypes,
with the cortical excitatory neurons derived from the
BIOMEDIi004-A donor having more similar aggregation
relative to their respective cortical inhibitory neurons
(Fig. 2c). Taken together, these data suggest that the pat-
tern of susceptibility to Tau aggregation is independent
of a specific pathological Tau fraction contained in the
seeding material.
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Finally, we evaluated whether the ability of hiPSC-
neurons to exhibit differential susceptibility is unique to
seeding with Tau. While Tau pathology affects forebrain
neurons early in AD, aggregated a-synuclein which gives
rise to Lewy bodies, the pathological hallmark of PD,
occurs earlier in mDA neurons as compared to forebrain
neurons [31]. In line with this pattern of vulnerability,
Brazdis et al. found that mDA hiPSC-neurons derived
from a donor line carrying a SNCA duplication associ-
ated with familial PD show increased a-synuclein aggre-
gation and higher susceptibility to a-synuclein toxicity
relative to cortical hiPSC-neurons derived from the same
donor line [9]. Here, we used a-synuclein pre-formed
fibrils (PFFs), which are capable of seeding aggregation
of endogenous a-synuclein in vitro and in vivo [14], to
test the inherent susceptibility of hiPSC-neurons to these
exogenous aggregates. a-synuclein PFFs were added to
hiPSC-neurons matured for 21 days. Consistent with the
patterns of vulnerability observed in PD, seeding with
PFFs resulted in a concentration-dependent increase in
pS129 a-synuclein, a marker of aggregated a-synuclein
[27], in mDA hiPSC-derived neurons (Supplementary
Fig. 6a and b). In contrast, cortical excitatory hiPSC-
neurons seeded with a-synuclein PFFs displayed almost
no detectable pS129 a-synuclein relative to mDA hiPSC-
neurons despite similar expression levels of SNCA (Sup-
plementary Fig. 6a—c). These findings further support the
dependence of aggregation propensity on the compat-
ibility between the aggregated exogenous protein and the
neuronal subtype.

Exogenous aggregate uptake is similar across neuronal
subtypes

One possible explanation for the differences observed in
aggregation load between neuronal subtypes could be
differences in uptake of the exogenous aggregates. To this
end, we examined exogenous Tau uptake rates in the dis-
tinct neuronal subtypes using pHrodo 568, a pH sensitive
dye that enables measurement of a fluorescent signal trig-
gered by entry into acidic cellular compartments, such as
the endosome or lysosome, over time. Attempts to label
SI-AD or MCl-immunopurified AD (MC1-AD) mate-
rial were unsuccessful, likely due to the low concentra-
tion of Tau as well as the relative impurity in SI-AD and
MC1-AD (data not shown). As a suitable pure alternative,
sonicated 2N4R P301L recombinant Tau PHF (sPHF)
were labeled with pHrodo dye as performed previously
[22] and hiPSC-derived neurons were treated with 50
nM pHrodo-labeled sPHF. Unexpectedly, subtypes more
resilient to forming Tau aggregates, including mDA
and spinal cord-like neurons, showed accelerated sPHF
uptake relative to the highly vulnerable cortical inhibi-
tory neurons (Supplementary Fig. 7a and b). Similarly,
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we measured pHrodo-labeled a-synuclein PFF uptake
in mDA and cortical excitatory hiPSC-derived neurons
to determine whether uptake rates contribute to the
selective vulnerability of mDA neurons to a- synuclein
PFFs. No differences were observed in recombinant
monomeric a-synuclein or a-synuclein PFF uptake rates
between the vulnerable mDA-like neurons and the more
resilient cortical-like neurons (Supplementary Fig. 7c).
Since pHrodo dye emission increases in acidic environ-
ments, we wondered if the results could suggest a higher
lysosomal degradation rate of sPHF rather than a dif-
ference in sPHF uptake. To distinguish between uptake
and degradation rates, we utilized a non-pH sensitive
fluorescent dye, Alexa Fluor 594 (A594), in combina-
tion with a quencher. sSPHF labeled with A594 and the
quencher (QA594 sPHF) produce a fluorescent signal
only when the labeled sPHF is degraded, releasing the
quencher from the fluorescent dye (Fig. 3a). Therefore,
sPHF labeled only with A594 (A594 sPHF) could be used
to measure Tau uptake rates, while QA594 sPHF could
be used to measure degradation rates. Results obtained
using A594 sPHF were consistent with pHrodo-labeled
sPHF data, with more Tau-resilient subtypes (the spinal
cord and mDA neurons) showing higher uptake rates and
more total uptake than the more Tau-vulnerable sub-
type (cortical inhibitory neurons) (Fig. 3b). Interestingly,
hypothalamic neurons, which have a low susceptibility to
forming Tau aggregates, displayed similar rates of sPHF
uptake and total uptake compared to the highly vulnera-
ble cortical inhibitory neurons (Fig. 3b and c). Spinal cord
and mDA neurons also showed the highest QA594 signal,
consistent with a higher rate of Tau degradation. How-
ever, only the spinal cord neurons showed an increased
rate of sSPHF degradation when data was normalized to
sPHF uptake (Fig. 3d). Spinal cord neurons are also the

(See figure on next page.)
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only neuronal subtype tested which showed an increase
in lysosomal dependent degradation, which measures
the change in sPHF degradation in the presence of the
lysosomal deacidifier, bafilomycin Al (Fig. 3e). These
data suggest that while differences in degradation of Tau
aggregates may partially explain the resilience of the spi-
nal cord-like neurons, enhanced degradation is not likely
a universal mechanism or the only mechanism to confer
resilience.

