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Abstract

Progressive accumulation of aggregation-prone proteins, amyloid-p (Ap) and
hyperphosphorylated tau (p-tau), are the defining hallmarks of Alzheimer’s disease (AD). The
mechanisms by which Ap and p-tau are transmitted throughout the diseased brain are not yet
completely understood. Interest in exosome research has grown dramatically over the past few
years, specifically due to their potential role as biomarkers for staging of neurodegenerative
diseases, including AD. Despite their diagnostic utility, the pathogenic potential of exosomes

has yet to be fully elucidated. In this study, we use a series of recombinant tau antibodies to
characterize a new model of human tau /7 vivo. Exosome suspensions derived from neuronally-
differentiated, human induced pluripotent stem cells that express the repeat domain of tau P301L
and V337M mutations (NiPSCEs) were injected into the wild-type mouse brain and pathological
changes were characterized by immunostaining at one- (1 m) and two-month (2 m) post-injection.
We found that tau inclusions were present throughout the brain at 2m post-injection, which

were detectable using antibodies raised against full-length tau (K9JA) and misfolded tau (MC1).
Furthermore, we found that phosphorylated tau immunoreactivity was elevated 1m post-injection,
which was surprisingly normalized after 2m. Finally, we observed extensive degeneration of
neuronal dendrites in both ipsilateral and contralateral hippocampi in NiPSCE treated mice. In
summary, we demonstrate that exosomes are sufficient to cause long-distance propagation of tau
pathology and neurodegeneration /in vivo. These novel findings support an active role of exosomes
in AD pathogenesis.

Keywords
Alzheimer’s disease; exosomes; induced pluripotent stem cells; tau propagation

"Correspondence to: Robert A. Rissman, Department of Neurosciences, UCSD School of Medicine, 9500 Gilman Drive, MTF 309
M/C 0624, La Jolla, CA 92093 0624, USA. Tel.: +1 858 246 0140; Fax: +1 858 246 0139, rrissman@ucsd.edu. and Shauna H. Yuan,
Department of Neurosciences, UCSD School of Medicine, 9500 Gilman Drive, MTF 152 M/C 0624, La Jolla, CA 92093 0624, USA.
Tel.: +1 858 822 0626; Fax: +1 858 822 2050, shyuan@ucsd.edu.

Authors’ disclosures available online (https://www.j-alz.com/manuscript-disclosures/18-0776r2).

SUPPLEMENTARY MATERIAL
The supplementary material is available in the electronic version of this article: http://dx.doi.org/10.3233/JAD-180776.


https://www.j-alz.com/manuscript-disclosures/18–0776r2

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Winston et al. Page 2

INTRODUCTION

Progressive accumulation of specific aggregation-prone proteins is the defining hallmark of
many neurodegenerative diseases including Alzheimer’s disease (AD). AD is characterized
by the accumulation of amyloid-B (Ap) and hyperphosphorylated tau (p-tau) protein. P-tau
exhibits reduced ability to bind and stabilize microtubules. Destabilized microtubules impair
synaptic transmission, while the mis-localized p-tau aggregates form insoluble paired helical
filaments (PHFs) that form neurofibrillary (tau) tangles. Although tau is known to be
primarily intracellular, studies suggest that tau aggregates are secreted and can propagate
from neuron to neuron in a prion-like manner under pathological conditions [1-3]. The
spreading of tau in a “prion-like” manner has long been known to occur in human AD
brains. First described by Braak and Braak [4], this spatially consistent pattern begins in

the entorhinal cortex (EC), propagates to the hippocampus via the perforant pathway [5],
and eventually culminates in the primary visual cortex. The mechanisms by which p-tau

is transmitted throughout the diseased brain are not completely understood. Ap can be
trafficked transsynaptically between neurons suggests that tau and other aggregation-prone
proteins can spread in a similar manner [6], potentially via neuronally-derived exosomes.

Exosomes are extracellular vesicles released by the fusion of endocytic multivesicular
bodies with the plasma membrane [7]. Once released different, exosomes can mediate
intercellular communication by fusing to recipient cells and depositing cargo into the
intracellular space [8, 9]. Exosomes can activate intracellular signaling without ligand-
receptor internalization or they can undergo endocytic mechanisms (phagocytosis or
receptor-mediated endocytosis) to release their contents into the target cells. Alternatively,
exosomes can be enzymatically perforated, resulting in the release of their content into the
extracellular space. Subsequently, exosome cargo can bind to cell surface receptors on target
cells to activate intracellular signaling [10].

