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We and others have shown in various in vivo, ex vivo and cell culture models that
several tau antibodies interact with pathological tau within neurons. To further clarify this
interaction in a dynamic human model, we differentiated SH-SY5Y cells with retinoic acid
and BDNF to create a neuron-like model. Therein, tau antibodies were primarily taken
up by receptor-mediated endocytosis, and prevented toxicity of human brain-derived
paired helical filament-enriched tau (PHF). Subsequently, we monitored in real-time the
interaction of antibodies and PHF within endocytic cellular compartments. Cells were
pre-treated with fluorescently-tagged PHF and then incubated with tau antibodies, 4E6,
6B2, or non-specific isotype control IgG1 labeled with a pH sensitive dye. The uptake
and binding of the efficacious antibody, 4E6, to PHF occurred mainly within the soma,
whereas the ineffective antibody, 6B2, and ineffective control IgG1, were visualized via
the processes and showed limited colocalization with PHF within this period. In summary,
we have developed a neuron-like model that clarifies the early intracellular dynamics of
the interaction of tau antibodies with pathological tau, and identifies features associated
with efficacy. Since the model is entirely human, it is suitable to verify the therapeutic
potential of humanized antibodies prior to extensive clinical trials.

Keywords: Alzheimer’s disease, tau, PHF, antibodies, immunotherapies, live imaging

INTRODUCTION

Immunotherapies targeting pathogenic peptide/protein aggregates are at different stages of
development as potential treatment for Alzheimer’s disease (AD) and other neurodegenerative
diseases (1-4). Our laboratory pioneered targeting pathological tau protein with active and passive
immunotherapies for AD and other tauopathies (5, 6), which have been validated and extended by
other groups over the last several years and now entered clinical trials (1-4). Antibody-mediated
clearance of tau likely involves several mechanisms, which may include: (a) microglia activation
and phagocytosis (7-10), (b) neutralization of tau in the extracellular space (11, 12), and (c)
intracellular sequestration/degradation of tau within neurons (5, 7, 13-24). Our group and others
have focused on elucidating these mechanisms in various cell culture, ex-vivo, and in-vivo mouse
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models. To validate humanized antibodies for clinical trials,
models of human origin should ideally be employed, and live
imaging at the early stages of treatment may provide valuable
insight into the mechanisms involved that cannot be obtained
by other means. Not much is known about the interaction and
internalization of pathological tau and its antibodies in the first
hours of treatment.

We previously showed that colocalization of tau with
antibodies is primarily within the soma of neurons using in vivo,
ex vivo and culture models of mouse origin (5, 7, 12, 14, 16,
22, 23). Regarding the specific antibodies examined herein, 4E6
and 6B2, we have previously shown that both are readily taken
up into tauopathy mouse neurons in brain slices and primary
culture models, where they colocalize with tau primarily in the
endosomal lysosomal system, and clear soluble tau, with 4E6
more consistently being effective in clearing pathological tau and
preventing its toxicity (7, 12, 14, 23). However, only 4E6 and not
6B2 is effective in clearing tau pathology in vivo (12, 22), which
is associated with cognitive improvements (12). In addition,
we have previously shown extensive internalization of the 6B2
antibody and pathological tau derived from human brain in non-
differentiated neuroblastoma model using flow cytometry (19).

In the prior mouse studies, we showed that both the effective
4E6 tau antibody and the relatively ineffective 6B2 tau antibody
could localize with somatic intraneuronal tau in mouse brain
slices and in mouse primary neurons following an incubation for
24h or longer. Those findings do not provide insight into why
the former is effective and the latter ineffective. Therefore, we
set out to determine with live imaging if earlier cellular events,
like temporal and spatial differences, might provide better insight
into this important issue as both antibodies are clearly taken up
into the endosomal-lysosomal system. For early high throughput
screening, differentiated neuroblastoma cells are preferred over
primary neurons for live imaging as they are less sensitive to the
conditions for such analysis. Therefore, we established a neuron-
like tauopathy model of human origin that shows the expected
neuro- and synaptotoxicity of human-derived paired helical
filament (PHF)-enriched pathological tau, and the prevention
of its deleterious effect by a tau antibody. Importantly, naive
and differentiated cells utilize different mechanisms of antibody
uptake and the tau antibody is only effective in the differentiated
more neuron-like cells. Furthermore, live imaging revealed that
in differentiated neurons pre-treated with PHF-tau, 4E6 tau
antibody, which prevents PHF-tau toxicity, rapidly colocalized
with PHF-tau within the soma. In contrast, 6B2 tau antibody and
control IgG1, which do not prevent PHF-tau toxicity, were taken
up via the neuronal processes and did not colocalize with PHF-
tau within this timeframe. This model and experimental design
should provide valuable insight into the efficacy and mechanisms
of action of tau antibodies that are candidates for clinical trials.

MATERIALS AND METHODS

Paired Helical Filament (PHF) Protein

Preparation
Human brain slices from subjects with extensive amyloid-f
plaques and neurofibrillary tangles were enriched for PHF for

the experiments. Brain slabs were homogenized and prepared
as described by us and others (12, 18, 19, 25, 26), and the
enriched PHF had similar properties with regard to western
profile, ratio of 3R/4R tau and toxicity in culture. Briefly, the
brain tissue was homogenized and prepared in buffer [pH
6.5; 0.75M NaCl, 1 mM EGTA, 0.5mM MgSOy, and 100 mM
2-(N-morpholino) ethanesulfonic acid] along with protease
inhibitor cocktail (Roche) and centrifuged at 11,000 x g for
20min at 4°C. Supernatant was subsequently centrifuged in
an ultracentrifuge at 100,000 x g for 60min at 4°C. The
pellet was then resuspended in paired helical filament (PHF)
extraction buffer containing sucrose (10 mM Tris; 10% sucrose;
0.85M NaCl; and 1 mM EGTA, pH 7.4) and spun at 15,000
x g for 20min at 4°C. The pellet was extracted again in
the sucrose buffer at the same low-speed centrifugation. The
supernatants from both sucrose extractions were pooled and
subjected to 1% sarkosyl solubilization by briefly heating it
and then stirring at ambient temperature, and then centrifuged
at 100,000 x g for 60min at 4°C in a Beckman 60 Ti rotor
(Beckman Coulter; Fullerton, CA). The resulting pellet was re-
suspended in 50 mM Tris-HCl (pH 7.4), using 0.5 mL of buffer
for each milligram of initial weight of brain sample protein.
It was then dialyzed in PBS overnight at 4°C, using a 3,500
MW cassette (Thermo Scientific), and designated the PHF
enriched preparation.

Antibodies and Fluorescence Labeling

In this study we used tau antibodies, 6B2 and 4E6, that have
been generated against the Tau386-408[P-Ser396, 404] region.
These IgGlk mouse antibodies were previously characterized
by our laboratory (7, 12, 14, 16, 19, 22, 23, 27). As a control,
a non-specific mouse IgGlk (IgGl, eBioscience) antibody
was used. The antibodies were tagged with Cypher5E (GE
Healthcare) fluorescent marker where mentioned. Cypher5E
is a pH sensitive dye, and only fluoresces within acidic
compartments, like endosomes or lysosomes. The PHF-enriched
brain fraction was tagged with Alexa Fluor 488 (Invitrogen)
where mentioned. All tagging was performed as outlined in the
manufacturer’s instructions.

Cell Culture and Differentiation

SH-SY5Y human neuroblastoma cells were obtained from ATCC.
Cells were cultured in complete media (Dulbecco’s Modified
Eagle Medium (DMEM) with GlutaMAX (Invitrogen), 10%
heat inactivated fetal bovine serum (FBS), 10,000 Units/mL
Penicillin, and 10,000 pg/mL streptomycin. Cells were plated
at 4 x 10% cells/mm?, allowed to recover for 3 to 5 days
before each experiment, and grown in an incubator with 5%
CO; at 37°C.

