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Abstract

Deviant calcium signaling is a central pathological component of Alzheimer’s disease (AD). Here,
we describe the identification of a novel class of compounds — ReS19T — that restore calcium
homeostasis in cell-based models of tau pathology. Diseased tau leads to uncontrolled activation
of store-operated calcium channels (SOCCs) by causing disassembly of septin filaments. Binding
of ReS19T to septin 6 restores filament polymerization in the disease state and restrains calcium
entry through SOCCs. In amyloid-B and tau-driven disease models, ReS19T restored synaptic
plasticity, improved neuronal survival and attenuated the development of both amyloid-f and tau
pathology. Hence, neurotoxic cytosolic calcium is both a cause and consequence of AD pathology.
Our findings provide support for calcium-driven neurodegeneration and identify septin 6 as a
promising therapeutic target to correct calcium dysfunction in AD.

One-Sentence Summary

Restoring calcium homeostasis by modulation of septin 6 is neuroprotective in models of
Alzheimer’s disease.
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Graphical abstract. ReS19T mechanism of action. In the disease state, tau pathology disrupts septin filament
assembly causing aberrant (store-independent) activation of Store-Operated Calcium Channels (SOCCs). Constitutive
activation of SOCCs leads to a prolonged rise in cytoplasmic calcium levels setting off a series of self-amplifying
pathophysiological events. By binding at the interface of septin filaments, ReS19T restores their assembly at the cell

cortex, where they prevent spurious activation of SOCCs, thus restoring calcium homeostasis, neural circuit
connectivity, and preventing neuronal loss.



Alzheimer’s disease (AD) is the main cause of dementia afflicting over 40 million people
worldwide (1). With no cure and few approved therapies, AD is fast becoming one of the most
expensive and devastating diseases of this century. Therefore, there is an urgent need to accelerate
development of therapeutics that target the root cause of neurodegeneration in AD.

Deranged calcium signaling is increasingly recognized as a proximal and central pathological
event in AD and other types of dementia. Sustained disturbances in calcium signaling occur in the
preclinical phase of the disease, before the development of overt symptoms (2-5) and trigger
synapse disruption (6, 7), a key pathological event that underlies memory impairment and precedes
neuronal death (8). Calcium dysregulation in AD is multiform and complex, but ultimately
manifests with sustained elevation of cytoplasmic calcium levels [Ca?*]eyto in both familial and
idiopathic forms of the disease (9, 10).

In diseased neurons, elevated resting [Ca®*]cyto contributes to the development of AD pathology
including the production of pathological Ap and tau species. Reciprocally, AD pathological
changes cause elevation in resting [Ca®*Jeyto, Which executes a program of neurodegeneration
initiated by synaptic disruption and culminating with the activation of neuronal death pathways
(11-14). This suggests that deregulated [Ca?*]cyto fuels a self-reinforcing amplification of AD
pathobiology ultimately causing neuronal demise.

A variety of calcium channels and signaling systems are malfunctioning in AD, ranging from
increased activity of N-methyl-D-aspartate (NMDA) receptors (15) and voltage-gated calcium
channels (VGCCs) (16) at the synapse, to impaired mitochondrial calcium buffering (17) and
exaggerated calcium release from the endoplasmic reticulum (ER) — an effect mediated by
upregulation of inositol-3-phosphate (18) and ryanodine (6) receptors. Linked to disturbances in
ER calcium homeostasis, store-operated calcium entry (SOCE), a calcium influx pathway
activated by depletion of calcium from ER stores, has also been implicated in AD. Intriguingly,
SOCE is downregulated by several familial AD mutations in presenilin-1 (PS1), but stimulated by
others, depending on the impact of these mutations on ER calcium leakage (10). Moreover, an
excess of tau exacerbates SOCE (19), while this calcium influx pathway promotes activation of
the inflammasome in the disease state (20), hinting at a context-specific influence of SOCE in AD.

Calcium dysfunction in AD is therefore a promising therapeutic target, faced however, with one
significant challenge: interventions that interfere with physiological calcium signaling events are
likely to have adverse consequences on synaptic networks and cognitive performance and may
affect non-neurologic organ systems. Here we report the identification and characterization of a
novel class of compounds — ReS19T — that circumvent this problem by selectively targeting an
aberrant form of SOCE triggered by pathological tau, without impacting synaptic and receptor-
mediated Ca?* signaling in physiological conditions. ReS19T compounds efficiently cross the
blood-brain barrier, rescue synaptic and cognitive deficits in AD mouse models, and reduce the
abundance of AB and tau pathology.

ReS19T: a small molecule scaffold that restores calcium homeostasis and neutralizes Tau-
and AB-driven neurotoxicity

To discover new potential AD targets and corresponding therapeutics, we developed a cell-based
screening assay that recapitulates tau- and Ca?*-induced toxicity in neuroblastoma cells (21). This
assay involves stable expression of human tau with a pathological mutation (P301L) associated
with frontotemporal dementia (FTD) and causing aggressive tau hyper-phosphorylation and
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aggregation (22), in combination with chronic exposure to all trans-retinoic acid (ATRA), an
inducer of neuronal differentiation. In this context, tauP301L causes extensive cell death,
compared to wild-type (wt) tau, or no transgene expression (Fig. S1A). Previous characterization
of this assay revealed that toxicity is associated with elevation of cytoplasmic calcium [Ca%eyto
and that interventions lowering [Ca?*]eyto efficiently rescue cell death, indicating calcium-driven
tau neurotoxicity (21).