Because efforts to label SI-AD with dyes were unsuc-
cessful and sPHF does not induce aggregation of endog-
enous Tau in hiPSC-neurons expressing wild-type Tau
[51], we then asked whether bypassing endogenous Tau
aggregate uptake pathways could confirm our finding
that the differences in susceptibility to form Tau pathol-
ogy cannot simply be explained by differences in Tau
aggregate uptake alone. To this end, SI-AD material was
packaged in lipid components to enable passive transport
across the plasma membrane similar to the route of Tau
seeding used in HEK cells [37]. In all neuronal subtypes
tested, lipid-assisted seeding increased the levels of Tau
aggregation (Fig. 3f). Interestingly, the Tau aggrega-
tion was impacted mostly in spinal cord neurons (ratio
of transfected to untransfected Tau aggregation is ~4;
Fig. 3g); however, the increase was not enough to be on
par with cortical inhibitory neurons (CI =2.1 vs spinal
cord =1.3) (Fig. 3f), suggesting that additional mecha-
nisms contribute to the different abilities to form Tau
aggregates.

RAB?7 A genetic knockdown increases seeded Tau
aggregation across neuronal subtypes

Another possible explanation for differential suscep-
tibility across neuronal subtypes could be differences
in endosomal trafficking of exogenous Tau aggregates

Fig. 3 Comparing Tau seed uptake and degradation across distinct hiPSC-neuron subtypes. a Sonicated paired helical filaments (sPHFs, 2N4R
P301L) labeled with Tau uptake probe (A594, not depicted in schematic) or Tau degradation probe (QA594, example shown in schematic) produce
a fluorescent signal following hiPSC-neuron uptake (A594 rPHFs) or intracellular degradation (QA594 rPHFs). Adapted from “Cellular Uptake

of MIL-89 Nanoparticles into Endocytic Vesicles’, by BioRender.com (2024). b Quantification of Tau uptake normalized to nuclei count over a 12-h
timecourse (left) and at the final timepoint (right) in DIV16 hiPSC-neurons treated with 50 nM A594 sPHFs (Tau uptake probe). Data represents

the mean +SD (3 technical replicate wells, 12 fields per well). *=p-value <0.05, ** =p-value <0.01, **** = p-value <0.0001 according to one-way
ANOVA with Tukey's test. ¢ Representative live cell images of Tau uptake in DIV16 hiPSC-neurons 12 h post-treatment with 50 nM A594 sPHFs

(tau uptake probe). 594 fluorescence represents sPHF uptake, nuclei stained with Hoechst dye. Scale bar =50 um. d Ratio of Tau degradation

to Tau uptake in DIV16 hiPSC-neurons 12 h post-treatment with 50 nM QA594 sPHFs (Tau degradation probe). Data represents the mean +SD (3
technical replicate wells, 12 fields per well). ** = p-value <0.01, *** =p-value <0.001 according to one-way ANOVA with Tukey’s test. e Quantification
of Tau degradation normalized to Tau degradation in BafA1 pretreated DIV16 hiPSC-neurons 12 h post-treatment with 50 nM QA594 sPHFs (tau
degradation probe). Data represents the mean +SD (3 technical replicate wells, 12 fields per well). *=p-value <0.05, ** =p-value <0.01, *** =p-value
<0.001 according to one-way ANOVA with Tukey's test. f Quantification of MC1-positive spot area normalized to HT7 area in DIV44 hiPSC-neurons
seeded with 0.5 nM SI-AD alone or in combination with StemFect. Data represents the mean +SD (3 technical replicate wells, 20 fields per well).

g Ratio of transfected Tau aggregation to untransfected Tau aggregation in DIV44 hiPSC-neurons seeded with 0.5 nM SI-AD alone (untransfected)
or in combination with StemFect (transfected). Data represents the mean +SD (3 technical replicate wells, 20 fields per well). Dotted line indicates