Cells were maintained, prior to differentiation or treatment,
in complete media. The cells were double-differentiated as
described by other groups (28-30), by adding 10 uM retinoic
acid (RA, Sigma Aldrich) and 1% FBS for 5 days. Then after
two washes in DMEM media, they were treated with 50 ng/mL
brain-derived neurotrophic factor (BDNF, Alomone Labs) for
at least 2 days. For all experiments, the differentiated cells
(DC) were then treated with the BDNF media, while non-
differentiated cells (NDC) were grown and treated in DMEM
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media with 1% fetal bovine serum (FBS). For characterization
experiments, both cell types were treated with 5pug/mL 6B2
tau antibody for 24h, and for clathrin receptor inhibition
studies, followed by increasing amounts of inhibitor, Dynasore
(0-5pg/mL). For PHF dose response studies, SH-SY5Y were
treated with tagged PHF (0-10 ng/mL) for 24 h, washed, and
then incubated for another 24h. For pre-incubation studies
analyzed using Western blot, cells were pre-treated with PHF
(1 or 10 wg/mL) for 24 h, then washed with DMEM to remove
remaining extracellular PHE, and subsequently incubated with
5 pg/mL tau antibodies (6B2 or 4E6) or IgG1 control for another
24 or 120 h.

Western Blot

All cell lysates analyzed using Western blot were incubated
with non-tagged antibodies (6B2, 4E6, and IgGl) and/or
PHE. Prior to cell lysis, cells were thoroughly washed with
PBS. In preliminary studies, we verified by confocal imaging
using fluorescently labeled antibodies and PHF that this
method cleared all extracellular antibodies/PHF. Under our
conditions, trypsin digestion had the same effect but did
damage the cell membranes to a variable degree, which
included some membrane rupture and extracellular release
of its contents including antibodies and PHF. Hence, we
opted for the milder repeated PBS wash. All samples were
then homogenized in RIPA buffer and prepared as described
previously (7). Samples were boiled and loaded onto 10%
SDS-PAGE gels, electrophoresed, and then transferred to
nitrocellulose membranes, which were blocked in 5% milk
with 0.1% TBS-T. Blots were then probed for total tau (Dako
polyclonal antibody), NeuN (Millipore polyclonal antibody),
synaptophysin (Sigma Aldrich monoclonal antibody), PSD-
95 (UC Davis NeuroMab, monoclonal antibody), or GAPDH
(Abcam polyclonal antibody) primary antibodies overnight at
4°C, washed and then probed with anti-horseradish peroxidase
(HRP) conjugated rabbit or mouse secondary antibody (Pierce)
for 1h. For antibody uptake detection, membranes were
incubated with an anti-mouse IgG1 HRP-conjugated secondary
antibody with specificity against the heavy chain (Bethyl
Laboratories), and signal was detected with an ECL substrate
(Thermo Scientific). Images of immunoreactive bands were
then acquired, normalized relative to internal controls and
quantified using the Fuji LAS-4000 imaging system. For
immunoprecipitation studies, blots were incubated with anti-
CD16 (Santa Cruz, RRID: AB_2104020), anti-CD32 (Santa
Cruz, RRID: AB_2103599) polyclonal antibodies overnight at
4°C. All blots were washed and probed with a fluorescent
anti-rabbit secondary antibody at a 1:10,000 dilution (LI-COR,
RRID:AB_621843), and bands were visualized using a LI-COR
Odyssey CLX reader.

Immunoprecipitation

Neuroblastoma SH-SY5Y  cells maintained and
differentiated as described above. Primary neurons were
prepared from a wild type pup at postnatal day 0 as previously
described (12, 14, 23). All of the samples were homogenized
in RIPA buffer (50mM Tris-HCl (pH 7.4), 150 mM NaCl,

were

ImM ethylenediaminetetraacetic ~acid (EDTA), 1mM
phenylmethylsulfonyl fluoride (PMSF), 1mM NaF 1mM
Na3VOy, 1ng/ml complete protease inhibitor cocktail (Roche
Applied Science) and assayed for protein concentration. Equal
amounts of total protein from each sample was then used
for immunoprecipitation.

Immunoprecipitation was carried out using a magnetic
Dynabead kit (ThermoFisher) per manufacturer’s instructions.
Briefly, beads were incubated with an antibody recognizing
mouse FcyII/III receptors (eBioscience). Beads were then washed
and equal amount of protein from each sample was added.
Following incubation, the beads were then washed again, and
the target protein eluted. O+ buffer [62.5mM Tris-HCI (pH
6.8), 5% glycerol, 5% B-mercaptoethanol, 2.3% SDS, 1 mM EDTA,
1 mM ethylene glycol bis(2-aminoethyl) tetraacetic acid (EGTA),
1 mM PMSE 1mM NaF, 1 mM Na3VOy and 1 pg/ml complete
protease inhibitor cocktail (Roche Applied Science)] was added
and samples were boiled before loading them onto an SDS gel
for immunoblotting.

RNA Extraction and PCR

Cells were washed thoroughly with PBS and then lysed and
total RNA extracted using a kit as described by manufacturer’s
instructions (Sigma). RNA was then converted to cDNA
using reverse transcriptase kit according to manufacturer’s
instructions (Invitrogen). The c¢DNA samples were then
amplified by PCR using the following primers from Sigma;
FcyR2A (NM_001136219), FcyR3A (NM_000569), FcyR3B
(NM_001244753), and Actin (NM_001101). All amplified
samples were run on a 2% agarose gel and their predicted
size confirmed by DNA ladders. DNA bands, representing the
extracted RNA, were stained with ethidium bromide, imaged
by Protein Simple, Alpha-Imager HP system, and analyzed
using Image].

Flow Cytometry

All cells analyzed with flow cytometry were incubated with tagged
PHE and prepared for flow cytometry as previously described
(19). Cells were analyzed using FlowJo for Alexa Fluor 647
positive cells. Median fluoresence intensity (MFI) values were
obtained for fluorescent signals.

Immunohistochemistry and Cell Staining
Coverslips were coated with Pluripro protein matrix (Cell
Guidance Systems) as directed by the manufacturer. Cells
were plated onto coverslips at 4 x 10? cells/mm?, and then
allowed to recover for 2 days. For characterization studies, NDC
and DC were co-incubated with Dextran (10,000 MW, Alexa
Fluor 568, Invitrogen) and 20 pg/mL Alexa Fluor 488 tagged
6B2 tau antibody. Prior to fixation, cells were incubated with
Hoechst nuclear staining, as described by the manufacturer
(Invitrogen), then fixed with 4% paraformaldehyde,
and coverslipped.

Live Cell Imaging
Chamber glasses (Nunc) were coated with Pluripro protein
matrix (Cell Guidance Systems) as directed by the manufacturer.
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Cells were plated onto these glasses at 2 x 10? cells/mm? and
allowed to recover for 2 days. Cells were then differentiated as
described above. For all pre-incubation studies, cells were then
treated with 50 g/mL fluorescently tagged PHF for 16 h. Prior
to live imaging for all experiments, Hoechst nuclear dye was
incubated with the live cells as directed by the manufacturer
(Invitrogen). Cells were then washed and placed into complete
media with no phenol red-DMEM and HEPES (Invitrogen) with
BDNF for differentiated cells.