Screening of an in-house compound library led to the identification of several hits that alleviate
[Ca?*]ey0 OVerload and toxicity (Figs. 1A and S1B). We focused on a thiadiazole derivative for
further development. After multiple rounds of structure-activity optimization, we obtained a series
of compounds with a common scaffold (ReS19T) that efficiently counteract toxicity and restore
normal [Ca?*]cyto With EC50s in both assays between 15 and 20 nM (Fig. 1A). ReS19T had no
effect on tau expression or ATRA-dependent gene transcription (Fig. S1C,D). Neurotoxic soluble
amyloid oligomers (AB-derived diffusible ligands, ADDLs ref) induce a sustained increase in
neuronal [Ca?*]eyto. TO test whether ReS19T rescues ADDL-induced synaptic loss and neuronal
toxicity, we treated rat hippocampal neurons with purified ADDLSs in the presence of ReS19T or
vehicle. ReS19T restored dendritic spine density (Figs. 1B,C) and fully rescued neurons from
ADDL-induced cell death (Fig. 1D), demonstrating that both tau- and AB-induced neurotoxicity
are countered by the compound in cell-based assays.
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Fig. 1 Identification of ReS19T and its target. (A) Cell death and elevated [Ca?*]¢y0 in ATRA-treated tauP301L-
expressing BE(2)-M17 cells are mitigated by ReS19T-127 in the low nM range. (B-D) Rat hippocampal neurons (DIV
22) treated with vehicle or ReS19T-127 (240 nM) and exposed (or not) to ADDL (0.5 uM) (B,C) or ADDL (1 uM)
(D) for 24 hrs. (B,C) Dendritic spine density measured in dendritic segments of Marcks-GFP transfected neurons;
ADDL-/veh (n = 39), ADDL-/ReS19T (n=37), ADDL+/veh (n = 43) and ADDL+/ReS19T ( n =50). *: p < 0.5, ***:
p < 0.01, ANOVA with pairwise comparisons of means (Tukey). Scale bar: 5 um. (D) ADDL-induced cell death in
neurons exposed to indicated treatments **: p < 0.01, t-test from 3 replicates. Error bars indicate 95% CI. (E) 3-hybrid
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screen approach to identify ReS19T-interacting proteins. (F) in-cellulo interaction of MFC (ReS19T-929 linked to
methotrexate) with different septin isoforms (n = 3, error bars: SD). Inset shows phylogenetic analysis of septin
isoforms probed in 3-hydrid assay. (G-J) FIDA binding isotherms of ReS19T-127 to purified SEPT6, 7 and 2. (K-L)
siRNA-mediated knockdown of SEPT6 attenuates ReS19T-127 effect on toxicity (K) and [Ca®*]eyt (L) in ATRA-
treated tau(P301L)-expressing BE(2)-M17 cells. See also corresponding Figs. S1-S3.

Identification and validation of septin 6 as a ReS19T target

To identify putative ReS19T targets, we carried out a three-hybrid screen in mammalian cells (23).
We used as a prey a genome-wide collection of human open reading frames (ORFs) fused to
truncated gp130 and as a bait ReS19T linked to methotrexate (MFC). Interaction of MFC with a
prey turns on leptin-dependent STAT3 signaling and induces a STAT3-responsive reporter gene
(Fig. 1E). Only three cDNAs elicited at least a two-fold induction of the reporter in presence of
MFC compared to untreated cells (Fig. S2A). Among these three candidates, septin 6 (SEPT6)
reproducibly evoked the strongest response (Fig. S2A). Re-screening of all septin isoforms present
in the ORFeome collection confirmed binding of MFC to SEPT6 and revealed a weaker interaction
with SEPT11, while none of the other septin isoforms tested interacted with MFC (Figs. 1F and
S2B-D). A phylogenetic analysis of these septin isoforms showed that MFC interacts with the two
most closely related SEPT6 family members (SEPT6 and SEPT11) and shows no detectable
binding to the more distant SEPT2 and SEPT3 classes (Fig 1F). SEPT6 is a GTP-binding protein
that assembles into filaments at the cell cortex together with SEPT2 and SEPT7 family members
(24, 25). Septins regulate microtubule dynamics (26) and are found, together with
hyperphosphorylated tau, in neurofibrillary tangles of AD brains (27), pointing to a possible
connection between tau and the septin cytoskeleton.