a 1:1 ratio. *=p-value <0.05 according to one-way ANOVA with Tukey's test
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as a mediator of aggregation [13, 78]. To this end, we preferentially affect aggregation levels in a subset of our
examined whether impairing the endosomal system 5 hiPSC-derived neuronal subtypes where Tau aggre-
via RAB7 A genetic knockdown [38, 79, 81, 89] would gates may be more rapidly degraded. Equivalent levels of
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RAB7 A expression were detected by scRNA-seq across
all subtypes, indicating no inherent differences between
Tau-vulnerable and Tau-resilient neurons and no het-
erogeneity within each differentiation protocol (Fig. 4a).
siRNA knock down of RAB7 A prior to SI-AD treatment
reduced RAB7 A mRNA by more than 90% relative to
non-targeting control (NTC) siRNA (Supplementary
Fig. 8a). Knockdown of RAB7 A significantly increased
MC1-positive Tau aggregation levels relative to NTC
siRNA in all subtypes except the mDA neurons where a
trend was still observed (Fig. 4b and c). Surprisingly, the
increased Tau aggregation observed with RAB7 A knock-
down was not associated with decreased sPHF degrada-
tion rates (i.e. more endosomal escape) 12 h post-seeding
in the majority of hiPSC-neuron subtypes as measured
by QA594 fluorescence, except for a modest, but statisti-
cally significant, decrease in spinal cord hiPSC-neurons
with one of two RAB7 A siRNAs (s15442) (Supplemen-
tary Fig. 8b).

3.5. Bulk RNA-seq identifies basal transcriptional
differences between a vulnerable and resilient neuronal
subtype but no consistent transcriptional changes
following SI-AD treatment.

We next asked whether hiPSC-derived neurons with
differential susceptibility to forming Tau aggregates
have unique transcriptional responses to seed-induced
Tau aggregation. We selected the cortical inhibitory
and hypothalamic neuron subtypes based on their
highly contrasting susceptibility to Tau aggregation
despite their derivation from the same neural progeni-
tor cell population (Fig. 1a) to minimize differential
expression due to the unique neuronal identities and
based on their similar Tau aggregate uptake proper-
ties (Fig. 3b). The neurons were treated with SI-AD,
sarkosyl-insoluble extracts prepared from control
donor brains (SI-control [51]), or PBS for 72 h and
then subjected to bulk RNA-seq (Fig. 5a). We did not
detect consistent transcriptional changes with SI-AD
treatment relative to seeding with SI-control in either
cortical inhibitory or hypothalamic neurons derived
from three donor lines (Fig. 5b, Supplementary Fig. 9a).
Furthermore, any non-significant changes observed

(See figure on next page.)
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showed a similar trend in both SI-AD- and SI-control-
treated hiPSC-neurons relative to PBS-treated hiPSC-
neurons (Supplementary Fig. 9a), suggesting a response
to protein added that was not specific to Tau. A lack of
consistent transcriptional changes was also observed
in hiPSC-derived neurons collected 1-, 2-, and 3 weeks
post SI-AD seeding and in hiPSC-neurons treated with
a-synuclein PFFs relative to hiPSC-neurons treated
with a-synuclein monomer (data not shown). Taken
together, these findings suggest that an overt transcrip-
tional response to aggregate seeding does not underly
the differences in aggregation propensity in the in vitro
model.

Next, we focused on baseline transcriptional differ-
ences between the neuronal subtypes in the control
(PBS-treated) condition to define a signature of intrinsic
baseline properties that could be interrogated to identify
genes that confer differential susceptibility to Tau aggre-
gation. We identified 2,855 upregulated genes and 2,353
downregulated genes in cortical inhibitory neurons rela-
tive to hypothalamic neurons that were shared across
the 3 donor lines (Fig. 5¢c and d, Supplementary Fig. 9b,
Additional File 1). Enrichment analysis of the common
downregulated genes in cortical inhibitory hiPSC-neu-
rons relative to hypothalamic hiPSC-neurons showed
significant enrichment of peptidase inhibitor, peptidase
regulator, and endopeptidase inhibitor activity pathways
(Supplementary Fig. 9c). Studies have demonstrated Tau
cleavage by peptidases and this process has been pro-
posed to favor Tau aggregation [67, 91]. Further, Tau
fragments are associated with the pronase resistant core
of AD PHF [85] and certain Tau fragments in the cere-
brospinal fluid (CSF) could have utility for discriminating
AD patients from control [15, 42]. Genes downregulated
in Tau-vulnerable cortical inhibitory hiPSC-neurons rela-
tive to Tau-resilient hypothalamic hiPSC-neurons also
showed enrichment of genes related to cell-cell adhesion,
cadherin binding, and integrin binding (Supplementary
Fig. 9¢). Genes in these pathways have functions related
to intercellular contact (ANXA1, ANXA2, CDC42EPI,
CNN3, PDLIM1, PDLIMS) (Additional File 2), which has
been shown to play a role in the spread of Tau aggregates
[10, 82].