As previously described for time-lapse studies by our group
(31), following Hoechst staining, cells were then incubated with
tagged 20 ug/mL 4E6, 6B2, IgGl, or 50 wg/mL PHF for 140-
150 min, which was added to the chamber glasses within the
first 5min of observation in the live imaging chamber. Cells
were imaged every 5min for up to 140-150 min. Chamber
glasses were analyzed using an API DeltaVision PersonalDV
system with Olympus PlanApo N 60x/1.42 oil lens, standard
fluorescent filterset and full environmental control device. The
internal density (IntDen) of either the antibody or PHF signal
of the whole image was extracted using Image]. In these time-
lapse studies, colocalization analysis of the antibody-dextran

and time-lapse images were conducted using ImageJ’s Intensity
Correlation Analysis plugin as previously described by us and
others (16, 22, 32-34). Degree of colocalization coefficient
(R%) and product of difference from the mean (PDM) images
of corresponding experimental groups were calculated and
displayed, where pixels in yellow indicate colocalizing in both
channels and blue indicates a negative correlation.

Statistics

All quantified Western blot, flow cytometry, PCR, or live
imaging data was analyzed using GraphPad Prism 6. ANOVA
or Students t-test were used to compare results of different
samples. For three or more groups, one- or two-way ANOVA
was used, depending on the number of variables, followed by
Bonferroni post hoc test. Student’s ¢-test was one or two-tailed as
specified, depending on the analyzed parameters. The coefficient
of determination (r?) and trend line were generated for degree
of colocalization coefficient (R?) vs. time data in the live time-
lapse imaging studies, which was further analyzed using Pearson
correlation coefficient.

Non-differentiated

RA+BDNF

—>

c 682 4E6

Differentiated

N. Di Non-dif D i
A -— o

Total tau levels in SH-SY5Y cells
10+ o

24 . 0.0
l_ﬂ*ﬁ_l 8000
0

Non-differentiated Differentiated

Fold Change Total Tau/GAPDH

NDC oc

s 50 kDa

w37 kDa

D E

4E6 uptake in SH-SY5Y

»
o

Fold Change 6B2/GAPDH
o

Fold Change 4E6/GAPDH
B s

:}

37kDa

°
»
°
o

o
T

Non-differentiated Differentiated

°

°

Non-differentiated Differentiated

FIGURE 1 | Double differentiation transforms SH-SY5Y cells into a more neuronal-like state, with increase in tau levels and decrease in antibody uptake. Differentiated
and non-differentiated SH-SY5Y cells (DC and NDC) were analyzed using live imaging microscopy, or lysed and collected for Western blot analyses. (A) Shows live
imaging of NDC and DC from the bright-field channel, with nuclei in blue. DC have smaller cell bodies, and longer processes than their NDC counterparts. (B) Shows
representative total tau and GAPDH Western blots of both cell types with quantification of total tau normalized to GAPDH. DC have significantly more total tau protein
than NDC (215% increase, **p = 0.006, n = 11-12, t-test, two-tailed). DC and NDC were also treated with tau antibodies (6B2 and 4EB6) for 24 h. Cells were then
lysed and collected for Western blot analyses, and probed with an anti-mouse IgG1-HRP to measure antibody uptake. Anti-mouse IgG1 signal was normalized to
GAPDH. (C) Shows representative Western blots of NDC and DC samples where the IgG1 antibodies (6B2 and 4E6) appear to have slightly different weights, which
may be due to their slightly different isoelectric points (~6.8 and ~6.5, respectively), and may explain why they run on the gel differently. (D,E) Shows the quantified
results of the Western blots. Uptake of the 6B2 tau antibody (45% reduction, **o = 0.005, n = 10-12, t-test, two-tailed) and the 4E6 tau antibody (83% reduction,
***p < 0.0001, n = 8, t-test, two-tailed) were less in DC compared to NDC. Note that the blot lanes in (B,C) are from the same blots, respectively. The lines show
where excess test lanes where sectioned out. All scatter bar graphs are mean + SEM.
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FIGURE 2 | Subtypes of Fcy receptors are transcribed in NDC and DC. NDC and DC were kept at basal conditions as described in Figure 1. Cells were lysed, and
RNA was extracted. Total RNA was then subject to reverse transcriptase to generate cDNA, and it subsequently amplified by PCR with FcyR2A, FcyR3A, FcyR3B,
and actin primers. All amplified samples (FcyR2A = 3,894 base pairs (bp), FcyR3A = 81 bp, FcyR3B = 1,631 bp, Actin = 189 bp. were run on a 2% agarose gel and
imaged for quantification and analysis. (A) Shows representative mMRNA expression of indicated genes on an agarose gel. (B) Shows quantification of those gels. DC
expressed more of FcyR2A (74% increase, *p < 0.05, n = 4, Students t-test, two-way) and FcyR3B (82% increase, **p < 0.01, n = 8, Students t-test, two-way) but
less of FcyR3A (27% reduction, *p < 0.01, n = 8, Students t-test, two-way), compared to NDC. Actin was unchanged between the cell models. All scatter plots are
mean + SEM.
RESULTS fully developed clearance system (Supplementary Figure 1). The

Differentiation of SH-SY5Y Neuroblastoma
Cells Increases Tau Levels and Decreases

Antibody Internalization

In prior studies we used several different modeling approaches to
examine the efficacy and mechanism of action of tau antibodies.
The tau antibodies used herein were generated against Tau386-
408[P-Ser396, 404], a prominent pathological epitope in AD and
other tauopathies, and have been characterized previously to
some extent, showing the efficacy of the 4E6 antibody and relative
lack thereof for the 6B2 antibody (7, 12, 14, 16, 19, 22, 23, 27).
To better understand the mechanism of action and further clarify
the dynamic interaction between tau antibodies and pathological
tau, we expanded our research toward alternative culture models,
focusing initially on non-differentiated SH-SY5Y cells (NDC),
which with the help of flow cytometry provided quantitative
insight into uptake and colocalization of the antibodies and
their target (19). To improve this model by rendering it more
neuron-like, we differentiated these cells with retinoic acid and
BDNF as previously described (23, 28-31, 35-37). As expected,
differentiated cells (DC) had smaller cell bodies, and elongated
processes (Figure 1A) compared to NDC, as well as increased
total tau levels on Western blots (215% increase, p < 0.01,
Figure 1B). To clarify that DC could take up tau antibodies, both
types of cells were treated with the 6B2 or 4E6 tau antibody for
24 h and then analyzed on Western blots, which revealed that DC
took up less 6B2 or 4E6 than NDC (6B2; 45% reduction, p < 0.01,
Figures 1C,D; 4E6; 83% reduction, p < 0.0001, Figures 1C,E).
We then showed the efficacy of the 4E6 antibody in preventing
toxicity of human brain-derived paired helical filament (PHF)-
enriched tau protein in DC, whereas it was ineffective in
NDC, presumably because the latter model does not have a

6B2 tau antibody was ineffective in both models and neither
antibody was toxic on their own (Supplementary Figure 1).
PHEF cytotoxicity is associated with decreases in NeuN levels on
Western blots as described previously by us (12, 23) and others
(35, 38-42).