Recent advances in the isolation and characterization of neuronally derived, plasma-based
exosomes (NDEs) have enhanced their utility as diagnostic biomarkers [11-15]. We
recently demonstrated that elevated levels of AD-related proteins contained within plasma
NDEs, including p-tau and A4y, accurately predicted the conversion of mild cognitive
impairment to AD [16]. Additional studies have demonstrated that plasma NDEs have the
ability to differentiate between cognitively normal controls from patients with AD [11],
frontotemporal dementia [17], Down syndrome [13], and acute brain injury [12]. Despite
the diagnostic utility of plasma NDEs, the pathological consequence of NDE cargo proteins
has yet to be fully determined. A number of /n vitro models have been developed to study
tau propagation; however, few animal models have been developed due to the lengthy time
course required to observe tau propagation in the rodent brain [18].

Recently, we utilized a human neuronal model to characterize neuropathological changes
of exosome cargo proteins in the normal mouse brain [19]. In our neuronal model, human
induced pluripotent stem cells (hiPSCs)-derived neurons expressed the tau repeat domain
(tau-RD) with P301L and V337M mutations fused to a YFP reporter (tau-RD-LM-YFP)
[20]. Our previous work demonstrated that exosomes could cause tau deposition in mouse
brain tissue.
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However, the effects on widespread tau propagation were not addressed. In the current study;,
we use a series of recombinant tau antibodies to investigate and characterize a new model of
human tau (h-tau) propagation /n vivo.

METHODS

Generation of tau-RD-LM-YFP seeds from the conditioned media of human iPSC cells

Neuronal cultures derived from non-demented controls (NDC) were generated as previously
described [21]. Neural stem cells (NSCs) were seeded at a density of 150,000 cells/cm? on
Matrigel-coated (70pg/mL) plastic cell culture dishes. NSCs were grown to 80% confluency,
at which time neuronal differentiation was initiated through withdrawal of fibroblast growth
factor (bFGF) from the NSC media (DMEM-12,1% N-2, 2%, B-27, Pen-Strep, 20 ng/mL
bFGF). The iPSC line from which was NSCs were derived was described previously (see
“NDC1” in [22]). Four-week-differentiated neuronal cultures were transduced with tau-RD-
LM-YFP or YFP adenovirus vectors and incubated for 24 h. After the 24 h incubation,
media was aspirated, cells were washed with PBS, and fresh media was applied to ensure
removal of virus. Three days post-transduction, 2mL of fresh neuronal media was added to
each well and the cells incubated for 3 additional days. Tau-RD-LM-YFP conditioned media
was collected and centrifuged at 1000 RPM for 5 min at 4°C to remove cell debris.

Isolation of neuronally differentiated induced pluripotent stem cell-derived exosomes
(NiPSCEs) from cell culture media

2mL of cell culture media were incubated with 0.4mL ExoQuick™-TC (EXOTCxxA-1,
System Biosciences, Inc.) rotating overnight at 4°C. After centrifugation at 1500xg for 30
min at 4°C, supernatant was collected, and the resultant pellet was suspended in 300 pL of
1x PBS with protease and phosphatase inhibitor cocktail EDTA-free and stored at —80°C.

Characterization of exosomes preparations by size and western blot

Nanoparticle tracking analysis (NTA) was used to characterize NiPSCEs derived from cell
culture media. NiPSCEs were pooled in 100 pl of 1x PBS, diluted 1:2,000 and visualized
with a NanoSight LM10 instrument as described [16].

2ug of NiPSCEs was diluted with 2x Laemmli sample buffer (161-0737, BioRad) and
resolved on 4-20% Mini-PROTEAN™ TGX™ Precast Protein Gel (456-1096, BioRad).
Protein was transferred to polyvinylidene difluoride (PVDF) membranes using iBlot Semi-
Dry transfer cell (IB25001, Invitrogen, ThermoFisher Scientific). Blots were blocked in 5%
bovine serum albumin (BSA) in tris-buffered saline (TBS) with 0.1% Tween-20 (TBST) at
room temperature for 1hr on a platform shaker. Primary antibodies were applied overnight
at 4°C in blocking solution. The primary antibodies used were paired helical filament 1
(PHF1) (1:500; gift from Dr. Peter Davies); MC-1 (mouse anti-human tau; raised against
the N-terminus (amino acids 7-9), and aa 313-322 in the third microtubule binding domain.
MC1 does not react with FAC1 [23]; 1:100, gift from Dr. Peter Davies); and Purified Mouse
Anti-Flotillin-1 (exosome surface marker; raised against mouse flotillin-1 aa. 312-428, cross
reacts with human flotillin-1; 1:100, 610821, BD Transduction Laboratories, San Jose,

