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Pharmacological modulation of septins restores
calcium homeostasis and is neuroprotective in
models of Alzheimer’s disease

Katrien Princen't, Tom Van Dooren't+, Marit van Gorsel', Nikolaos Louros®3§9), Xiaojuan Yang?,
Michael Dumbacher’, lise Bastiaens®, Kristel Coupet', Shana Dupont?, Eva Cuveliers!,

Annick Lauwers!, Mohamed Laghmouchi', Thomas Vanwelden', Sofie Carmans®, Nele Van Damme',
Hein Duhamel!, Seppe Vansteenkiste!, Jovan Prerad’, Karolien Pipeleers!, Olivier Rodiers?,

Liese De Ridder", Sofie Claes’, Yoni Busschots’, Lentel Pringels’, Vanessa Verhelst', Eveline Debroux’,
Marinka Brouwer®, Sam Lievens®’#, Jan Tavernier®’#, Melissa Farinelli®, Sandrine Hughes-Asceri?,
Marieke Voets', Joris Winderickx™®, Stefaan Wera™'°, Joris de Wit®, Joost Schymkowitz>>,

Frederic Rousseau®3, Henrik Zetterberg' 213141516 jeffrey L. Cummings®, Wim Annaert*,

Tom Cornelissen, Hans De Winter®, Koen De Witte', Marc Fivaz'*, Gerard Griffioen*

Abnormal calcium signaling is a central pathological component of Alzheimer's disease (AD). Here,

we describe the identification of a class of compounds called ReS19-T, which are able to restore calcium
homeostasis in cell-based models of tau pathology. Aberrant tau accumulation leads to uncontrolled
activation of store-operated calcium channels (SOCCs) by remodeling septin filaments at the cell cortex.
Binding of ReS19-T to septins restores filament assembly in the disease state and restrains calcium
entry through SOCCs. In amyloid-p and tau-driven mouse models of disease, ReS19-T agents restored
synaptic plasticity, normalized brain network activity, and attenuated the development of both amyloid-p
and tau pathology. Our findings identify the septin cytoskeleton as a potential therapeutic target for
the development of disease-modifying AD treatments.

1zheimer’s disease (AD) is the main cause

of dementia, afflicting >50 million peo-

ple worldwide (7). With no cure and few

approved therapies, AD is fast becoming

one of the most expensive and devasta-
ting diseases of this century. Therefore, there
is an urgent need to accelerate the develop-
ment of therapeutics that target the root cause
of neurodegeneration in AD.

Deranged calcium signaling is increasingly
recognized as a 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 patho-
logical event that underlies memory impair-

ment and precedes neuronal death (8). Calcium
dysregulation in AD is multidimensional and
complex, but ultimately manifests with sus-
tained elevation of cytoplasmic calcium con-
centration [Caz"]cyto in both familial and
idiopathic forms of the disease (9, 10).

In diseased neurons, elevated resting [Ca*" oy,
contributes to the development of AD pathol-
ogy, including the production of pathological
amyloid-p (AB) and tau species (11-14). Recip-
rocally, AD pathological changes cause an ele-
vation in resting [Ca2+]cyt0, which triggers a
program of neurodegeneration initiated by sy-
naptic disruption and culminating with the
activation of neuronal death pathways (15-18).
This suggests that deregulated [Caz*]cyto
fuels a self-reinforcing amplification of AD

pathobiology, ultimately causing neuronal
demise.

A variety of calcium channels and signaling
systems have been shown to be altered in AD,
ranging from increased activity of N-methyl-p-
aspartate (NMDA) receptors (19) and voltage-
gated calcium channels (VGCCs) (20) at the
synapse to impaired mitochondrial calcium
buffering (27) and exaggerated calcium release
from the endoplasmic reticulum (ER), an ef-
fect mediated by up-regulation of inositol-3-
phosphate (22) and ryanodine (6) receptors.
Linked to disturbances in ER calcium homeo-
stasis is store-operated calcium entry (SOCE),
a calcium influx pathway activated by deple-
tion of calcium from ER stores. SOCE is down-
regulated 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 ex-
cess of tau exacerbates SOCE (23), and this
calcium influx pathway promotes the activa-
tion of the inflammasome in diseased microg-
lial cells (24), suggesting a context-specific
influence of SOCE in AD.