Differentiated SH-SY5Y Cells Express a
Different Repertoire of Fc Receptors

Compared to Non-differentiated Cells

In prior studies in mouse neurons, we concluded that Fcy
receptors (FcyR) were the primary mechanism of uptake of
tau antibodies because it could be blocked by Dynasore, an
inhibitor of clathrin (receptor)-mediated endocytosis and by
an antibody against Fcy2/3 receptors (mouse BD Fc Block™)
(14). We first confirmed that Dynasore prevented antibody
uptake in DC, whereas it was ineffective in NDC because its
uptake is primarily bulk-mediated as supported by dextran-
colocalization studies (Supplementary Figure 2). We did not
test the Fcy2/3 blocking antibody because it is made for
mouse receptors and therefore unlikely to work in this human
culture model. To clarify if these same receptors were expressed
in SH-SY5Y cells, we measured their mRNA expression of
Fcy receptors (FcyR) under basal conditions using PCR and
quantitative analysis. DC expressed more of FcyR2A (74%
increase, p < 0.05), and FcyR3B (82% increase, p < 0.01),
and less of FcyR3A (27% reduction, p < 0.01), compared
to NDC, with actin levels being comparable in both models
(Figures 2A,B). Expression of FcyR3A and B was detected
consistently in different batches of cells, whereas FcyR2A was
not detected in all batches. FcyR2 and FcyR3 expression
was further confirmed by immunoprecipitation/western blots
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anti-mouse CD16/32 antibody. Following IP, the samples were subjected to immunoblotting, and the blots probed with antibodies recognizing CD16 and CD32, or
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(FcyR2), and then imaged using confocal microscopy. Cell images were enlarged further 4x from original file size. (B,C) Analysis of images revealed diffuse staining of
both FcyR in or near the soma for DC and NDC. DC showed staining as well in distal processes and neurites, which are not developed in NDC.
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FIGURE 4 | 4E6 tau antibody prevents cytotoxicity and synaptotoxicity in PHF pre-treated DC. To further promote a pathological state and clarify antibody efficacy
following long-term treatment, DC were pre-treated with higher PHF concentration (10 pg/mL) for 24 h, washed with DMEM, and subsequently treated with 6B2, 4E6,
or IgG1 for 120h (n = 7-12 per group). Cells were then lysed and collected for Western blot analyses, and probed for NeuN, synaptophysin, and PSD-95. (A) Shows
representative Western blots of DC treated with 10 pg/mL PHF and/or 5 wg/mL antibodies, compared to untreated controls. (B) PHF (10 wg/ml) was cytotoxic (65%
reduction in NeuN levels, ****p < 0.0001, One-way ANOVA, Bonferroni post hoc test). Subsequent 4E6 incubation for 120 h significantly increased NeuN levels back
to control levels (***p < 0.0001), while 6B2 and IgG1 had no effect. (C) Likewise, PHF showed a strong trend for synaptotoxicity (39% decrease in the presynaptic
marker synaptophysin). Subsequent 4E6 incubation for 120 h significantly increased synaptophysin levels compared to the PHF group (106% increase, **p < 0.01,
One-way ANOVA, Bonferroni post hoc test), while 6B2 and IgG1 had no effect. (D) The postsynaptic marker PSD-95 was not altered overall or between the groups.

mean + SEM.

Note that the blot lanes in the individual blots are from the same blot. The lines show where excess test lanes where sectioned out. All scatter bar graphs are

and confocal microscopy. FcyR2 (CD32) and FcyR3 (CD16)
protein was detected in equal amounts in both cells types via
Western blot following immunoprecipitation (Figure 3A). All
FcyR were localized at the cell body for NDC (Figure 3B), as
they have no processes, while they could be visualized in the cell
body and distal processes for DC (Figure 3C). These different
expression levels, in addition to other mechanistic differences
(Supplementary Figure 2), may explain why NDC and DC take
up tau antibodies to different degrees.

Long-Term Tau Antibody Treatment
Prevents Neuro- and Synaptotoxicity in
Differentiated Cells

To further clarify PHF toxicity and antibody efficacy, DC
were treated with PHF (10g/mL), which creates a more
homogenous pathological condition than lower doses

(Supplemental Figure 3), for 24h. Cells were subsequently
treated with antibodies (5ug/mL) for 120h, followed by
Western blot analyses (Figure 4A). The groups differed overall
(p < 0.0001). PHF was clearly toxic as assessed by the decreased
NeuN levels at 144h compared to untreated control (65%
reduction, p < 0.0001, Figure4B). The 4E6 tau antibody
prevented PHF toxicity as NeuN levels were similar to untreated
control values (p < 0.0001), compared to the PHF group.
There was a trend for the 6B2 tau antibody to prevent PHF
toxicity (p = 0.101), whereas IgG1 had no effect on PHF toxicity
(p = 0.988) (Figure 4B). In addition, synaptophysin and PSD-95,
which are pre- and post-synaptic markers, were measured to
assess synaptic integrity. Synaptophysin levels differed overall
between the groups (p < 0.0016). They trended downward due
to PHF toxicity (39%, Figure 4C), and 4E6 prevented this as
following its incubation this marker went back to untreated
control levels (p = 0.0018), compared to the PHF group. There
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FIGURE 5 | 4E6 tau antibody is time-dependently taken up into the soma of DC in a saturable process. Prior to imaging, DC were incubated with a nuclear stain,
Hoechst, washed, and then placed in non-phenol red DMEM with HEPES. Subsequently, DC were treated with 20 jng/mL Cypher5E (a pH sensitive dye)-tagged 4E6
tau antibody for up to 140 min. Cells were analyzed using live time-lapse imaging at 5 min intervals. Time points for analyses were chosen from the first time point with
positive antibody signal. (A) Shows representative still images from the live imaging from the 55 to 150 min time points, with all analyzed channels. The 4E6-Cypher5E
signal increased over time as the antibody enters more acidic compartments within the cell (endosomes to lysosomes). At 90 min there was increased background
noise, due to the relatively low antibody signal, but it was gone near 100 min. (B,C) The 150 min Merge + Brightfield images were magnified to show more detailed
morphology and localization of the 4E6 tau antibody in the cells. Most of the antibody signal was localized in the soma of the cells, and was peri-nuclear as indicated
by the white arrows. (D) Quantification of the 4E6 tau antibody signal from the Cy5 channel from the Internal Density (IntDen) of the entire frame from 0 to 150 min. The
4EB signal increased over time, and plateaued near 90-100 min.
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FIGURE 6 | 6B2 tau antibodly is time-dependently taken up into the neurites of DC. Prior to imaging, DC were incubated with a nuclear stain, Hoechst, washed, and
then placed in non-phenol red DMEM with HEPES. Then, DC were treated with 20 pg/mL CypherbE-tagged 6B2 tau antibody for up to 150 min. Cells were analyzed
using live time-lapse imaging at 5 min intervals. Time points for analyses were chosen from the first time point with positive antibody signal. (A) Shows representative
still images from the live imaging from the 50 to 150 min time points, with all analyzed channels. The 6B2-Cypher5E signal increased over time. At 90 min there was
increased background noise, due to the relatively low antibody signal, but it was gone near 100 min. (B,C) The 150 min Merge + Brightfield images were magnified to
show more detailed morphology and localization of 6B2 tau antibody in the cells. Most of the antibody signal was localized in the neurites of the cells as indicated by
the white arrows. (D) Quantification of the 6B2 tau antibody signal from the Cy5 channel from the Internal Density (IntDen) of the entire frame from 0 to 150 min. The
6B2 signal increased over time, and plateaued near 105 min.
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FIGURE 7 | IgG1 antibody is time-dependently taken up into the neurites of DC. Prior to imaging, DC were incubated with a nuclear stain, Hoechst, washed, and then

placed in non-phenol red DMEM with HEPES. Subsequently, DC were treated with 20 pg/mL Cypher5E-tagged IgG1 antibody for up to 150 min. Cells were analyzed
(Continued)
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FIGURE 7 | using live time-lapse imaging at 5 min intervals. Time points for analyses were chosen from the first time point with positive antibody signal. (A) Shows
representative still images from the live imaging from the 50 to 150 min time points, with all analyzed channels. The IgG1-Cypher5E signal increases over time. (B,C)
The 150 min Merge + Brightfield images were magnified to show more detailed morphology and localization of 4E6 tau antibody in the cells. The greater majority of
the antibody signal was localized in the neurites of the cells as indicated by the white arrows. (D) Quantification of the IgG1 antibody signal from the Cy5 channel from
the Internal Density (IntDen) of the entire frame from 0 to 150 min. The IgG1 signal increased over time, and plateaued near 120 min.

was a trend for the 6B2 tau antibody to prevent this type
of PHF toxicity (p = 0.257), whereas IgG1l had no effect on
synaptophysin (p > 0.999). Lastly, the post-synaptic marker
PSD-95 was not significantly affected by PHF or subsequent
antibody treatments (Figure4D). Briefly, these findings are
in line with our prior work showing efficacy of 4E6 and lack
thereof for 6B2 in preventing tau toxicity in primary mouse
neurons and in a transgenic mouse model (12). Hence, these
findings validated the use of this DC model for subsequent live
imaging studies.