CA). Following overnight incubation, blots were washed 3x in 1x TBST then incubated
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in horseradish peroxidase conjugated secondary antibodies (anti-mouse, 1:1000; Thermo-
Fisher). Enhanced chemiluminescence (ECL) substrate was applied before visualization by
GelDoc (BioRad). Blot analysis was performed on ImageLab 5.2.1 (BioRad).

Exosome injection, tissue preparation, immunohistochemistry, and image analysis

2L (0.5pg) of exosome preparations was injected into the right hippocampus of wild-type,
female, C57BL/6 mice (/7=5/group, 3—4 month old). Female mice were exclusively utilized
in this study because epidemiological reports in humans [24] and scientific reports in
transgenic mice [23, 25] have demonstrated the risk of AD is higher in females than in
males.

Briefly, mice were placed under anesthesia on a Koft stereotaxic apparatus and coordinates
(hippocampus: AP -2.0 mm, lateral 1.5 mm, depth 1.3 mm) were determined using a
Franklin and Paxinos Atlas, as previously described [26]. Exosome preparations were
administered using a Hamilton syringe connected to a hydraulic system to inject the solution
at a rate of 1 ul over 2 min as previously described [15, 16]. To allow diffusion of the
solution into the brain tissue, the needle was left for an additional 5 min after the completion
of the injection. Mice received unilateral injections (right side) to allow comparisons against
the contralateral side. Additional controls were performed by injecting wild-type littermates
with 1x PBS (7=5). Mice were 3—-4 months at the time of the injection and maintained for
1m and 2m after exosome injection.

Mice were sacrificed following NIH guidelines. Briefly, all mice were deeply anesthetized
with ketamine (100 mg/kg)/xylazine (10 mg/kg) and then decapitated following transcardial
perfusion with 0.9% saline. Whole brains were post-fixed for 24 h in 4% phosphate-buffered
paraformaldehyde (pH 7.4) at 4°C and 30uM-thick, coronal sections were cut on a freezing-
sliding microtome. Mice sections were stored at —20°C in cryoprotectant solution containing
20% glycerol and 30% ethylene glycol in 0.1 m phosphate buffer until use.

Analysis of exosome-mediated tau propagation was performed in serially sectioned, free-
floating and blind coded sections. Sections were incubated overnight at 4°C with, K9JA
(rabbit anti-human total tau; raised against C-terminal of human tau, amino acids 243-
441; 1:32,000; DAKO A-0024); PHF1 (mouse anti-phospho tau, $396/404: 1:500; gift
from Dr. Peter Davies); and MC-1 (mouse anti-human tau; raised against the N-terminus
(amino acids 7-9), and aa 313-322 in the third microtubule binding domain. MC1 does
not react with FAC1 [23]; 1:100, gift from Dr. Peter Davies) followed by anti-rabbit or
anti-mouse 1gG1 secondary antibodies (1:100, Vector Laboratories, Inc.), and visualized
with diaminobenzidine (DAB). The mounted slices were imaged via Leica DMi8 (Leica
Microsystems) at 10x magnification and stitched together using Leica Application Suite X.
Quantification of positively stained cells was performed using ImageJ (NIH) Cell Counter
plug-in (Kurt De Vos, University of Sheffield).

Double-label immunofluorescence was conducted using sections immunolabeled overnight
with antibodies against the dendritic marker microtubule-associated protein-2 (MAP2;
1:500, (AB5622), Millipore) and PHF1. Sections were visualized with FITC-tagged
secondary antibody or the Tyramide Signal Amplification Direct (Red) system (1:100,
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NEL702001, Perkin EImer), mounted under glass coverslips with anti-fading media
(H-1000, Vector Laboratories), and imaged with the laser scanning confocal microscope
(MRC1024, BioRad Laboratories).