Next, we examined binding of ReS19T to purified septin isoforms (Fig. S3G) using flow-induced
dispersion analysis (FIDA), a label- and immobilization-free technology that quantifies
biomolecular interactions based on changes in size and diffusion (28). In these experiments, septin
isoforms were maintained in high salt to prevent oligomerization. ReS19T induced a dose-
dependent increase in SEPT6 hydrodynamic radius, which, when fitted to a binding isotherm
equation, revealed a dissociation constant (Kgq) of 1.5 nM (Figs. 1G and S3A). Measuring Kgq based
on binding-related (fluorescence) intensity change (BRIC) led to a comparable value (1.6 nM,
Figs. 1H and S3D). No compound-induced changes in hydrodynamic radius were detected for
SEPT7 and SEPT2 (Fig. S3B,C), although binding isotherms associated with higher dissociation
constants were observed by BRIC for both isoforms (Figs. 11,J and S3E,F). These cell-free binding
studies demonstrate direct and high affinity binding of ReS19T to SEPT6 with a possible impact
on the target conformation. They also provide evidence for weaker binding of the compound to
SEPT7 and SEPT2.

RNAIi-mediated silencing of SEPT6 attenuates modulation by ReS19T of both toxicity and
[Ca?]eyto (Fig. 1K,L) confirming that the target is required for the observed pharmacodynamic
effects. Silencing is not complete (Fig. S2E), hence compound action through residual SEPT6, or
other septin isoforms is to be anticipated. SEPT6 knockdown resulted in elevated toxicity and
[Ca?*]ey0 at ineffective compound concentrations (Fig. 1K,L) suggesting an inhibitory function of
the target on [Ca?*]eyto.

ReS19T targets store-operated calcium entry



Septins have been identified as central regulators of store-operated calcium entry (SOCE) (29, 30)
—a form of calcium influx activated by calcium depletion from the ER. To examine the impact of
tau on SOCE at the single-cell level, we transfected neuroblastoma cells with tauP301L-T2A-
mRuby, tau-T2A-mRuby or mRuby DNA plasmids (Fig. S4A) and imaged SOCE by calcium
addback following store depletion. tauP301L elicited a marked increase in basal [Ca?"]¢yto (before
store depletion) and SOCE amplitude as compared to wt tau or the mRuby control (Figs. 1A and
S4A-D). Selecting cells with increasing levels of tau expression (by gating mRuby intensity)
revealed a corresponding increase in SOCE amplitude and [Ca?*]cyto for both mutant and wt tau,
although SOCE remained significantly larger in tauP301L-expressing cells (Fig. S4A,B). As
expected, SOCE responses in cells expressing mRuby alone were not influenced by mRuby
expression levels (Fig. S4B).
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Fig. 2 ReS19T specifically targets a tau-dependent pathological form of SOCE. (A-C) SOCE measured by
calcium addback in individual Fluo4-loaded BE(2)-M17 cells transfected with the indicated constructs and exposed
to vehicle (DMSO) or ReS19T-127 200 nM (24 hrs). (A) Fluo4 traces are normalized to the control mRuby/vehicle
condition. Extracellular calcium concentrations (black: 2 mM, white: 0 mM) and thapsigargin addition are indicated
on top of time series. (B,C) Average SOCE amplitude (B) and basal [Ca?*]eyto (C) derived from time series shown in
A. (D,E) Independent calcium addback experiment showing average effect of Pyr6 10 uM (1 hr) on SOCE amplitude
and basal [Ca?*]eyto in MRuby- or tauP301L-T2A-mRuby-expressing cells. (A-E) More than 500 cells were analyzed
for each condition. (F) SOCE measured in Fura-2 loaded BE(2)-M17 cells stably expressing tauP301L or EV and
transfected with scrambled and SEPT6-targeting siRNAs. Shown are average calcium traces obtained from 24
replicate wells for each condition. (G) Dose-dependent inhibition of LDH release in tauP301L stably expressing and
ATRA-treated cells by the SOCC inhibitors Pyr6 and BTP2. (H,I) Imaging and quantification of ER-PM contact sites
in control and tauP301L cells treated with vehicle or ReS19T-127 (24hrs, 100nM). Scale bar: 10 um. (J,K) NFAT
activity measured by nuclear translocation of mRuby-NFATS3 in control or tauP301L-T2A-mRuby cells exposed to
ReS19T-127 (48 hrs), cyclosporin A (3 M, 1 hr) or ionomycin (10 uM, 1 hr). (J) Confocal images showing mRuby-
NFAT localization in response to indicated treatments. Scale bar: 20 um. (K) mRuby-NFAT nucleus to cytoplasm
intensity ratio measured for indicated treatments. n = 30 cells for each condition. (L-O) SOCE in patient-derived
glutamatergic neurons (tauP301L) and isogenic controls cultured for 90 days in vitro. Mean calcium traces showing
[Ca?*]ey10 increase after calcium addback in store-depleted iPSC-derived neurons for the indicated genotype/treatment
(3 replicate wells for each condition). (O) Quantification of peak SOCE responses in control and tau(P301L) neurons
treated with increasing concentrations of ReS10T-127 for 24 hrs or Pyr6 (10 uM). (Shaded) error bars represent 95%
Cl. *: p<0.05, **: p<0.01, ***: p < 0.001 and #: p < 0.0001; One way ANOVA with multiple pairwise comparison
of means (Tuckey test). See corresponding Fig. S4.