4EG6 Tau Antibody Is Taken Up Into the
Soma of Differentiated Cells Whereas 6B2
and IgG1 Enter via Neuronal Processes as

Assessed by Live Imaging

We had previously shown that both the effective 4E6 tau antibody
and the ineffective 6B2 tau antibody could localize with somatic
intraneuronal tau in mouse brain slices and in mouse primary
neurons following an incubation for 24h or longer. Those
findings do not provide insight into why the former is effective
and the latter ineffective. Therefore, we set out to determine with
live imaging if earlier cellular events might provide better insight
into this important issue. DC are preferred over primary neurons
for live imaging as they are less sensitive to the conditions for
such analysis. The DC were treated for up to 150 min with 4E6
or 6B2 tau antibodies or control IgG1 (20 pg/mL), which were
tagged with a pH sensitive dye (Cypher5E). This is an ideal dye
as it is only detectable in acidic compartments within the cell.
Its signal therefore confirms intracellular location as opposed
to extracellular detection. Larger amounts of antibodies were
used than in prior experiments to enhance detection by live
imaging under the shorter time period. Antibody internalization
was monitored using time-lapse live imaging, which revealed
that antibody uptake was time-dependent (Figure 5A). 4E6 tau
antibody signal was primarily detected in the soma, and was peri-
nuclear (Figures 5B,C). In addition, the signal began to plateau
near 90 min after incubation began (Figure 5D), suggesting a
saturable process. Both 6B2 tau antibody and IgGl were also
taken up in a time-dependent manner (Figures 6A, 7A), and
distinctly localized in the neurites and more distal processes of
the DC, with limited visibility in the soma (Figures 6B,C, 7B,C).
6B2 signal increased over time and plateaued near 100 min,
while IgG1 did not have as a distinct plateau over the same
period (Figures 6D, 7D), suggesting that its uptake may not have
reached capacity. These finding indicate that the dynamics of the
uptake of the two tau antibodies and its control antibody are
different and needed to be examined further for their interaction
with pathological tau protein for a possible insight into their
efficacy or lack thereof.

Live Imaging Reveals Dynamics of 4E6
Co-localization With PHF in Differentiated

Cells

We have previously shown that added PHF-tau is readily
detected intracellularly in NDC and in primary mouse neurons
after 24h incubation, and that it takes at least 48h for it
to result in measurable toxicity (12, 19). Likewise, in these
models, treatment with tau antibodies for 24 h results in robust
intraneuronal colocalization with the PHF. To clarify the earliest
interaction between PHF and tau antibodies under the time-
lapse live imaging conditions described above, DC were pre-
incubated with 50 ug/mL Alexa Fluor 488 tagged-PHF for
16h, and were subsequently treated with 20 Lg/mL Cypher5E
tagged-4E6, 6B2, or IgGl isotype control antibodies for up
to 150 min (Figures 8-10, See Supplementary Videos 1-3 for
detailed view). Larger amounts of PHF and antibodies were
used than in prior experiments to enhance detection by live
imaging under the shorter time conditions. Antibody and PHF
internalization was closely monitored using time-lapse live
imaging. These images showed an increase over time of all
antibodies’ signal (Figures 8A, 9A, 10A), which began to plateau
at 75, 100, and 110 min for 4E6, 6B2, and IgGl, respectively
(Figures 8B, 9B, 10B). Note that the cells had been pretreated
with PHF-tau, and the PHF signal stayed relatively constant for
up to 150 min for all antibodies (Figures 8C, 9C, 10C).

Importantly, co-localization with PHF was primarily found
within the soma for 4E6, similar to the live imaging results with
4E6 alone (Figure 5), and increased over time (Figures 8A,D,E).
6B2 and IgGl did not colocalize with PHE as the antibody
signal was primarily within the neurites, similar to the live
imaging with those antibodies alone (Figures 6, 7), whereas
the PHF was mainly in the soma (Figures 9A,D,E, 10A,D,E).
This was further confirmed by colocalization analysis (R?),
which increased rapidly for 4E6 and showed a strong positive
correlation over time (12 = 0.969, p = 0.0157, Figure 8F),
but poor or non-existent correlation for 6B2 and IgGl over
time (Figures 9F, 10F). These pronounced internalization and
localization differences fit nicely with the efficacy divergence
between the two tau antibodies, and indicate that this type
of live imaging is helpful to identify promising therapeutic
tau antibodies.

DISCUSSION

Tau immunotherapies have been shown to be effective in various
models (1-4). Despite these advances, mechanistic and dynamic
insight into the uptake and interaction of pathological tau
protein and tau antibodies has been relatively limited. Here,
we show that differentiated human SH-SY5Y neuron-like cells
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FIGURE 8 | Time-lapse live imaging shows a strong correlation between PHF and 4E6 in pre-treated DC. DC were pre-incubated with 50 pg/mL tagged PHF-AF488
for 16 h, washed, incubated with Hoechst stain, washed again, and then incubated with CypherbE-tagged 4E6 tau antibody for up to 140 min. Cells were analyzed
(Continued)
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FIGURE 8 | using live time-lapse live imaging at 5 min intervals. (A) Shows still frames from the live imaging of the 55-140 min time points, with all analyzed channels.
The 4E6-Cypher5E signal increased over time, while the PHF signal did not change. In addition, an intensity co-localization analyses was performed between the 4E6
and PHF signals, which generates a co-localization heat map and intensity correlation coefficient (R2). The colocalization heat map (PDM) showed increasing intensity
over time, as indicated by the yellow color, which depicts greater colocalization. Internalization of 4E6 occurred primarily in the soma, and was peri-nuclear, while the
PHF resided in the soma at the beginning of the experiment. (B) Shows quantification of the 4E6-Cypher5E signal, where the signal increased over time, and began to
plateau near 75 min. (C) Shows quantification of the PHF-AF488 signal, which showed no change within the 140 min. (D,E) The 140 min Merge and Merge +
Brightfield images were magnified to show more detailed morphology and localization of 4E6 tau antibody and PHF co-localization in the cells. Most of the antibody
signal was localized in the soma of the cells, and was peri-nuclear as indicated by the white arrows. (F) Shows the intensity correlation coefficients of PHF and 4E6
(R? = —0.05 to 0.232), which increased linearly, and correlated well over time (2 = 0.969, p = 0.0157, Pearson, two-tailed).

(DC) treated with human brain-derived pathological tau, is a
suitable and expeditious alternative model to assess and clarify
tau antibody efficacy, compared to the more time consuming
and more expensive to maintain in-vivo and induced pluripotent
stem cell models. It is well documented that differentiated SH-
SY5Y cells (DC) have improved expression of neuronal markers
and morphology compared to their non-differentiated (NDC)
counterparts (28-30). This DC model is more scalable than
both primary mouse neurons and stem cell models, In addition,
live time-lapse imaging of this model is more feasible than in
those other culture models, and it provides a valuable temporal
and spatial insight into the interaction of pathological tau and
potential antibody therapies. Specifically, live imaging can be
used as a rapid means of analysis of an antibody’s: (a) effectiveness
to enter neurons; (b) colocalization with its target; (c) subcellular
location, and; (d) its association with its target over time.