Quantification of dendritic blebbing

Brain tissue from control and NiPSCE treated mice was fixed, sectioned and immunostained
with MAP2 (1:500, AB5622, Millipore) and FITC-conjugated secondary antibody (anti-
mouse, 1:100, FI200, Vector Laboratories); mounted under glass coverslips with anti-fading
media (Vector Laboratories); and imaged with the laser scanning confocal microscope
(MRC1024, BioRad Laboratories). To quantify dendritic blebbing, dendrites were traced
and measured using ImageJ (NIH) and the number of blebs were counted. Data are reported
as the average number of blebs/length of dendrite. Analysis of dendritic blebbing was
performed under blinded conditions (one lab member imaged sections while a second
member performed the blinded analysis).

Statistical analysis

All experiments were done blind by coding the specimen. Values in the figures are expressed
as means+SEM. Statistical significance was determined between control, 1m and 2m mouse
groups using one-way ANOVA with Bonferonni post-hoc test (GraphPad Prism 6, La Jolla,
CA).

RESULTS

Human tau delivered by exosomes derived from human tau-RD-LM-YFP conditioned media
propagated in normal mouse brain

We previously showed transfer of human tau to the recipient mouse neurons when exosomes
derived from human iPSC neuronal cultures expressing tau-RD-LM-YFP (NiPSCE-tau-RD-
LM-YFP) were injected into mouse brain [19]. Here, we expanded on our previous findings
to investigate whether or not exosomes are sufficient to cause tau propagation /n vivo. NTA
and immunoblot were conducted to characterize exosome preparations prior to injection.
NTA demonstrated the size distribution of the NiPSCE-tau-RD-LM-YFP (referred to as
NiPSCE from this point on) preparation derived from tau-RD-LM-YFP conditioned media
were similar in size and shape to our previous study [19] (Fig. 1A). We reported previously
that tau-RD-LM-YFP derived exosomes contain tau, which was detectable with K9JA
antibodies that recognize the C-terminus of human tau, amino acids 243-441. In order to
determine whether or not these exosomes also contain modified forms of tau, we probed
exosomes lysates with antibodies that recognize pathogenically phosphorylated (PHF1) and
misfolded (MC-1) tau (Fig. 1B). Both forms of tau were detectable in exosomes but not in
nonexosomal fractions. The non-exo fraction is defined as the supernatant fraction which
was collected following exosome precipitation. The exosome surface marker flotilin-1 was
used as a loading control during immunoblot.

Next, NiPSCE preparations were stereotactically injected into the right hippocampus of 3—
4-month-old female C57/BI6 mice. Female mice were used for this study due to the finding
that female mice expressing mutated forms of tau display a more robust pathological profile
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than male counterparts [23, 25]. 1m or 2m post-injection mouse brains were sectioned and
stained with a series of recombinant tau antibodies to characterize tau pathology across the
whole mouse brain. A separate cohort of female C57/BI6 mice was injected with 1x PBS
as an injection control. At 2m post-injection, K9JA immunolabeling revealed propagation
of h-tau ipsilateral and contralateral to the injection site in the normal mouse brain (Fig.
2A). Proximal to the injection site, K9JA immunoreactivity was observed primarily in

the ipsilateral thalamic nuclear regions (TH) and contralateral CAl (Fig. 2B). Widespread
K9JA immunoreactivity was also observed in the hippocampi, TH, and piriform/entorhinal
(Pir/EC) cortices (Fig. 2A, B) of 2m NiPSCE injected mice. These data demonstrate that
exosome-associated h-tau can transfer and propagate in mouse neurons /7 vivo,

We then examined if exosomes propagated pathological forms of tau /n vivo.
Immunohistochemical (Fig. 3A-C) and immunofluorescent (Fig. 4A, B) staining were
conducted on control mice and NiPSCE injected mice using PHF1 anti-tau antibodies that
recognize phosphorylation of tau serine residues (396 and 404). PHF1 labeling is routinely
used to identify tau pathology in human AD brains and transgenic AD animal models.
Here, we observed PHF1 immunoreactivity in the hippocampus, neocortex, Pir/EC and TH
(Fig. 3B, C) on the ipsilateral side of the mouse brain. The nuclei of the TH include the
posterior thalamic nuclear group (PTNG), ventral posterolateral thalamic nuclei (VPL), and
ventral posteromedial thalamic nuclei (VPM). PHF1 immunoreactivity was not observed in
the brains of control mice (Fig. 3A). Interestingly, a similar yet less pronounced pattern of
PHF1 immunoreactivity was observed on the contralateral side of the mouse brain (Fig. 3B,
C). These data suggest that NiPSCEs mediated long-distance propagation of human p-tau in
various regions of the mouse brain. Double-labeling using immunofluorescence with PHF1
and the neuronal marker, MAP2 revealed a strong colocalization between the two markers in
1m NiPSCE injected mice (Fig. 4A). The colocalization of PHF1 and MAP2 was evident in
neuronal cell bodies and to a lesser extent, in dendrites (Fig. 4B, Z-plane images of MAP2
and PHF1 colocalization can be found in Supplementary Figure 1).