Fig. 4 RAB7 A genetic knockdown increases seeded tau aggregation across neuronal subtypes. a UMAP visualization of single cell RNA-seq
(scRNA-seq) data generated from DIV14 hiPSC-neurons colored by protocol (top) or by RAB7 A expression (bottom). b Representative DIV44 images
from SI-AD seeded hiPSC-neurons pre-treated with non-targeting control (NTC) sSiRNA or RAB7 A siRNA. MC1 labels tau aggregates; MAP2 labels
dendrites. Scale bar =50 um. ¢ Quantification of MC1-positive spot area normalized to MAP2 area in hiPSC-neurons seeded with 0.5 nM SI-AD
following treatment with non-targeting control (NTC) or either of two individual (non-pooled) RAB7 A siRNA. Data normalized to cortical inhibitory
hiPSC-neurons treated with NTC siRNA. Data represents the mean +SD (3 technical replicate wells, 20 fields per well). ns =not significant, *=p-value
<0.05, ** =p-value <0.01, *** =p-value <0.001, **** =p-value <0.0001 according to two-way ANOVA with Tukey’s test
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Enrichment analysis of the common upregulated
genes in cortical inhibitory relative to hypothalamic
neurons showed significant enrichment of pathways
related to ion transport (Fig. 5e). Among the differ-
entially expressed genes related to ion transport, a
number encode for voltage-gated calcium channel sub-
units (CACNAIG, CACNA1H, CACNA1I, CACNA2DI,
CACNA2D2, CACNA2D3, CACNB4, CACNG2,
CACNG3, CACNGS5, CACNG7, CACNGS), voltage-
gated sodium channel subunits (SCN2B, SCN3B, SCN4
A, SCN8 A, SCNNID) and voltage-gated potassium
channel subunits (KCNA1, KCNA2, KCNA4, KCNABI,
KCNAB2, KCNAB3, KCNC2, KCND1, KCND2, KCNF1,
KCNG3, KCNH2, KCNH, KCNIP2, KCNIP3) (Addi-
tional File 3). Upregulated genes in Tau-vulnerable
hiPSC-neurons also encode subunits of Ca2 + ATPases
(ATP2B2, ATP2B3) and Na +/K +-ATPases (ATPI Al,
ATPIB2) (Additional File 3). Additionally, the analysis
highlighted significant enrichment of pathways related
to synapse homeostasis (Fig. 5f). Protein products of
upregulated genes related to the presynapse and neu-
ronal communication contribute to neurotransmit-
ter response (NTSRI, P2RYI, GRM4, GRMS) and
exocytosis regulation (SYNGRI1, SNPH, SYT7, DGKI)
(Additional File 3). Two presynapse-associated genes
upregulated in cortical inhibitory neurons encode the
native proteins of pathological aggregates in Hun-
tington’s disease (HTT; huntingtin) and Parkinson’s
disease (SNCA; a-synuclein). Upregulated genes asso-
ciated with postsynapse-related pathways in this anal-
ysis include GABA-A receptor gene family members
(GABRA1, GABRA4, GABRAS5, GABRB2), the SLC8
gene family of sodium-calcium exchangers (SLC8
Al, SLC8 A2, SLC8 A3), and genes such as DLG4 and
CAMK?2 A (Additional File 3).

(See figure on next page.)
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We next used SynGO, an expertly curated, public data-
base designed for analyzing synapse biology [44], to gain
further insight into synaptic gene expression changes
in our dataset. Of the 2,855 upregulated genes in corti-
cal inhibitory neurons relative to hypothalamic neurons
shared across the 3 donor lines, 325 genes mapped to
SynGO annotated genes (Fig. 5g and h, Supplementary
Fig. 10). When looking at cellular compartment anno-
tations of the 325 SynGO genes upregulated in vulner-
able cortical inhibitory relative to resilient hypothalamic
hiPSC-neurons, 53 genes had a ‘postsynapse’ annotation,
34 genes had a ‘presynapse’ annotation, and 5 genes had
the annotation ‘integral component of synaptic mem-
brane’ (Fig. 5g). The 325 differentially expressed synaptic
genes fell into a broad range of biological process catego-
ries. The categories with the most differentially expressed
genes included ‘modulation of chemical synaptic trans-
mission’ with 24 genes, ‘regulation of postsynapse
assembly’” with 14 genes, and ‘regulation of postsynapse
organization’ with 14 genes (Fig. 5h). Of the numerous
baseline transcriptional differences observed between
Tau-vulnerable cortical inhibitory hiPSC-neurons and
Tau-resilient hypothalamic hiPSC-neurons, differences
in synaptic gene expression may be particularly relevant
to the observed Tau aggregation outcomes in our in vitro
system, based on substantial evidence from the literature
demonstrating aggregated Tau propagation between syn-
aptically-connected neurons [10, 19, 30, 82].