Exposure to 200 nM ReS19T was sufficient to bring down SOCE amplitude (Fig. 2A,B) and basal
[Ca?*]eyto (Fig. 2A,C) to control levels in tauP301L-T2A-mRuby cells. The compound lowered
both calcium readouts in a dose-dependent manner (Fig. S4D,E). In marked contrast, ReS19T left
SOCE amplitude (Fig. 2B) and basal [Ca?*]eyto (Fig. 2C) unchanged in mRuby cells. Selective
targeting of tau-induced SOCE by ReS19T was not observed with the Store-Operated Calcium
Channel (SOCC) inhibitor Pyr6, which disrupted SOCE equally well in both tauP301L-T2A-
mRuby and mRuby cells (Figs. 2D and S4F). Pyr6 also decreased basal [Ca?*]eyto in tauP301L cells
(Figs. 2E and S4F) confirming that aberrant SOCC activation is responsible for steady-state
elevation of cytoplasmic calcium levels in the pathological state. Pyr6, however, had no effect on
basal [Ca®]eyt0 in control cells (an hour after treatment) further implying that SOCE is far less
active at steady state (in the absence of store depletion) unless tauP301L is expressed (Fig. 2E).
Notably, mutant tau can stimulate SOCE in store-replete cells since ER calcium stores (and their
release) are unaffected by tauP301L expression (Fig. 2A). Thus, the tauopathy-causing P301L
mutation triggers a form of constitutive, store-independent but SOCC-mediated calcium entry
which is not encountered in normal cells and specifically blocked by ReS19T.

We then probed the function of SEPT6 in regulating SOCE. RNAi-mediated knockdown of SEPT6
(Fig. S2E) resulted in a marked increase in SOCE, similar to that caused by tauP301L (Fig. 2F),
pointing to an inhibitory effect of the ReS19T target on SOC channels, and providing a mechanism
for elevated steady-state [Ca®*]cyto in SEPT6-silenced cells (Fig. 1L). Combined perturbations
further potentiated calcium entry in an additive manner (Fig. 2F).

To determine whether deranged SOCE and ensuing [Ca?*]eyto OVerload mediate toxicity in our
tauP301L cell model, we manipulated SOC channel activity both pharmacologically and
genetically. Two inhibitors of SOC channels, Pyr6 and BTP2, attenuated cell death (Fig. 2G) with
IC50s near the potencies of the drugs for Orai channel inactivation (31). Similarly, siRNA-
mediated knockdown of stromal interaction molecule 1 (Stim1) — an essential component of the
SOCE machinery (29, 30) — suppressed toxicity and occluded compound effect (Fig. SSA-D).
Finally, toxicity could also be alleviated (Fig. S5E) by pharmacological stabilization of septin
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Fig. 3 ReS19T influences dynamics of Septin filament assembly. (A-D) LiGaMD simulations of ReS19T-127
interaction with the SEPT2/6/7 hexamer. (A) LiGaMD identifies a high-affinity binding pocket at the NC interface
between SEPT6 and SEPT7. ReS19T-127 is shown in red. (B) Blow up of the SEPT6/7 interface with amino acids
predicted to interact with ReS19T. Hydrogen bonds formed by the compound with surrounding amino acids are shown
in yellow. Amino acids are labeled according to their position in the SEPT2/6/7 hexamer. (C) Alignment showing
main cluster of amino acids in SEPT6 and SEPT7 interacting with ReS19T. Heatmap indicates frequency of
interaction. Amino acid conservation and type is shown on top using sequence logo. (D) Umbrella sampling
calculations of the SEPT6/7 heterodimer showing binding free energy with and without bound ligand. (E,F) Cell-free
assembly of SEPT2/6/7 filaments. (E) Dynamic light scattering measurements performed at different time points after
mixing of purified SEPT2, 6 and 7 (500 nM final protein concentration), in presence of vehicle (DMSO), GTPyS (100
uM) or ReS19T-127 (1 uM). 0’ indicates first measurement immediately after component mixing. Distribution of
particle size (y axis) are normalized across treatment and time points. (F) TEM images of SEPT2/6/7 polymerization
performed in conditions identical to (E) and captured at three time points after component mixing. Arrows heads point
to typical polymerized structures. Arrows point to highly ordered filaments only observed after ReS19T-127 treatment.
(G,H) SEPT2 immunostaining in BE(2)-M17 cells transfected with mRuby or tauP301L-T2A-mRuby and treated for
24hrs with ReS19T-127 (100 nM) or vehicle. (G) mRuby channel is shown below. The Asterisk indicates a non-
transfected cell. Scale bar: 10 um. (H) Quantification of SEPT2 circular vs filamentous structures by measuring the
average minor to major axis length ratio for all SEPT2 objects segmented in individual cells. p < 0.0001, One way
ANOVA with pairwise comparisons of means (Tukey). See also corresponding Fig. S6.

assembly with the small molecule forchlorfenuron (32), a perturbation reported to impair SOCE
(29).