Next, we quantified the number of PHF1 positive (PHF1+) cells in the hippocampi and TH
regions of NiPSCE injected mice and in control mice (Fig. 4C—F). The number of PHF1
+cells was significantly increased in the ipsilateral hippocampus, specifically in the CAl and
CA3 (Fig. 4C, p<0.001 versus control), of 1m NiPSCE injected mice as compared to control
mice. Notably, there was a significant reduction in PHF1 immunoreactivity in the ipsilateral
hippocampus at 2m post-injection as compared to 1m NiPSCE injected mice sacrificed (Fig.
4C, p<0.001 versus 1m).

MC-1 immunoreactivity was assessed in NiPSCE injected mice via immunostaining.
MC-1 recognizes conformational tau epitopes which are closely associated with severe
AD [27]. Quantification of MC-1 immunoreactivity revealed MC-1 immunoreactivity
was significantly increased in the ipsilateral hippocampus and ipsilateral TH (Fig. 5) of
mice sacrificed at 2m post-injection as compared to mice sacrificed at 1m post-injection
(2m, 37.24£8.077 MC-1+cells versus 1m, 22.6+6.337 MC-1+cells; p<0.05; 2m, 85+18.49
MC-1+cells versus data not shown, 1m, 66.8+14.48 MC-1+cells, p<0.05) and compared
to control mice (2m, 37.2+8.077 MC-1+cells versus control, 8.8+4.164 MC-1+cells; 2m,
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85+18.49 MC-1+cells versus control, 16.6+10.75 MC-1+cells). No significant differences
were detected in the contralateral hemisphere.

Exosome associated-tau is toxic to recipient cells.

Finally, to determine the pathological consequences of exosome-associated tau, we
quantified dendritic blebbing of hippocampal neurons in control and NiPSCE injected mice.
Dendritic blebbing is a feature of apoptotic neurons that is present in the brains of tau
overexpressing mice [28-30]. We found that injections of NiPSCEs increased dendritic
blebbing of hippocampal neurons ipsilateral and contralateral to the injection site (Fig. 6).

In total these data demonstrate that pathological forms of tau are packaged within exosomes
and that exosomes are sufficient to cause tau propagation and neurodegeneration in the naive
mouse brain.

DISCUSSION

Previous studies report that brain homogenates from mouse models of tauopathy [31],
and homogenates from human tauopathies [32], can initiate tau pathology in the naive
mouse brain yet the specific mediators of tau seeding remain unknown. The present work
demonstrates that exosomes are sufficient to seed pathological forms of tau resulting in
brain-wide propagation. It remains unclear whether or not the tau pathology we observed
in our model involved corruption of endogenously produced mouse tau, which will be
addressed in future studies. Although this study proposes a pathogenic role for exosomes
in tauopathies, tau seeding likely occurs by more than one mechanism. For instance,
intracerebrally injected synthetic tau aggregates also initiate tau propagation in the mouse
brain [33]. Therefore, we hypothesize that pathogenic tau seeding occurs by both exosome-
independent and exosome-mediated processes.

Trans-synaptic spread of misfolded tau has been suggested to underlie tau propagation /n
vitro [3] and /n vivo [18], although non-synaptic-mediated mechanisms have also been
proposed [34]. A transgenic animal model harboring the same P301L mutation expressed
by our cellular model demonstrated that tau pathology traverses neural networks in an
age-dependent manner. Tau pathology reportedly began in the medial entorhinal cortex
(MEC) and travelled through MEC axons to their respective terminals in the molecular
layer of the dentate gyrus [18]. In this model, PHF1 immunoreactivity was not observed
until 12m and was restricted to the MEC and dentate gyrus. Here, we observed widespread
PHF1 immunoreactivity as early as 1m, particularly, in the CA1 and CA3 hippocampus, and
in the piriform/entorhinal cortices of both hemispheres suggesting that tau propagation in
our model could be network dependent. Further work will be needed to establish whether
the propagation of exosome-associated tau and Ap is solely dependent on synaptically
connected pathways.