To create a more physiological cell culture system, a double-
differentiated protocol was employed, as described previously by
us (23, 31, 36, 37), and other groups (28-30), to differentiate SH-
SY5Y neuroblastoma cells with increased neuronal expression
and morphology These cells are characteristically different
from their NDC counterparts with: (1) improved neuronal
morphology; (2) decreased antibody uptake; and (3) increased
tau levels (Figure 1). In addition, we showed that the neuronal
marker NeuN is a sensitive way to measure PHF toxicity in
these models, as we had previously shown in primary mouse
neurons (12, 23), and others have used as well to assess
neurotoxicity (35, 38-42). We have previously discussed that
NeuN is expressed throughout the neuron, and that the PHF
toxicity likely reflects more retraction of neuronal processes
than overt cell death within the analyzed time period (12). PHF
(1 ng/mL) was cytotoxic to both human cell lines as measured
after 48 h incubation as NeuN levels decreased by 53 and 37%,
in NDC and DC, respectively. Importantly, 4E6 tau antibody
treatment in PHF pre-incubated DC prevented PHF toxicity, but
it was ineffective in NDC (Supplementary Figure 1). These DC
results are in agreement with findings in primary mouse neuronal
cultures under similar conditions (14).

Several human and mouse subtypes of FcyRs exist and are
found on various cell types (43). Likewise, several human and
mouse IgG isotypes exist with different functions (43). The
nomenclature of these receptors and isotypes is not the same
for these species, which complicates their comparison. Briefly,
regarding tau antibody therapy studies, it is important to keep
in mind that most anti-tau mouse monoclonals are of the IgG1
isotype, like the antibodies in this particular study. However,

effector function for microglial and macrophage phagocytosis
is mainly confined within mouse IgG2a binding to mouse
FcyR1 but is limited for mouse IgG1. In contrast, human IgG1
has a strong phagocytic effector function linked to human
FcyR1. These differences are though not relevant in the current
neuron-like DC model or in mouse primary neuronal cultures
because they do not have phagocytic activity. We have previously
demonstrated that blocking mouse FcyR1 or phagocytosis has no
effect on IgG1 antibody uptake in mouse brain slices or in mouse
primary neuronal culture (14). We have also repeatedly shown
that the 4E6 IgGl mouse monoclonal antibody used herein is
readily taken up both in mouse neurons (7, 12, 14, 22, 23) and
in human NDC (19) and DC in the present article. In contrast,
its human IgG1 Fc chimera (c4E6) is poorly taken up in both
mouse primary neurons and in human DC because its charge is
very different from the mouse IgG1 isotype (23).

Considering that we have previously linked neuronal uptake
of antibodies to FcyR2/3 (7), examining their expression in this
model was warranted. The mRNA and protein expression levels
of FcyR is generally greater in DC than in NDC (Figures 2, 3),
which aligns nicely with the main antibody uptake pathway
in DC being receptor-mediated, whereas in NDC it is bulk-
mediated (Supplementary Figure 2). Expression of the FcyR3
subtypes was seen consistently in different cell batches but
not always for FcyR2. This phenomenon needs to be further
examined, and it may depend on cell passage. Lastly, the
proposed mechanism of action in DC is in agreement with our
prior work, revealing that antibody uptake in primary mouse
neuronal cultures is mainly receptor-mediated — presumably
FcyR2/3-mediated based on blocking studies - while bulk-
mediated endocytosis was involved to a lesser extent (14). For
all these reasons, and their more neuronal properties, DC are
a better model than NDC for future studies in this field, and
compares favorably to other models used/developed by our
laboratory. Other groups have reported involvement of FcyR in
uptake of antibodies targeting tau and a-synuclein in different
models (17, 44).

Furthermore, to enhance tau pathology in DC, we increased
the PHF dosage to 10g/mL, which also generates a more
homogeneous cellular pathology (Supplementary Figure 3). We
subsequently treated the cells with antibodies for a longer time
period (120h) to better reflect their efficacy in preventing PHF
cytotoxicity. As expected, these experiments showed a more
pronounced PHF cytotoxicity as measured by NeuN levels
(65%), which was prevented by the 4E6 tau antibody, while
6B2 trended this way, and IgG1 had no effect (Figure 4). This
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FIGURE 9 | Time-lapse live imaging shows PHF and 6B2 in pre-treated DC, but in separate compartments. DC were pre-incubated with 50 wg/mL tagged
PHF-AF488 for 16 h, washed, incubated with Hoechst stain, washed again, and then incubated with Cypher5E-tagged 6B2 tau antibody for up to 150 min. Cells were
(Continued)
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FIGURE 9 | analyzed using live time-lapse imaging at 5 min intervals. (A) Shows still frames from the live imaging of the 55-150 min time points, with all analyzed
channels. The 6B2-Cypher5E signal increased over time, while the PHF signal did not change. In addition, an intensity co-localization analyses was performed
between the 6B2 and PHF signals, which generates a co-localization heat map and intensity correlation coefficient (R2). The colocalization heat map (PDM) showed
no change in intensity over time. Internalization of 6B2 occurred primarily in the neurites, while the PHF resided in the soma. (B) Shows quantification of the
6B2-Cypher5E signal, where the signal increased over time, and began to plateau near 100 min. (C) Shows quantification of the PHF-AF488 signal, which showed no
change within the 150 min period. (D,E) The 150 min Merge and Merge -+ Brightfield images were magnified to show more detailed morphology and localization of
6B2 tau antibody and PHF in the cells. Most of the antibody signal was localized in the neurites of the cells, and did not colocalize with PHF, as indicated by the white
arrows. (F) Shows the intensity correlation coefficients of PHF and 6B2 (R2 = 0.058 to —0.059), which did not correlate over time (2 = 0.5334).

study confirmed the efficacy differences between 4E6, 6B2, and
IgG1 control as we have seen in vivo and in primary mouse
neuronal cells (12, 22), further supporting the predictive validity
of this human cellular model. PHF-induced synaptotoxicity as
revealed by a decrease in synaptophysin, a presynaptic marker,
mirrored PHF-induced reduction in NeuN. Importantly, as for
NeuN, synaptotoxicity was prevented with 4E6 tau antibody
treatment, but not with 6B2 or IgG1. Interestingly, PHF was not
toxic to the post-synapse as reflected by the lack of change in
PSD-95 levels following PHF incubation. This is not particularly
surprising because postsynaptic degeneration (loss of PSD-95)
is a later phenomenon than presynaptic degeneration (loss of
synaptophysin) in AD and related models (45-47). In addition,
it has been shown that TrkB, a receptor of BDNFE, and PSD-
95 complex together within the post-synapse (48-51), and when
bound to BDNF a positive feedback loop leads to an increase
in PSD-95 (52, 53). The SH-SY5Y neuroblastoma cells are
differentiated with an artificially high level of BDNF (50 ng/mL)
(28-30), which is much lower in the interstitial space of the
brain under physiological or pathological states (54). As a result,
the BDNF concentration in our DC model may saturate the
PSD-95 levels.

The establishment of DC as a suitable model for PHF
toxicity and its prevention by tau antibodies paved the way
for the live time-lapse imaging studies. Specifically, to explore
internalization and interaction of tau antibodies and their
pathological targets in the immediate aftermath of adding
these reagents to the cultures. Our findings indicate that their
internalization and subsequent interaction occurs in different
sub-cellular locations, depending on the antibody used. In
cells treated only with the 4E6 tau antibody, the antibody
was preferentially taken up directly into the soma. Its signal
increased over time and plateaued at about 90 min, suggesting a
receptor-mediated process (Figure 5). As shown in Figures 3B,C,
the soma has high density of Fc receptors. For the 6B2 tau
antibody and IgG1, uptake into the cells was less prominent and
internalization was more extensive in the processes compared
to 4E6 (Figures 6, 7). All three antibodies are likely primarily
taken up via receptor-mediated process because it is a saturable
process, and considering our prior work on elucidating their
uptake mechanisms (7, 12, 14, 16, 19, 22, 23, 27). This careful
frame-by-frame examination of the video files indicated that the
uptake of the 4E6 antibody was predominantly directly into the
soma, whereas in contrast 6B2 and IgGl showed prominent
uptake via the neuronal processes. The different primary path
of uptake for 6B2 and control IgG1 under these live imaging
conditions provides insight into why they are therapeutically

ineffective, as further confirmed under the PHF-pre-treated
conditions discussed below.