SOCC:s are activated by the ER-resident Stim proteins at contact sites between the ER and the
plasma membrane (PM). We thus examined whether tau regulates the formation of ER-PM contact
sites using the SPLICSshor-P2AERPM probe, which specifically labels these membrane appositions
(33). tauP301L augments the interaction of the ER with the PM and the increased contact area
between these two membrane systems is lowered by ReS19T (Fig. 2H,I) in agreement with the
inhibitory effect of the compound on tau-induced SOCE.

To assess the impact of ReS19T on calcium effector pathways, we focused on the
calcium/calmodulin-dependent phosphatase calcineurin (CaN), which activates the transcription
factor NFAT. Aberrant CaN/NFAT activity has been implicated in AP (34) and tau (35) pathology.
tauP301L induces translocation of NFAT to the nucleus (in the absence of store depletion), and
tau-mediated activation of this transcription factor is fully inhibited by 100 nM ReS19T, or the
CaN inhibitor cyclosporin A (Fig. 2J,K) indicating that calcium-dependent signaling is normalized
by the lead compound.

To examine SOCE in a more clinically relevant disease model, we turned to patient iPSC-derived
glutamatergic neurons. Neurons carrying the tauP301L mutation showed a slight but significant
increase in store-operated calcium influx compared to their isogenic controls (Figs. 2L,0 and
S4H,1) confirming enhanced SOC channel activity under conditions of tau pathology. ReS19T
decreased SOCE in tau(P301L) neurons in a dose-dependent manner (Fig. 2N,O) but had no
detectable effect on SOCE in control neurons (Fig. 2M,0). Maximal SOCE inhibition by ReS19T
reached levels observed in untreated isogenic neurons, while blockade of SOC channels with Pyr6
resulted in a pronounced inhibition of calcium entry in both control and tauP301L neurons (Fig.
2L-0).

Septins have recently been shown to regulate the number of ER-PM contact sites (29, 30),
pinpointing a possible mechanism of action for ReS19T. To test the influence of ReS19T on the
septin cytoskeleton, we first explored the space of potential binding pockets in the palindromic
SEPT2/6/7 hexamer (Fig. 3A), which forms the minimal core unit for filament polymerization. To
this end, we used Ligand Gaussian Accelerated Molecular Dynamics (LiGaMD), a computational
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method particularly suited to sample the entire conformational space of a ligand around a protein
of interest (36). A recent CryoEM structure of the SEPT2/6/7 hexamer (37) refined with AlphaFold
(38) was used for these simulations. Because septins are guanosine nucleotide-binding proteins,
we considered eight simulation systems each differing in the number of GDP or GTP molecules
(Fig S6A). ReS19T binding hotspots were identified at the SEPT6/7 interface in seven systems
(Fig. S6A). In the nucleotide-free system, ReS19T binds near the SEPT7 GDP-binding pocket
with the weakest affinity (Fig. S6A). In septin oligomers, subunits present alternating NC (N- and
C-termini) and G (GTP-binding) interfaces (Fig. 3A). The SEPT6/7 interface is of the NC kind,
consistent with minimal influence of GDP/GTP occupancy on ReS19T binding.

Fig. 3A shows the simulation outcome with the most energetically favorable ReS19T binding pose.
ReS19T lies deep in the SEPT6/7 NC interface (Fig. 3A,B) and makes direct contact with several
amino acids located on both SEPT6 and SEPT7 (Fig. 3B,C). The compound also makes hydrogen
bonds with the backbone oxygen of asparagine 1175 on SEPT6 and possibly with glutamate 890
and/or lysine 1138 on SEPT7 depending on the protonation state of its thiadiazole ring (Fig. 3B).
Extensive contact of the compound along the SEPT6/7 interface suggests a possible impact on
SEPT6/7 dimer conformation/stability. To address this computationally, we measured binding free
energy between septin 6 and 7 in the presence or absence of ReS19T and in response to a wide
range of pulling forces until complete disruption of the dimer. These umbrella sampling
calculations revealed an endpoint difference of 30 kcal/mol between ligand-bound and ligand-free
states (Fig. 3D) indicating that disruption of the ligand-bound system is energetically more costly
and suggesting therefore stabilization of the SEPT6/7 dimer by ReS19T.

Since ReS19T binds to purified SEPT6 alone (Fig. 1G,H), we employed LiGaMD to simulate
binding of the compound to the SEPT6 homodimer which is the preferred state of purified septins
in non-polymerizing conditions. Modeling of the SEPT6 homodimer by AlphaFold predicted an
NC interface (Fig. S6B,C) like the one observed at the SEPT6/7 interface in the septin hexamer.
LiGaMD identified a ReS19T binding hotspot in the cavity created by the NC interface in the
SEPT6 homodimer (Fig. 6D).