These observations indicate that calcium
dysfunction in AD is a promising therapeutic
target. However, interfering with physiological
calcium signaling events is likely to have ad-
verse consequences on synaptic networks and
cognitive performance and may affect non-
neurologic organ systems, including the heart.
Here, we report the identification and char-
acterization of a class of compounds called
ReS19-T that circumvent this problem by se-
lectively targeting an aberrant form of SOCE
triggered by pathological tau without affecting
synaptic- and receptor-mediated Ca®* signal-
ing in physiological conditions. ReS19-T com-
pounds efficiently crossed the blood-brain
barrier, rescued synaptic and cognitive def-
icits in AD mouse models, and reduced AB
and tau pathology.

ReS19-T: A small-molecule scaffold that
restores calcium homeostasis and neutralizes
tau- and Ap-driven neurotoxicity

To identify potential AD drug targets and
corresponding therapeutics, we developed a
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cell-based screening assay that recapitulates
tau- and Ca®*-induced toxicity in human neu-
roblastoma cells (25). This assay involves stable
expression of human tau with a pathological
mutation (P301L) associated with frontotem-
poral dementia (FTD) and causing aggressive
tau hyperphosphorylation and aggregation (26),
in combination with chronic exposure to all-
trans retinoic acid (ATRA), an inducer of neu-
ronal differentiation. In this context, tauP301L
causes extensive cell death compared with
wild-type (WT) tau or no transgene expression
(fig. S1A). Previous characterization of this as-
say revealed that toxicity is associated with
elevation of cytoplasmic calcium [Caz*]cyto,
and that interventions lowering [Ca® "oy, effi-
ciently rescue cell death, indicating calcium-
driven tau neurotoxicity (25).

Screening of an in-house compound library
led to the identification of several hits that
alleviate [Ca%]cyto overload and toxicity. We
focused on a thiadiazol derivative for further
development. After multiple rounds of structure-
activity optimization, we obtained a series of
compounds with a common scaffold, ReS19-T,
that efficiently counteract toxicity and restore
normal [Caz*]cyto. An estate of closely related
ReS19-T compounds, REM0046127 (REM127),
REMO0046123 (REM123), and REM0044929
(REM929), with nanomolar potencies were
used in the experiments presented here (Fig. 1A
and figs. S1B and S2D). REM127, the most
potent compound of this chemical series, re-
duced toxicity and [Ca*" 1oy, with median ef-
fective concentrations (ECsys) of 15 and 19 nM,
respectively (Fig. 1A) but had no effect on tau

expression or ATRA-dependent gene transcrip-
tion (fig. S1, C and D). Neurotoxic soluble amy-
loid oligomers (AB-derived diffusible ligands,
ADDLs) induce tau hyperphosphorylation and
a sustained increase in neuronal [Caz*]Cy.co
(27-29). To test whether REM127 rescues ADDL-
induced synaptic loss and neuronal toxicity, we
treated rat hippocampal neurons with purified
ADDLs in the presence of compound or vehicle.
REM127 restored dendritic spine density (Fig. 1,
B and C) and fully rescued neurons from ADDL-
induced cell death (Fig. 1D), demonstrating that
both tau- and AB-induced neurotoxicity are
countered by REM127 in cell-based assays.

Septin 6 is a high-affinity target of ReS19-T

To identify ReS19-T targets, we performed a
three-hybrid screen in mammalian cells (30).
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Fig. 1. Identification of ReS19-T and its high-affinity target. (A) Cell death
and [Caz*]cyt0 in ATRA-treated tauP301L-expressing BE(2)-M17 cells in presence
of increasing concentrations of REM127. (B to D) Rat hippocampal neurons