Among the differentially expressed genes identified
via bulk RNA-seq, COL25 Al was highly upregulated
in cortical inhibitory neurons relative to hypothalamic
neurons (Supplementary Fig. 11a). COL25 Al was also
found via scRNA-seq of the 5 neuronal subtypes from
a single donor to be highly enriched in the CTIP2-pos-
itive, (BCL11B) SST-positive cortical inhibitory neurons

Fig. 5 Bulk RNA-seq identifies basal transcriptional differences between a vulnerable and resilient neuronal subtype, while revealing no consistent
transcriptional changes following SI-AD treatment. a Timeline for bulk RNA-seq experiments examining transcriptional responses to SI-AD
treatment in vulnerable (cortical inhibitory) and resilient (hypothalamic) hiPSC-neurons. DIV16 hiPSC-neurons were treated with PBS, Sl-control,

or SI-AD (0.5 nM) for 72 h prior to lysate collection for bulk RNA-seq. Created with BioRender.com. b Representative volcano plots showing
Log(2)FC and -Log(10) adjusted P-values from bulk RNA-seq comparison between SI-AD treated (0.5 nM) and Sl-control treated (equal volume)
hiPSC-neurons in the iPSC0028 donor line. ¢ Volcano plot of differentially expressed genes in PBS-treated cortical inhibitory and hypothalamic
hiPSC-neurons derived from the iPSC0028 donor line. Log,FC threshold > 1 and adj.Pval <0.05. d Venn diagram showing the number of overlapping
upregulated genes between DIV19 PBS-treated cortical inhibitory and hypothalamic hiPSC-neurons across hiPSC donor lines. e Top 25 enriched
GO molecular functions for common upregulated genes in DIV19 cortical inhibitory vs hypothalamic hiPSC-neurons across hiPSC donor lines,
enrichment p-value <0.05. Count refers to the number of differentially expressed genes from each GO molecular function. Circle color represents
adjusted p-value. f Top 25 enriched GO cellular compartments for common upregulated genes in DIV19 cortical inhibitory vs hypothalamic
hiPSC-neurons across hiPSC donor lines, enrichment p-value <0.05. Count refers to the number of differentially expressed genes from each GO
biological process. Circle color represents adjusted p-value. g Sunburst plot of SynGO annotated cellular component synaptic genes which are
upregulated in PBS-treated DIV19 cortical inhibitory vs hypothalamic hiPSC-neuron bulk RNA-seq analysis. Plot is colored by gene count per term.
Gene categories mentioned in the text are outlined in yellow and labeled. h Sunburst plot of SynGO annotated biological process synaptic genes
which are upregulated in PBS-treated DIV19 cortical inhibitory vs hypothalamic hiPSC-neuron bulk RNA-seq analysis. Plot is colored by gene count
per term. Gene categories mentioned in the text are outlined in yellow and labeled with numbers
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relative to cortical excitatory, spinal cord, hypothalamic,
and mDA-like neurons derived from a single hiPSC
donor line (Supplementary Fig. 11b). COL25 A1 encodes
the collagen-like Alzheimer amyloid plaque component
(CLAC) protein which was identified due to its associa-
tion with amyloid plaques [35]. Further, single nucleotide
polymorphisms (SNPs) in the COL25 A1 gene are asso-
ciated with an increased risk for AD [24]. To determine
whether COL25 A1l is a driver of susceptibility to Tau
aggregation in cortical inhibitory neurons, siRNA knock-
down was performed. Three days prior to Tau seeding,
three individual siRNAs targeting COL25 A1 were trans-
fected into cortical inhibitory neurons, resulting in 55%,
49%, or 66% reduction of COL25 Al expression at the
RNA level on the day of seeding compared to neurons
transfected with a NTC siRNA (Supplementary Fig. 11c).
Following seeding, cortical inhibitory neurons were cul-
tured for 4 weeks to allow development of Tau aggregates
prior to high content imaging analysis of aggregation
load via MC1 immunofluorescence labeling. Despite
significant RNA knockdown, COL25 A1l knockdown in
the cortical inhibitory neurons had no effect on the Tau
aggregation level induced by SI-AD seeding (Supplemen-
tary Fig. 11d).

To broaden our approach to identifying genes which
may contribute to selective vulnerability by further link-
ing the expression changes to changes found in AD, we
devised a funneling strategy to look for overlap between
genes differentially expressed in our hiPSC-neurons and
genes differentially expressed in tangle-bearing neurons
found in AD brain tissue [64] (Fig. 6a-b). Otero-Garcia

(See figure on next page.)
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and colleagues used fluorescence activated cell sort-
ing (FACS) to isolate neuron somas with NFTs from
AD brain tissue followed by snRNA-seq to evaluate
gene expression profiles associated with neurons bear-
ing AT8-positive pathological Tau aggregates [64]. First,
to increase the confidence in the differentially expressed
genes between our vulnerable cortical inhibitory hiPSC-
neurons and more resilient hypothalamic hiPSC-neu-
rons, we identified overlap of genes also upregulated in
cortical inhibitory hiPSC-neuron scRNA-seq relative to
three resilient hiPSC-neuron subtypes (hypothalamic,
mDA, and spinal cord). Of the 2,855 common, upregu-
lated genes in our bulk RNA-seq analysis of the vulner-
able cortical inhibitory neurons relative to the more
resilient hypothalamic neurons, 628 genes were also
upregulated in the cortical inhibitory neuron scRNA-
seq relative to the three resilient hiPSC-neuron subtypes
(hypothalamic, mDA, and spinal cord) (Fig. 6a). Of the
628 genes, 116 genes were also upregulated in NFT-
bearing neurons identified by Otero-Garcia et al. (Fig. 6¢;
Additional File 4). Of the 335 common downregulated
genes in tau-vulnerable relative to tau-resilient hiPSC-
neurons (Fig. 6b), 14 genes were also downregulated in
NFT-bearing neurons identified by Otero-Garcia et al.
(Fig. 6d; Additional File 5). We performed enrichment
analysis on the 116 overlapping upregulated genes and
found significant enrichment of pathways related to syn-
apse homeostasis, membrane potential, and ion trans-
port, among others (Fig. 6e). Top enriched GO terms
included synaptic signaling, chemical synaptic transmis-
sion, ion transmembrane transport, cation transport,