ReS19T influences dynamics of septin filament assembly

To experimentally interrogate the effect of ReS19T on septin polymerization, we mixed purified
septin 2, 6 and 7 in conditions that favor filament assembly and monitored polymerization at
different time points by dynamic light scattering (DLS) and transmission electron microscopy
(TEM). A clear shift towards higher particle sizes (above 500 nm) was detected by DLS 90 min
after component mixing (Fig. 3E). Addition of GTPyS — a non-hydrolysable form of GTP that
speeds up septin assembly — accelerated the formation of larger particles with an effect noticeable
immediately after component mixing (Fig. 3E). Likewise, ReS19T shifted the distribution of
particles towards larger sizes with kinetics comparable to GTPyS. Consistent with these DLS
measurements, TEM images showed that both GTPyS and ReS19T induced the formation of
polymerized structures shortly after component mixing (Fig. 3F). No or few such structures were
detectable in the vehicle condition at early time points (Fig. 3F). At 6h post-mixing, highly ordered
filaments appeared in the ReS19T-treated samples, the number of which dramatically increased in
the following 18h (Fig. 3F). Although micrometer-long polymers were also observed in vehicle
and GTPyS conditions 24h post-mixing, their structure significantly differed from the linear
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Fig. 4 Rapid restoration of synaptic network and cognitive functions by ReS19T in AD preclinical models. (A)
Calcium spike activity reflecting spontaneous firing of patient-derived tau(P301L) neurons and their isogenic controls
exposed to vehicle or 100 nM ReS19T-127. Mean frequency of calcium bursts was measured during 3 min over a
period of 20 days, from DIV 50 to 70. (B) Calcium spike activity measured 15 days after the first recording and
corresponding to time point highlighted in grey in (A). (C) CA1 L-LTP in WT/Veh (n=5), hAPP-Ln/Veh (n=6) and
hAPP-Ln/ReS19T-127 (n=6) mice (7 months of age) administered with vehicle or ReS19T-127 (20mg/kg/day) for 7
days. Arrow: tetanus L-LTP inducing stimulus. ***: p < 0.001, pairwise comparison of vehicle vs ReS19T-127 treated
hAPP-Ln animals (Tuckey’s test). (D) Exposure-dependent rescue of L-LTP in hAPP-Ln mice. Cyprin: average free
brain concentration of ReS19T-127 calculated from in vivo pharmacokinetic profile of the compound. (E) CA1 L-LTP
in WT and htau(P301S) mice (3.5 months of age, n = 8 for each group) administered with vehicle or ReS19T-127
(20mg/kg/day) for 2 months. ***: p < 0.001, pairwise comparison of vehicle vs ReS19T-127 treated htau(P301S)
animals (Tuckey’s test). (F) L-LTP in WT animals (3.5 months of age) administered with vehicle (n = 11) or ReS19T-
127 (n = 6) at 20mg/kg/day for 7 days. (G) Power analysis of EEG recordings (parietal lobe) in awake WT/Veh (n=6),
hAPP-Ln/Veh (n=4) and hAPP-Ln/ReS19T-127 (n=4) mice, 8 months of age, administered with vehicle of ReS19T-
127 for 14 days. **** p < (treatment effect) < 0.0001. Two-way ANOVA with repeated measures. Error bars indicate
SEM. (G,H) Morris water maze. Spatial learning (H) and probe trial (I) in WT/Veh (n=23), hAPP-Ln/Veh (n=23) and
hAPP-Ln/ReS19T-123 (n=23) mice, 8 months of age, administered with vehicle or ReS19T-123 (20mg/kg/day) for
11 weeks. Error bars indicate SEM. ****: p < 0.0001, Two-way ANOVA with repeated measures (H). **: p < 0.01,

t-test (1).

pattern of polymerization generated by ReS19T, suggesting distinct mechanisms of action. In
support of this view, ReS19T is predicted to bind and stabilize the SEPT6/7 NC interface, while

GTP (and GTPyS) interacts with G interfaces in the polymer.

To assess whether septin filaments are influenced by tau and ReS19T within cells, we monitored
the endogenous state of septin polymerization. Because SEPT6 antibodies failed to label distinct
cytoskeletal structures, we used instead a SEPT?2 antibody which stains filaments that co-localize
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with exogenous GFP-SEPT6 (Fig. S7). In control conditions, SEPT2 typically localizes to
filaments at the cell cortex, but these undergo major remodeling to circular doughnut-like
structures in response to tauP301L expression (Figs. 3G). Strikingly, treatment with ReS19T (100
nM) restores the fibrillar organization of SEPT2 near the plasma membrane (Fig. 3G,H).

Collectively, these experiments support the following sequence of events: tauP301L destabilizes
the cortical septin cytoskeleton, resulting in increased ER-PM contact area and constitutive
activation of SOCCs. By restoring filament assembly at the plasma membrane, ReS19T limits ER-
PM contacts and keeps activity of SOCCs in check.

Modulation of SEPT6 by ReS19T restores network function in patient-derived iPSC-neurons
and AD mouse models

[Ca?*]eyt0 Overload has been associated with hyperexcitability and synaptic dysfunction in AD. To
assess whether patient-derived excitatory neurons are hyperexcitable, we compared spontaneous
firing frequency of glutaminergic tauP301L neurons and their isogenic controls by longitudinal
measurements of calcium spike activity over the course of 20 days. The mean burst rate was
markedly increased in tauP301L neurons at all time points investigated, and this hyperexcitability
phenotype was progressively and fully rescued by ReS19T (Fig. 4A,B).