In the PHF pre-treated cells, 4E6 antibody uptake was
fast, while the PHF signal stayed constant. The degree of
colocalization increased rapidly over time in a highly correlated
fashion (r* = 0.969). This indicates a dynamic antibody being
directed to a static target (Figure 8, Supplementary Video 1).
However, the scenario was different for 6B2 or IgGl, as
those antibodies showed minimal if any colocalization
with PHF during the incubation period (Figures9, 10,
Supplementary Videos 2, 3). Furthermore, the uptake of these
antibodies began to plateau later (100-110 min), compared to
4E6 (75 min). In addition, most of the 6B2 and IgG1 antibodies
seemed to reside within the neurites, similar to antibody alone
controls, and were not detected immediately in the soma, unlike
4E6. A possible explanation for these differences is that 4E6
taken up via somal Fc receptors binds to PHF there in the
endosomal/lysosomal system, and is therefore quickly visualized.
On the other hand, 6B2 or IgGl are either not taken up via
that somal pathway or do not interact with PHF there and are
therefore recycled out of the cell and not seen until they come in
through the processes. Transport via that pathway takes longer
leading to delayed uptake signal. As we have shown in previous
studies (14), 4E6 is taken up into primary mouse neurons mainly
through receptor-mediated endocytosis (~80%), while the
remainder is bulk-mediated (~20%). Together, these findings
indicate that 6B2 and IgG1 are internalized through the neurites,
while 4E6 is primarily internalized via the soma.

In previous studies, we have shown that tau antibodies can
enter tauopathy neurons in a mouse brain within 1h after
intracarotid injection (5). In addition, tau antibodies colocalize
strongly with neuronal pathological tau when analyzed at 2h
in ex vivo mouse slice culture models (7, 13), and at 24h
in primary mouse neurons (12). Our live time-lapse imaging
technique is in agreement with these previous studies, as tau
antibodies were internalized into neurons within 50 min after
treatment. In addition, we demonstrated the convergence of tau
antibody and its pathological PHF target within 90 to 115 min.
Interestingly though, under the current live imaging conditions,
4E6 but not 6B2 colocalizes with endosomal/lysosomal tau. This
clarifies 4E6’s efficacy in clearing tau, preventing its toxicity and
lack thereof for 6B2 as shown here and previously in vivo in a
tauopathy mouse model and in primary mouse neurons (12).

Until now, the dynamics behind the efficacy differences
between the two antibodies had been unexplained. It cannot
relate to isotype because both antibodies are IgG1. Furthermore,
both 4E6 and 6B2 have similar overall charge (~6.5 and ~6.8,

Frontiers in Neurology | www.frontiersin.org

15

November 2020 | Volume 11 | Article 602292


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Shamir et al.

Cellular Dynamics of Tau Antibodies

A
Period after PHF-AF488
IgG1 addition
(min)
) .
’ .
) .
N .
B
1gG1 Signal
2x107
§.5x107- R
Emo’- ..°..
g .o"
& 5<10° ...0'
0 50 100 150
Time (min)
D

IgG1-Cypher5E

Merge

(o]
PHF Signal
5000000+
S 40000009
2 (ITY
a ®000eteqe
e 090,
£ 3000000 0700000000, 00000
@
=
' 2000000
)
=
Z 10000001
0 , . .
0 50 100 150
Time (min)
E F

Merge+Brightfield

Colocalization
(PDM)

Degree of Co-localization

FIGURE 10 | Time-lapse live imaging shows PHF and IgG1 in pre-treated DC, but in separate compartments. DC were pre-incubated with 50 ug/mL tagged
PHF-AF488 for 16 h, washed, incubated with Hoechst stain, washed again, and then incubated with Cypher5E-tagged IgG1 isotype control antibody for up to
150 min. Cells were analyzed using live time-lapse imaging at 5 min intervals. (A) Shows still frames from the live imaging of the 55-150 min time points, with all

50 o 100 180
I —
L]
L]
Time (min)

(Continued)

Frontiers in Neurology | www.frontiersin.org

16

November 2020 | Volume 11 | Article 602292


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Shamir et al.

Cellular Dynamics of Tau Antibodies

FIGURE 10 | analyzed channels. The IgG1-Cypher5E signal increased over time, while the PHF signal did not change. In addition, an intensity co-localization analyses
was performed between the IgG1 and PHF signals, which generates a co-localization heat map (PDM) and intensity correlation coefficient (R?). The colocalization heat
map showed no change in intensity over time. Internalization of IgG1 occurred primarily in the neurites, while the PHF resided in the soma. (B) Shows quantification of
the IgG1-Cypher5E signal, where the signal increased over time, and began to plateau near 110 min. (C) Shows quantification of the PHF-AF488 signal, which
showed no change within the 150 min period. (D,E) The 150 min Merge and Merge + Brightfield images were magnified to show more detailed morphology and
localization of IgG1 and PHF in the cells. Most of the antibody signal was localized in the neurites of the cells, and did not colocalize with PHF, as indicated by the
white arrows. (F) Shows the intensity correlation coefficients of PHF and IgG1 (R> = —0.047 to —0.046), which did not correlate over time (> = 0.0069).

respectively), reflected in their prominent neuronal uptake as
reported previously (7, 12). However, their affinities for various
forms of tau differ substantially with 6B2 having much higher
affinity for the tau peptide epitope and aggregated tau whereas
4E6 binds primarily to soluble pathological tau (7, 12). Hence,
a possible explanation may be that in the PHF pre-treated DC,
6B2 may be binding to extracellular PHF that is present in such
small quantities that it does not emit a detectable fluorescent
signal. The source of the PHF may be trace amounts that remain
after extensive washes following PHF pre-incubation, and/or
PHF secreted from the neurons following uptake. This may in
effect neutralize the 6B2 and it cannot then interact with more
toxic soluble forms of tau within the cell. This 6B2-PHF complex
may be preferentially taken up via the neurites, possibly by bulk-
endocytosis, as shown previously for recombinant or mouse
derived purified tau alone (55-57). As IgG1 does not have an
affinity for tau, it is not retained in the soma if it is taken up
there, and therefore rapidly recycled out of the cells and not
detected. The IgGl1 signal within the neurites is likely the result
of non-specific uptake as highlighted by the lack of colocalization
with PHF throughout the experiment. The possible interaction
of 6B2 with trace amounts of extracellular PHF can be seen as an
artifact of this model but it may also indicate that extracellular
interaction of an antibody with pathological tau neutralizes the
antibody so that it cannot prevent intracellular tau toxicity and
promote tau clearance.

A more straightforward explanation for the contrasting
efficacies of 4E6 and 6B2 relates to the differences in their initial
location and uptake within the cell, which is comparable without
or with PHF in the system (Figures 5, 6 and 8, 9, respectively).
We previously showed that both antibodies are taken up into
tauopathy brain slices, with the key difference being that 4E6
primarily colocalized with tau in the endosomal-lysosomal
system, whereas 6B2 showed more diffuse cytoplasmic staining
(7). Here, only antibodies in the endosomes/lysosomes are
visualized and because 6B2 shows minimal colocalization with
tau within this degradation system, it likely explains its lack of
efficacy in the different culture models, and in vivo in promoting
tau clearance and preventing its toxicity and related cognitive
impairments (12, 22). The endosomal/lysosomal compartment
is acidic, the pH of the cytosol is neutral and thus any 6B2
bound to cytosolic tau would not be seen here using the CypHer5
dye, and further investigation into this compartment may be
warranted. It should be noted though that we previously reported
colocalization of 6B2 and tau within endosome/lysosomes in
NDC after 24h antibody incubation (18). However, as shown
here that primitive model system cannot be used to assess

efficacies of tau antibodies, presumably because it does not have
efficient lysosomal degradation system and likely relies more on
exocytosis for clearance. In addition, the high affinity interaction
of 6B2 with tau may make it more difficult to degrade the
6B2-tau complex, whereas the lower affinity interaction of 4E6
with tau may promote tau disassembly and facilitate access
of lysosomal enzymes to degrade tau. Overall, live imaging
of these early events within a few hours allows for rapid
prediction of antibody efficacy prior to lengthier studies in
other models.