Fig. 6 Identifying transcriptomic signatures of selective vulnerability to Tau aggregation. a Funneling strategy to identify overlapping upregulated
genes between our Tau-vulnerable cortical inhibitory hiPSC-neurons relative to Tau-resilient hypothalamic hiPSC-neurons and AT8-positive

vs AT8-negative neurons from Otero-Garcia et al. [64]. The 2855 genes found to be upregulated in DIV19 cortical inhibitory hiPSC-neurons

relative to hypothalamic hiPSC-neurons via bulk RNA-seq was narrowed to 628 gene candidates by looking for overlapping, upregulated genes
from the single cell RNA-seq analysis of cortical inhibitory hiPSC-neuron gene expression relative to resilient hiPSC-neuron gene expression
(hypothalamic, mDA, and spinal cord). The list of 628 genes upregulated in cortical inhibitory hiPSC-neurons relative to resilient hiPSC-neuron
subtypes identified via bulk and single cell RNA-seq was then compared to the upregulated genes in AT8-positive human AD neurons

from Otero-Garcia et al. (2022). The funneling strategy identified 116 genes for follow-up analyses. b Funneling strategy to identify overlapping
downregulated genes between our Tau-vulnerable cortical inhibitory hiPSC-neurons relative to Tau-resilient hypothalamic hiPSC-neurons

and AT8-positive vs AT8-negative neurons from Otero-Garcia et al. [64]. The 2353 genes found to be downregulated in DIV19 cortical inhibitory
hiPSC-neurons relative to hypothalamic hiPSC-neurons via bulk RNA-seq was narrowed to 335 gene candidates by looking for overlapping,
downregulated genes from the single cell RNA-seq analysis of cortical inhibitory hiPSC-neuron gene expression relative to resilient hiPSC-neuron
gene expression (hypothalamic, mDA, and spinal cord). The list of 335 genes downregulated in cortical inhibitory hiPSC-neurons relative to resilient
hiPSC-neuron subtypes identified via bulk and single cell RNA-seq was then compared to the downregulated genes in AT8 human AD neurons
from Otero-Garcia et al. [64]. The funneling strategy identified 14 genes, too few to run follow-up enrichment analyses. ¢ Venn diagram depicting
the overlapping upregulated genes from our studies on tau-vulnerable hiPSC-neurons relative to tau-resilient hiPSC-neurons and from AT8-positive
vs AT8-negative neurons from Otero-Garcia et al. [64] d Venn diagram depicting the overlapping downregulated genes from our studies

on tau-vulnerable hiPSC-neurons relative to tau-resilient hiPSC-neurons and from AT8-positive vs AT8-negative neurons from Otero-Garcia et al.
[64]. e Pathway enrichment analysis visualization for top 25 enriched GO terms for the 116 genes identified as upregulated in both vulnerable
hiPSC-neurons relative to resilient hiPSC-neurons and in AT8-positive vs AT8-negative human AD neurons, enrichment p-value <0.05. Lines
between pathways represent overlapping genes between pathways. Number of genes refers to the number of differentially expressed genes

from each GO term. Circle color represents adjusted p-value
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and regulation of membrane potential. Differentially
expressed genes contributing to these pathways included
numerous gamma-aminobutyric acid (GABA) receptor
subunit genes (GABRA1, GABRA4, GABRAS, GABRB2),
solute carrier family members involved in presynaptic
uptake of neurotransmitters (SLC6 A17) and sodium-cal-
cium exchange (SLC24 A2), and the N-methyl-D-aspar-
tate (NMDA) receptor subunit, GRIN2B (Additional File
6). GABRAI and GRIN2B upregulation in NFT-bearing
neurons was histologically validated by Otero-Garcia
et al., confirming the link between AD Tau aggregation
and increased expression of these genes [64]. These find-
ings derived from bulk and single cell RNA-seq analysis
of baseline transcriptional differences between the Tau-
vulnerable cortical inhibitory hiPSC-neurons and the
Tau-resilient hypothalamic hiPSC-neurons highlight pro-
cesses relevant to Tau propagation [19, 25, 87] and are
consistent with data derived from AD patient neurons
[64], supporting the disease relevance of the hiPSC-neu-
ron seeding model and its ability to recapitulate selective
vulnerability, a key feature of AD and other late-onset
neurodegenerative diseases.