The effect of ReS19T on synaptic plasticity was next examined in transgenic mice expressing
either human tauP301S, a mutation causing frontotemporal dementia (39), or the APP London
mutant carrying the familial AD mutation VV7171. Both models of neurodegeneration show severe
deficits in long-term potentiation (LTP) in the CAL region of the hippocampus (Fig. 4C,D), a form
of activity- and calcium-dependent increase in synaptic efficacy associated with the acquisition of
new memories. Oral administration of ReS19T restored LTP in tauP301S and APP-Ln mice to
levels undistinguishable from WT animals (Fig. 4C, D). Pharmacokinetics studies in mice enabled
us to establish the exposure-response relationship and revealed an effective dose (ED50) of 6
mg/kg, corresponding to an average unbound concentration in brain of 11 nM (Fig. 4E), which
agrees with the potency of the compound in vitro (Fig. 1A). ReS19T had no significant effect on
LTP in WT animals (Fig. 4F), further supporting a disease-specific mechanism of action.

Rapid modulation of neuronal excitability and synaptic plasticity by ReS19T prompted us to test
the influence of the compound on brain oscillatory activity. In AD patients electroencephalography
(EEG) recordings indicate increased power in low-frequency theta rhythms, which correlates with
poor cognitive performance and is increasingly recognized as a potential biomarker (40, 41).
Likewise, a higher magnitude of low-frequency bands is observed in awake APP-Ln mice (Fig.
4G). Administration of ReS19T for two weeks normalized power spectral density to control levels
(Fig. 4G), demonstrating broad impact of our lead compound on network function.

We then tested the ability of ReS19T to rescue spatial memory deficits in APP-Ln mice using the
Morris water maze. These mice showed an initial delay in spatial learning, but by the end of the
fourth training day, they located the hidden escape platform with the same efficiency as their non-
transgenic counterparts (Fig. 4H). Eleven weeks treatment of APP-Ln mice with ReS19T had no
significant effect on this mild learning delay (Fig. 4H). In the probe trial, APP-Ln mice displayed
a marked deficit in spatial memory, which was fully rescued by treatment with ReS19T (Fig. 4l),
suggesting restoration of neural circuits that underlie retrieval of spatial memories.

ReS19T mitigates development of AD pathology
14



Apart from mediating degeneration of neurons, aberrant calcium signaling is also thought to
promote development of AD pathology (42—-44). Therefore, we hypothesized that restraining
calcium influx in diseased neurons by ReS19T should mitigate AD pathology in AD mouse
models. Treatment of bigenic hAPP-Ln:PS1(A246E) with ReS19T for three months resulted in a
55-60% reduction of AB plaque build-up in the neocortex (Fig. 6A,B) and subiculum (Fig. 5A,C),
a structure that connects the entorhinal cortex to the hippocampus — both brain regions are heavily
affected in AD. In the same mutant mice, the compound also reduced microglial inflammation
associated with AD pathology (Fig. 5D).
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Fig. 5. ReS19T attenuates AD pathology. (A-D) hAPP-Ln:PS1(A246E) mice (7 months old) after 3 months of
vehicle (n = 16) or ReS19T-127 (n = 14) oral dosing at 20 mg/kg/day. (A-C) Amyloid plaque immunoreactivity in
cortex (A,B) and subiculum (A,C). (D) CD11b immunoreactivity in cortex. (E-G) Dense core staining of AB plaques
in prefrontral cortex (E,F) and measurements of AP42 concentration in brain extracts (G) of APP-SAA mice and
C57B/6J controls orally dosed with vehicle or ReS19T-129 (25mg/kg/day) for 2 months. n = 12 for each group. (H-
K) 5 months old tauP301S mice treated for 3 months with vehicle or ReS129T-123 at 20mg/kg/day. (H) Tau levels in
CSF measured by ELISA (n =9 for each group). Pan-Tau (), pS396-tau (J) and pS199-tau (K) measured by ELISA
in cortical extracts (n = 10 for each group). **: p < 0.01, **: p < 0.001, #: p < 0.0001 Error bars: SDM.

ReS19T also reduced AP plaque load (Fig. 5E,F) and AP42 production (Fig. G) in the prefrontal
cortex of APP-SAA mice, a knock-in AD model recently developed by Denali that exhibits age-
dependent accumulation of amyloid plaques (45). Finally, treatment of tauP301S mice with
ReS19T significantly lowered levels of tau in cerebrospinal fluid (CSF) (Fig. 5H) — a clinical AD
biomarker, in line with calcium-dependent tau secretion (46), and decreased tau phosphorylation
in cortical brain extracts of these mice (Fig. 51-K). Thus, ReS19T attenuates the main pathological
features of AD.