In summary, we have demonstrated that tau antibody 4E6
prevents PHF toxicity in human neuroblastoma DC, while tau
antibody 6B2 or control IgG1 control do not, which mirrors our
prior findings in other ex vivo and in vivo mouse models (12, 22).
Furthermore, the live imaging herein provides an important
new insight into the mechanisms behind this efficacy difference.
Time-lapse live imaging in DC up to 150 min showed that the
interaction of PHF and 4E6 tau antibody is dynamic and robust,
with rapid colocalization within the soma of the cell, whereas this
was not seen for 6B2 or IgG1 control. These qualitative results
were supported by our quantitative evaluation of the PHF and
antibody signals using colocalization analyses. These findings,
and the distinct differences between 4E6 vs. 6B2, or IgG1, support
the predictive validity of this assay and method of analysis.
In particular, this entirely human model is ideal to examine
efficacy of humanized antibodies prior to lengthy clinical trials,
for which alternative mouse models are likely not appropriate.
In conclusion, this overall approach is very useful to clarify the
mechanisms of tau immunotherapies, and to evaluate clinical
candidate tau antibodies for their effectiveness at entering cells
and finding their pathological target.
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Supplementary Figure 1 | 4E6 tau antibody prevents PHF toxicity in DC, but not
in NDC. NDC or DC, maintained as described above, were pre-treated with PHF
(1 pg/mL) for 24 h, washed with DMEM, and subsequently treated with tau
antibodies (6B2 or 4EB) for 24 h. Cells were then lysed, collected for Western blot
analyses, and probed for NeuN. (A,B) Shows representative Western blots of
NDC and DC treated with PHF and antibodies, compared to untreated controls.
(A) Shows the quantified NeuN data from the Western blots for NDC samples,
where PHF toxicity decreased NeuN levels (53% decrease, **p < 0.001, n = 7-8,
One-way ANOVA, Bonferroni post hoc test). Tau antibodies had no effect in NDC.
(B) Shows quantified NeuN data for DC samples, where PHF toxicity decreased
NeuN levels (37% decrease, **p < 0.01, n = 12, One-way ANOVA, Bonferroni
post hoc test), which was prevented by 4E6 resulting in NeuN levels comparable
to controls. ***p < 0.0001 compared to PHF alone. Note that the blot lanes in
(A,B) are from the same blots, respectively. The lines show where excess test
lanes where sectioned out. (C) Shows representative Western blots from DC
treated with 4E6 and 6B2. Quantitation shows no significant difference observed

in the NeuN levels for cells treated with 4E6 and 6B2 at 5 and 10 g/ml each for a
duration of 24 h when compared to the untreated control cells demonstrating no
neurotoxic effect of antibody treatment alone. All scatter bar graphs are

mean + SEM.

Supplementary Figure 2 | DC take up tau antibodies through receptor-mediated
endocytosis. NDC and DC were co-incubated with 300 pg/mL 10,000 MW Alexa
568 tagged Dextran and 20 ug/mL Alexa 488 tagged 6B2 tau antibody for 24 h.
Cells were then washed, incubated with Hoechst stain to visualize nuclei, washed,
and fixed with paraformaldehyde for microscopy. (A,B) Shows confocal
microscopy images of NDC and DC, respectively. The merge panel exemplifies the
pronounced co-localization of dextran and tau antibody in NDC, while there was
significantly less co-localization in DC. Both sets of images were analyzed for
intensity correlation coefficient between the dextran and 6B2 signals. The
colocalization analyses revealed strong colocalization in NDC as seen by the
merged image, and strong intensity correlation between 6B2 and dextran

(R? = 0.729), while limited colocalization was seen in DC as reflected by a weak
intensity correlation coefficient (R2 = 0.123). As indicated in the differentiated
merged blow-up image, the green dots are much more prominent than the
orange/yellow dots that reflect colocalization. Also, since the differentiated cells
take up much less dextran because of their limited bulk-endocytosis, the red dots
are smaller and not well discerned from the yellow/orange dots to the naked eye.
In parallel, 6B2 tau antibody (5 g/mL) and increasing doses of a
clathrin-mediated endocytosis inhibitor, Dynasore (1-5 ug/mL) or vehicle (DMSO)
were co-incubated with NDC or DC for 24 h. Cells were then lysed and collected
for Western blot analyses. (C,D) Shows representative Western blots of NDC and
DC treated with Dynasore and probed for anti-mouse IgG1 and GAPDH. (E,F)
Shows the quantified results of the Western blots where the anti-mouse IgG1
signal was normalized to GAPDH. In NDC, Dynasore did not significantly affect
antibody uptake at any dose, whereas it did in DC at the 5 g/mL dosage (39%
decrease, *p = 0.04, n = 7-8, t-test, one-tailed) compared to the vehicle control.
All scatter bar graphs are mean + SEM.

Supplementary Figure 3 | PHF is dose-dependently taken up by NDC. NDC
were treated with 0-10 pg/mL Alexa Fluor 647 tagged PHF-tau for 24 h. Cells
were then collected and examined with flow cytometry. (A) Cells were gated for
viable and singlet cells. (B) Furthermore, cells were analyzed for Alexa Fluor 647
positive cells, generating histograms for each sample, % of PHF positive cells and
Median Fluorescence Intensity (MFI). (C) Shows dose-dependent increase in
percent PHF positive cells, which plateaued between 1 and 10 pg/mL. (D)
Quantification of MFI of the Alexa Fluor 647-tagged PHF, normalized to the
0pg/mL dosage, which shows a dose-dependent increase in the intracellular PHF
signal. All plots are mean + SEM.

Supplementary Video 1 | Time-lapse live imaging shows time-dependent
colocalization of PHF and 4E6 in pre-treated DC. DC were pre-incubated with

50 ng/mL tagged PHF-AF488 for 16 h, prepared for live imaging as described
above, and subsequently treated with 20 wg/mL Cypher5E (a pH sensitive
dye)-tagged 4E6 tau antibody for up to 140 min. Time dependent internalization of
4E6 occurred primarily in the soma, and progressively co-occupied areas where
PHF resided in the soma since the beginning of the experiment. Colocalization
increased over time, as indicated by the yellow color.

Supplementary Video 2 | Time-lapse live imaging shows 6B2 uptake in
pre-treated DC, but it does not colocalize with PHF. DC were pre-incubated with
50 pg/mL tagged PHF-AF488 for 16 h, prepared for live imaging as described
above, and subsequently treated with 20 wg/mL Cypher5E (a pH sensitive
dye)-tagged 6B2 tau antibody for up to 150 min. Time-dependent internalization
of 6B2 occurred primarily in the neurites, while PHF resided in the soma since the
beginning of the experiment.

Supplementary Video 3 | Time-lapse live imaging shows IgG1 uptake in
pre-treated DC, but it does not colocalize with PHF. DC were pre-incubated with
50 ng/mL tagged PHF-AF488 for 16 h, prepared for live imaging as described
above, and subsequently treated with 20 wg/mL Cypher5E (a pH sensitive
dye)-tagged IgG1 control antibody for up to 150 min. Time-dependent
internalization of IgG1 occurred primarily in the neurites, while PHF resided in the
soma since the beginning of the experiment.
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