Discussion

Recently, numerous studies in AD brain tissue have high-
lighted the selective vulnerability of specific neuronal
subtypes to Tau pathology [17, 32, 46, 54, 62]; however,
model systems which recapitulate features of selec-
tive vulnerability are lacking. While some studies with
patient-derived lines have observed phenotypes com-
pared to apparently healthy donor controls [9, 60, 61], the
phenotypes are often mild and/or inconsistent which is
likely in part due to the age of the hiPSC-neurons which
does not align with the late-onset nature of neurodegen-
erative disease [80]. This challenge has been partially
overcome by using protein aggregate seeding to initi-
ate the protein pathology characteristic of many neuro-
degenerative diseases. Along these lines, a prior study
in hiPSC-neurons derived from carriers of familial AD
(fAD) associated amyloid precursor protein (APP) muta-
tions showed increased production of A in addition to
increased Tau phosphorylation at serine 202 and elevated
total Tau protein levels in rostral hiPSC-neurons relative
to caudal hiPSC-neurons in response to exogenous AP
aggregates [60, 61]. This study demonstrated the capacity
for hiPSC models to exhibit features that may be associ-
ated with familial AD in a cell type-specific manner via
seeding. However, the question remained whether Tau
aggregation, which more closely correlates with cogni-
tive decline in AD [6, 53], would also follow a pattern of
susceptibility that aligns with the human disease in undi-
agnosed, apparently healthy hiPSC-derived neurons in
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the absence of other neural cell types and irrespective of
genetic background.

To test this hypothesis, we took advantage of our
recently established human in vitro model of endogenous
Tau aggregation via seeding using AD patient-derived
pathological Tau in hiPSC-derived neuronal cultures
[51]. In our analysis of seeded Tau aggregation in 5 dis-
tinct hiPSC-neuron subtypes, CTIP2-positive, SST-pos-
itive cortical inhibitory hiPSC-neurons displayed the
highest relative vulnerability to Tau pathology among the
subtypes evaluated. Similarly, a recent report highlighted
three vulnerable classes of SST-positive cortical inhibi-
tory neurons in AD patients [54]. The study measured, via
single-nucleus RNA-seq (snRNA-seq), the relative abun-
dance of neuronal subtypes in individuals with different
levels of AD pathology, finding that SST-positive cortical
inhibitory neurons were preferentially lost in individu-
als with high pathology burden [54]. While differences
between hiPSC-derived neuronal subtypes were defined
by their Tau aggregation load rather than neuronal loss in
our study, our data suggests that Tau aggregation follows
a similar pattern of accumulation, supporting the disease
relevance of the in vitro model system.

Remarkably, we observed consistency in the pattern of
susceptibility across different Tau aggregate preparations
utilized to template the endogenous Tau. While SS-AD
is structurally distinct from mature PHF [40], SS-AD not
only induced aggregation in hiPSC-neurons in line with a
recent publication demonstrating that PBS-extracted Tau
aggregates from AD patient brain tissue are capable of
propagating Tau pathology [40], but the exogenous seed
preparation also showed highest aggregation levels in
cortical inhibitory neurons similar to SI-AD. The pattern
of susceptibility triggered by both fractions indicates that
common mechanisms may govern the Tau propagation
induced by a variety of pathological species.

While we observed distinct uptake rates and an
increased rate of Tau degradation between neuronal
subtypes, they did not correlate with Tau aggregation
levels and therefore resilience. Uptake and degrada-
tion experiments relied on recombinant Tau aggregates,
which is not a stimulator of endogenous Tau aggregation
in hiPSC-neurons lacking Tau mutations [51]. Therefore,
they could follow different uptake pathways than human-
derived Tau aggregates and be the source of discon-
nect between recombinant Tau aggregate uptake rates
and aggregation levels triggered by SI-AD material. We
addressed this possibility through a SI-AD transfection
experiment. The results suggested that avoiding endog-
enous Tau-aggregate uptake pathways by using trans-
fection agents significantly increased Tau aggregation
regardless of neuronal subtype. Taken together, these
data indicate that Tau aggregate uptake and degradation
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mechanisms may be rate limiting but are not sufficient to
explain differential vulnerability to Tau pathology among
the 5 hiPSC-derived neuronal subtypes.

Digging further into endosomal trafficking, we found
that RAB7 A knockdown increased Tau aggregation irre-
spective of hiPSC-neuron subtype. This finding suggests
altered vesicle trafficking modulates seeding induced Tau
aggregation in our model system but does not implicate
RAB7 A in selective vulnerability. However, there are
numerous Rab proteins contributing to vesicle trafficking
beyond RAB7 A and future studies on vesicle transport’s
role in selective vulnerability could clarify the mechanis-
tic basis for subtype-specific patterns of aggregation.