Discussion

Prolonged elevation of cytosolic calcium is hypothesized to play a central role in AD (9). On the
one hand, aberrant [Ca?eyto drives key elements of AD pathobiology including AB aggregation,
tau phosphorylation, neuro-inflammation and mitochondrial dysfunction. On the other hand,
calcium overload mediates some of the neurotoxic effects of AP and tau species, both in early
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(disruption of synaptic plasticity) and late (synapse and neuronal loss) stages of disease. Such a
central bidirectional role of calcium in AD pathogenesis predicts that interventions restoring
calcium homeostasis should exert fast and broad-acting therapeutic effects (14). Here we reveal
the therapeutic benefits of a novel class of small molecules (ReS19T) that target calcium
dysregulation induced by pathological tau, providing further support for a key role of aberrant
[Ca?*]eyto in driving neurodegeneration.

A 7-day ReS19T treatment of APP-Ln mice, an APP AD model that exhibits early tau
hyperphosphorylation (ref), is sufficient for full restoration of hippocampal LTP, indicating fast
relief of AB and tau-driven toxicity on the underlying neural circuits. This therapeutic effect is
consistent with fast-acting decrease in [Ca®*Jeyto by ReS19T and down-regulation of CaN activity,
a calcium-activated phosphatase centrally implicated in synaptic depression, memory erasure and
Ap-induced synapse disruption (49, 50). ReS19T also mitigates amyloid plaque burden in two
distinct AD mouse models (APP-Ln and APP-SAA), decreases the production of pathological AB
and tau, and reduces neuroinflammation indicating activity both upstream and downstream of
Ap/tau. The effects of the compound can thus be attributed to rapid interruption of a self-
reinforcing cycle of pathophysiological events fueled by elevated cytosolic calcium.

Our findings demonstrated that aberrant calcium entry is an integral component of tau pathology,
in agreement with a recent study that identified genes associated with altered calcium homeostasis
as primary modifiers of tau-induced toxicity (47). Accumulating evidence points to synergistic
pathological interaction and reciprocal influence of A and tau in AD (48). While the impact of
ApB on the initiation of tau pathology is undisputed — tau is hyperphosphorylated in many APP
models (including the ones used here), and in response to challenge with soluble AB oligomers —
tau has also been shown to enhance and, in some cases, mediate aspects of AB pathology (ref). In
light of these observations, we surmise that the inhibitory effect of ReS19T on Ap pathology (AB
plaques and AB4. levels) is due, at least in part, to its normalizing activity on tau-induced calcium
dysregulation.

ReS19T targets a form of pathological activation of SOCE mediated by a tau mutation (P301L)
causing FTD. Because this mutation is linked to tau hyperphosphorylation and aggregation
(hallmarks of all tauopathies, including AD) we propose that similar disease and compound
mechanisms are at play in AD.

We provide evidence that tau-induced SOCC activation and compound activity are both linked to
the septin cytoskeleton. In non-pathological conditions, septin filament assembly at the cell cortex
restrains SOCE and inhibits constitutive (store-independent) activation of SOCCs. In support of
this “gate keeper” function, silencing of SEPT6 (this study) or SEPT7 (30, 51, 52) results in
unimpeded SOCE activity. Knockdown of SEPT2 family members (SEPT2, SEPT4 and SEPT5),
in contrast, has been reported to suppress SOCE (29), highlighting complex modulatory roles of
septin isoforms in SOCC regulation. In conditions of tau pathology, fibrillar organization of the
septin cytoskeleton at the plasma membrane is disrupted and this is associated with an increase in
ER-PM contact sites, thus providing a mechanism for uncontrolled activation of SOCCs. By
restoring septin organization at the cell cortex in the disease state, ReS19T rehabilitates an
important element of physiological SOCC regulation, which prevents spurious activation of the
channel in store-replete conditions.

Together, these findings reveal a mechanism of action restricted to the pathological state where
ReS19T operates on a form of deviant SOCC activation only found in conditions of tau pathology.
Accordingly, the compound doesn’t interfere with physiological (receptor-mediated) ER calcium
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release and SOCE signaling (Fig. S5F), nor does it influence other calcium signaling systems
involved in synaptic plasticity (LTP) in non-pathological conditions.

Perturbed expression and mislocalization of different septin isoforms have previously been
associated with neurodegeneration. SEPT1, SEPT2 and SEPT4 are found in neurofibrillary tangles
and dystrophic neurites in AD (27), while SEPT4 colocalizes with a-synuclein in Parkinson’s
disease Lewy bodies (53), and SEPT11 — a close homolog of SEPT6 — is enriched in insoluble
fractions in frontotemporal lobar degeneration (54). We show here for the first time that
pharmacological modulation of septin assembly results in broad neuroprotective effects in both
cell- and animal models of AD suggesting a central role of septin filaments in AD pathogenesis.

In summary, this work highlights the therapeutic potential of calcium-lowering interventions in
AD and other tauopathies. Whether therapeutic benefits observed in experimental models of AD
will translate to patients awaits completion of ongoing clinical trials, but the observation that
chronic treatment of organ-transplant patients with CaN inhibitors protects against AD and
dementia (55), provides epidemiologic support for this therapeutic strategy.
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