[22 days in vitro (DIV)] treated with vehicle or REM127 (240 nM) and exposed or
not to ADDL (0.5 uM) [(B) and (C)] or ADDL (1 uM) (D) for 24 hours. (B and C)
Dendritic spine density measured in dendritic segments of Marcks-GFP-
transfected neurons. ADDL-/Veh, N = 39; ADDL-/REM127, N = 37; ADDL+/Veh,
N = 43; and ADDL+/REM127, N = 50. Scale bar, 5 um. Error bars indicate 95%
confidence interval (CI). (D) ADDL-induced cell death in neurons exposed to
the indicated treatments (N = 3). Error bars indicate SD. (E) Three-hybrid screen
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approach to identifying ReS19-T-interacting proteins. (F) In cellulo interaction of
MFC (REM929 linked to methotrexate) with different septin isoforms (N = 3,
error bars indicate SD). Inset shows phylogenetic analysis of septin isoforms
probed in the three-hybrid assay. (G to J) FIDA binding isotherms of REM127
to human SEPT6, SEPT7, and SEPT2. Error bars indicate SD. (K and L) Effects of
scrambled (scr) and SEPT6-lowering siRNAs on REM127-induced relief of toxicity
(K) and [Caz*]cyt0 overload (L) in ATRA-treated tauP301L-expressing BE(2)-
M17 cells. *P < 0.05, **P < 0.01, Kruskal-Wallis with Dunn’s multiple-comparisons
tests for (C) and one-way ANOVA with multiple pairwise comparisons of means
(Tukey's test) for (D). See also corresponding figs. S1 to S3.
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As “prey,” we used a genome-wide collection
of human open reading frames (ORFs) fused
to truncated gp130, and as “bait,” we used
REM929 linked to methotrexate (MFC). In-
teraction of MFC with a prey should com-
plement a signaling-deficient leptin receptor
and induce a STAT3-responsive reporter gene
(Fig. 1E). Only three cDNAs elicited at least a
twofold induction of the reporter in the presence
of MFC compared with untreated cells (fig.
S2A). Among these three candidates, septin 6
(SEPT6) reproducibly evoked the strongest
response (fig. S2A). Rescreening of all septin
isoforms present in the ORFeome collection
confirmed binding of MFC to SEPT6 and
revealed a weaker interaction with SEPT1]1,
whereas none of the other septin isoforms
tested interacted with MFC (Fig. 1F and fig.
S2, B to D). A phylogenetic analysis of these
septin isoforms showed that MFC interacts
with the two most closely related SEPT6 fam-
ily members, SEPT6 and SEPTI1, and shows
no detectable binding to the more distant
SEPT2 and SEPTS3 classes (Fig. 1F). SEPT6 is
a guanosine 5'-triphosphate (GTP)-binding
protein that assembles into filaments at the
cell cortex together with SEPT2 and SEPT7
family members (31, 32). Septins regulate mi-
crotubule dynamics (33) and are present, to-
gether with hyperphosphorylated tau, in the
neurofibrillary tangles of AD brains (34), point-
ing to a possible connection between tau and
the septin cytoskeleton.

Next, we examined binding of REM127 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 (35). In these experiments,
septin isoforms were maintained in high salt
to prevent oligomerization (36). REM127 in-
duced a dose-dependent increase in SEPT6
hydrodynamic radius, which, when fitted to
a binding isotherm equation, revealed an ap-
parent dissociation constant (K4**®) of 1.5 nM
(Fig. 1G and fig. S3A). Measuring K;*® on the
basis of binding-related (fluorescence) inten-
sity change (BRIC) led to a comparable value
(1.6 nM; Fig. 1H and fig. S3D). No compound-
induced changes in hydrodynamic radius were
detected for SEPT7 and SEPT2 (fig. S3, B and
C), although binding isotherms associated
with higher dissociation constants were ob-
served by BRIC for both isoforms (Fig. 1, I
and J, and fig. S3, E and F). These cell-free
binding studies demonstrate direct and high-
affinity binding of REM127 to SEPT6, with a
possible impact on the target conformation.
They also provide evidence for weaker bind-
ing of the compound to SEPT7 and SEPT2.

RNA interference (RNAi)-mediated silenc-
ing of SEPT6 attenuated the effects of REM127
on both toxicity and [CaQ*]Cyto (Fig.1,Kand L),
confirming that SEPT6 participates in the ob-
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served pharmacodynamic effects. Silencing was
not complete (fig. S2E), and compound action
through residual SEPT6 or other septin iso-
forms is to be anticipated. SEPT6 knockdown
resulted in elevated toxicity and [Caz*]Cyto at
ineffective compound concentrations (Fig. 1, K
and L), suggesting an inhibitory function of
the target on [Ca* ]y,

ReS19-T suppresses SOCE induced by
pathological tau

Septins have been identified as central regu-
lators of SOCE (37, 38), a form of calcium in-
flux activated by calcium depletion from the
ER. To determine the impact of tau on SOCE
at the single-cell level, we transfected neuro-
blastoma cells with tauP301L-T2A-mRuby,
tau-T2A-mRuby, or mRuby DNA plasmids (fig.
S4A) and imaged SOCE by calcium add-back
after store depletion. tauP301L elicited a marked
increase in basal [Caz"]cytO (before store deple-
tion) and SOCE amplitude compared with WT
tau or the mRuby control (Fig. 2A and fig. S4,
B and C). Selecting cells with increasing amounts
of tau expression (by gating mRuby intensity)
revealed a corresponding increase in SOCE
amplitude and [CaQ*]Cyto for both mutant and
WT tau, although SOCE remained substantial-
ly larger in tauP301L-expressing cells (fig. S4B).
As expected, SOCE responses in cells expressing
mRuby alone were not influenced by the mag-
nitude of mRuby expression (fig. S4B).