To broaden our hiPSC-neuron model of selective vul-
nerability via seeding beyond Tau, we showed that our
model can also distinguish the disease-specific vulner-
ability between different protein aggregates. Following
seeding with a-synuclein PFFs, mDA hiPSC-neurons dis-
played higher levels of pS129 a-synuclein aggregates rela-
tive to cortical hiPSC-neurons as observed in Parkinson’s
Disease patients where first dopaminergic neurons suc-
cumb to a-synuclein pathology whereas cortical neurons
are affected much later or not at all [16, 76]. These obser-
vations which mirror susceptibility in patients shows that
carefully patterned hiPSC-neurons are capable of recapit-
ulating aspects of selective vulnerability across neurode-
generative diseases.

Surprisingly, we did not observe a consistent transcrip-
tional response to aggregate seeding in hiPSC-neurons
that could shed light on the molecular underpinnings of
neuronal resilience. Given that scRNA-seq revealed some
heterogeneity within each subtype/protocol as repre-
sented by a few transcriptomically distinct clusters and
that aggregates do not appear in every neuron within
the timeframe of the assay, transcriptional responses
could be masked by pooling cells together. Therefore,
techniques which measure changes specific to aggregate-
bearing neurons could assist future studies in identify-
ing potential gene and protein changes triggered by the
presence of aggregates, similar to the work from Otero-
Garcia et al. [64]. Narrowing in on the neurons with the
most Tau pathology using single cell resolution tech-
niques such as spatial transcriptomics could further our
understanding of selective vulnerability and increase our
chances of identifying mediators of this process.

Nevertheless, selective vulnerability mediators might
be identified from the baseline transcriptional differ-
ences between vulnerable and resilient hiPSC-neu-
rons. Because the hypothalamic hiPSC-neurons were
derived from the same NPCs as the highly vulnerable
cortical inhibitory neurons and express several overlap-
ping marker genes (FOXGI, SST, SLC32 A1), we took
advantage of their closer lineage relationship to define
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a transcriptomic signature of differentially expressed
genes between these neuronal subtypes. We reasoned
that the comparison of two forebrain neuronal sub-
types would be more likely to uncover expression pat-
terns underlying selective vulnerability than comparing
forebrain versus mid/hindbrain neurons due to their
greater similarity yet drastic differences in propensity
to form Tau aggregates. The differentially expressed
genes (DEGs) between Tau-vulnerable cortical inhibi-
tory hiPSC-neurons and Tau-resilient hypothalamic
hiPSC-neurons were enriched for genes related to ion
transport and synapse homeostasis. Evidence for a
potential connection between synaptic function and
Tau pathology includes the hypothesized spread of Tau
between synaptically-connected neurons [18, 19, 25,
58] and the dependence of spreading on neuronal/syn-
aptic activity, which might be a contributing factor in
our experimental system [66, 68, 87]. Beyond synaptic
DEGs, transcriptional changes associated with calcium
homeostasis were also highlighted by enrichment anal-
yses of upregulated genes in cortical inhibitory hiPSC-
neurons compared to hypothalamic hiPSC-neurons.
Associations between calcium homeostasis and Tau
aggregates have been described in NFT-bearing neu-
rons relative to NFT-free AD neurons where altered
gene expression of calcium homeostasis pathways have
been found. Furthermore, the function of numerous
Tau kinases and phosphatases are dependent on cal-
cium, as is calpain-mediated Tau cleavage [11, 23, 34,
41, 43], and therefore might contribute to the selec-
tive vulnerability. Future experiments utilizing genetic
knockdown or knockout will be needed to systemati-
cally determine the contribution of these differentially
expressed genes to the observed susceptibility to Tau
aggregate formation.

To determine whether the observed differences in gene
expression between Tau-vulnerable and Tau-resilient
hiPSC-neurons were relevant to Tau aggregation in the
disease, differentially expressed genes in Tau-vulnerable
hiPSC-neurons were compared to the gene expression
changes found by Otero-Garcia et al. in AT8-positive
versus AT8-negative neurons derived from AD patient
brains. This analysis revealed a strong enrichment of
genes related to synaptic function and membrane poten-
tial. The study by Otero-Garcia et al. observed altered
synaptic gene expression to be a common feature of
NFT-bearing AD neurons, regardless of cell identity [64].
These findings raise the question as to whether synaptic
gene expression changes are a cause or consequence of
AD pathology. Determining whether altered expression
of synaptic genes enhances vulnerability to Tau pathology
in hiPSC-neurons is beyond the scope of this study but
represents an exciting avenue for future exploration.



Weidling et al. Acta Neuropathologica Communications (2025) 13:108

Conclusions

Our initial characterization shows that uptake and
proteostatic mechanisms do not fully explain the
observed vulnerabilities, which now opens the oppor-
tunity to systematically validate the role of differentially
expressed neuron-subclass-specific genes in governing
susceptibility in future studies. Importantly, the human
neuron model system proposed here makes this possi-
ble using disease-relevant neurons and exogenous seeds
to induce endogenous aggregation, increasing the like-
lihood of translation to human disease. Application of
this platform to uncover genes or whole pathways con-
ferring vulnerability or resistance in vitro represents an
exciting new approach to aid in developing therapeu-
tics that could slow disease progression or even prevent
neurodegeneration.
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