In our exosome-based model, the pattern of staining was starkly different between PHF1
and MC-1 at both time points. We hypothesized that pathogenically phosphorylated forms
of tau would be present in the ipsilateral hippocampus 1m and 2m following exosome
injections. Strikingly, although the number of PHF1 positive cells in ipsilateral hippocampi
was increased after 1m, this was normalized in 2m samples. As demonstrated in Fig. 2,
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tau deposits were present in the ipsilateral hippocampus 2m post-injection; therefore, the
loss of PHF1 immunoreactivity was not due to a lack of tau aggregates. While unexpected,
these results are not unlike those obtained in a murine synucleinopathy model in which
mice expressing A53T mutant human alpha-synuclein were found to have increased PHF1
immunoreactive tau at 4 and 8 months of age, which was normalized at 12 months [35].
Therefore, we hypothesize that PHF1 phosphorylation may be a transient phenomenon in
some tauopathies. Alternatively, because there was an increase in misfolded tau (detected
by the conformation specific antibody MC-1) in the ipsilateral hippocampus at 2m post-
injection, the decrease in PHF1 between 1m and 2m samples may be the result of protein
folding and/or aggregation masking the PHF1 epitope. This oddity will need to be addressed
in future work.

Whether or not the uptake of tau contained within neuronally-derived exosomes is cell
specific remains unknown. Here, we only determined neuronal cells were the recipients of
exosome-associated tau. Similarly, Ahmed et al. developed an /7 vivo model of rapid tau
propagation [36], where tau pathology was exclusive to neurons. However, recent work from
Asai and colleagues demonstrated that pharmacological inhibition of exosome release, as
well as ablation of microglia, decreases tau pathology in a mouse model of tauopathy [34].
The present work demonstrates that exosome-associated tau can also seed pathology and that
exosomes are sufficient to initiate propagation in the naive mouse brain. The mechanisms

of post-injection propagation were not explored in this study and it remains unclear whether
or not tau pathology is conveyed via microglia-dependent mechanisms, as proposed by

Asai et. Al., or microglia-independent mechanism such as transsynaptic transport [37, 38].
We hypothesize that both these processes contributed to the post-injection pattern of tau
pathology we observed in our animals, however, the relative contributions of synaptically
trafficked tau versus microglia trafficked tau in our model remain unclear.

Lastly, we demonstrated that exosome-associated tau is toxic to recipient cells. Dendritic
blebbing is a marker of neurodegeneration [39] that is present in rodent tauopathies

[28, 40]. Here, we found extensive dendritic blebbing and dystrophic neurites in the
brains of NiPSCE injected mice. Future studies will assess the long-term functional and
neurobehavioral changes in mice following NiPSCE injection.

Our results may have therapeutic implications, suggesting that pathological tau species
capable of long-distance propagation may not be removed by passive tau immunotherapy,
which targets extracellular tau outside exosomes [41]. Anti-sense oligonucleotide against
tau, another potential anti-tau therapy in development [42, 43], may possibly be able to
reduce the exosomal tau. However, more research is needed to determine how pathological
tau is sorted into the exosomes, so that these toxic species can be targeted.

In summary, we conclude that exosomes are sufficient to initiate tau propagation and are
therefore may play a pathogenic role in AD. Future studies investigating the mechanisms
that underlie tau packaging into exosomes and the uptake of exosome cargo by recipient
cells may reveal new therapeutic targets for the treatment of tau-linked neurodegenerative
disorders.
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Fig. 1.

E)?osomes derived from neuronally-differentiated, human induced pluripotent stem cells
(NiPSCESs) contain human tau species. Representative NTA plot of averaged size/
concentration for exosomes derived from tau-RD-LM-YFP conditioned media from induced
pluripotent stem cells (NiPSCEs) (A). Non-exosome (non-exo) and exosomal (exo) fractions
were probed against the human recombinant tau protein using MC-1 and PHF1 antibodies.
Representative western blots demonstrate that MC-1 and PHF1 immunoreactive tau is

only detected in the exosomal fraction derived from NiPSCEs. Exosome surface marker,
Flotillin-1, was used as a loading control (B).
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Fig. 2.

W?despread tau propagation is observed in normal mouse brain following exosome injection.
Representative photomicrograph of coronal mouse section taken from a C57BI/6 mouse
injected with NiPSCEs and sacrificed at 2m post-injection. Sections were stained with

the tau antibody, K9JA, and visualized with DAB. Size and location of boxes indicate
varying density of KQJA immunoreactivity throughout the mouse brain (A). Representative
photomicrographs of K9JA immunoreactivity in ipsilateral and contralateral hippocampi
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(top images), and TH brain regions (bottom images) of C57BL/6 mice injected with
NiPSCEs and sacrificed at 2m post-injection (B). (#7=5/timepoint, scale bar=100 uM).
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Contralateral Ipsilateral

Fig. 3.

Pl-glFl immunoreactivity reveals propagation of p-tau in normal mouse CNS. Representative
photomicrographs of coronal mouse sections taken from a C57/BI6 mouse injected with

1x PBS (control) (A) or NiPSCEs sacrificed at 1m (B) and 2m (C) post-injection, stained
with p-tau antibody, PHF1, and visualized with DAB. The mounted slices were imaged

via Leica DMI8 (Leica Microsystems) at 10x magnification and stitched together using
Leica Application Suite X (LASx). All injection control mice were negative for human tau
staining (A). Tau propagation, as measured by the transmission of PHF1, was detected in
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the hippocampus (CA1 and CA3); neocortex; piriform (Pir)/entorhinal cortex (EC); thalamic
nuclei regions (TH) including post-thalamic nuclear group (PTNG), ventral posteromedial
thalamic nuclei (VPM), ventral posterolateral thalamic nuclei; and zona incerta (Z1) (scale
bar=1mm, 7=5/timepoint). Brain regions that displayed PHF1 immunoreactivity were
labeled on both hemispheres.
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Fig. 4.

PHF1 immunoreactivity is significantly increased in injected mouse brains at 1m post-
injection. Representative photomicrographs of the ipsilateral CA3 hippocampus (A)
obtained from a NiPSCE injected mouse sacrificed at 1m post—injection and co-labeled with
PHF1 and neural maker, MAP2. Colocalization of PHF1 and MAP2 was evident in neuronal
cell bodies (insert, B, scale bar, 25 um) and to a lesser extent, dendrites in the hippocampus
of 1m NiPSCE injected mice (A). Increased PHF1 immunoreactivity was observed in

the ipsilateral hippocampus of NiPSCE injected mice sacrificed at 1m post—injection as
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compared to mice sacrificed at 2m post—injection and control mice (C). No changes in
PHF1 immunoreactivity in contralateral HP (D), ipsilateral TH (E), or contralateral TH (F)
were detected between control versus 1m or 2m groups or between 1m and 2m groups.
(m=5/timepoint; One way ANOVA with Bonferonni post-hoc test **p<0.01 versus control;
##p<0.01 versus 1m).
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Deposits of pathogenically misfolded tau are present in the brain 2m post-injection.
Representative photomicrograph of a MC-1 stained mouse section, no MC-1
immunoreactivity was observed in the brains of control mice (/=5/timepoint; scale bar,
100 pm). Representative photomicrographs of MC-1 immunoreactivity in the ipsilateral
hippocampus and ipsilateral TH obtained from a control (A-B), 1m (C-D), and 2m (E-F)
NiPSCE injected mice (/7=5/timepoint; scale bar, 100 um). Quantification of MC-1+cells
(G-J) in NiPSCE injected mouse brains and controls shows that MC-1 immunoreactivity
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was significantly increased in the ipsilateral hippocampus (G), and ipsilateral TH (1) of mice
sacrificed at 2m post-injection as compared to control mice. (/7=5/group/timepoint; One-way
ANOVA with Bonferonni post hoc test, *p<0.05 versus control).
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Fig. 6.
Exosome associated-tau is toxic to recipient cells. Brain sections from control and NiPSCE

treated mice were immunolabeled with neuron-specific MAP2 antibodies. Hippocampal
neurons ipsilateral (A) and contralateral (B) to the injection site were imaged using confocal
microscopy (20X, scale bar = 10 pm). Dendritic blebbing was quantified as described in the
Materials and Methods. C) Data is expressed as the mean number of blebs/length of dendrite
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(arbitrary units)+*SEM. Data was analyzed with a 2-way ANOVA and Bonferonni post-hoc
test. ***p<0.001. **p<0.01. 7=17-35 dendrite per group.
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