Exposing tauP301L-T2A-mRuby cells to REM127
normalized SOCE amplitude (Fig. 2, A and B)
and basal [Ca®*]ey1o (Fig. 2, A and C). The com-
pound lowered both calcium readouts in a dose-
dependent manner (fig. S4, D and E). In marked
contrast, REM127 left SOCE amplitude (Fig. 2B)
and basal [Ca2+]Cyto (Fig. 2C) unchanged in
mRuby cells. Selective targeting of tau-induced
SOCE by REM127 was not observed with the
store-operated calcium channel (SOCC) inhib-
itor Pyr6, which disrupted SOCE equally well
in tauP301L-T2A-mRuby and mRuby cells
(Fig. 2D and fig. S4F). Pyr6 also decreased
basal [Ca®*].y, in tauP301L cells (Fig. 2E and
fig. S4F), confirming that aberrant SOCC ac-
tivation was responsible for the steady-state
elevation of cytoplasmic calcium concentra-
tion in the pathological state. Short-term treat-
ment with Pyr6, however, had no effect on
basal [Ca**]ey, in control cells, further imply-
ing that SOCE is minimally active at steady
state (in the absence of store depletion) unless
tauP301L is expressed (Fig. 2E). Mutant tau
can stimulate SOCE in store-replete cells be-
cause calcium stores (and their release) are
unaffected by tauP301L expression (Fig. 2A and
fig. S4C). Thus, the tauopathy-causing P301L
mutation triggers a form of constitutive, store-
independent but SOCC-mediated calcium entry
that was selectively blocked by REM127.

We then investigated the function of SEPT6
in regulating SOCE. RNAi-mediated knockdown

31 May 2024

of SEPTG6 (fig. S2E) resulted in a marked increase
in SOCE, similar to that caused by tauP301L
(Fig. 2F), pointing to an inhibitory effect of
the ReS19-T target on SOC channels and pro-
viding a potential mechanism for elevated
steady-state [Ca®"].t, in SEPT6-silenced
cells (Fig. 1L). Combined perturbations po-
tentiated calcium entry in an additive manner
(Fig. 2F).

To determine whether deranged SOCE and
ensuing [Ca2+]cym overload would mediate
toxicity in our tauP301L cell model, we ma-
nipulated SOC channel activity both pharma-
cologically and genetically. Two inhibitors of
SOC channels, Pyr6 and BTP2, attenuated cell
death (Fig. 2G) with median inhibitory con-
centrations near the potencies of the drugs for
Orai channel inactivation (39). Similarly, small
interfering RNA (siRNA)-mediated knockdown
of stromal interaction molecule 1 (Stim1), an
essential component of the SOCE machinery
(87, 38), suppressed toxicity and occluded the
compound effect (fig. S5, A to D). Finally, tox-
icity could also be alleviated (fig. S5E) by phar-
macological stabilization of septin assembly
with the small molecule forchlorfenuron (40),
a perturbation reported to impair SOCE (37).

SOCCs are activated by the ER-resident Stim
proteins at contact sites between the ER and
the plasma membrane (PM). We thus inves-
tigated whether tau regulates the formation of
ER-PM contact sites using the SPLICSg -
P2ARR™ hobe, which specifically labels these
membrane appositions (41). tauP301L aug-
mented the interaction of the ER with the PM,
and the increased contact area between these
two membrane systems was lowered by REM127
(Fig. 2, H and I, and fig. S4G), which is in
agreement with the inhibitory effect of the
compound on tau-induced SOCE.

To assess the impact of REM127 on calcium
effector pathways, we focused on the calcium/
calmodulin-dependent phosphatase calcineurin
(CaN), which activates the transcription factor
NFAT (nuclear factor of activated T cells).
Aberrant CaN and/or NFAT activity has been
implicated in AP (42) and tau (43) pathology.
tauP301L induces translocation of NFAT to
the nucleus (in the absence of store depletion),
and tau-mediated activation of this transcrip-
tion factor was inhibited by REM127 or the
CaN inhibitor cyclosporin A (Fig. 2, J and K,
and fig. S4, H and I), indicating normalization
of calcium-dependent signaling by REM127.

To examine SOCE in a more clinically re-
levant disease model, we turned to patient in-
duced pluripotent stem cell (iPSC)-derived
glutamate-releasing neurons (fig. S6, A and
B). Neurons carrying the tauP301L mutation
showed an increase in SOCE compared with
their isogenic controls (Fig. 2, L and O),
confirming enhanced SOC channel activity
under conditions of tau pathology. REM127
decreased SOCE in tauP301L neurons in a
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Fig. 2. ReS19-T specifically targets a tau-dependent pathological form of expressing tauP301L or empty vector (EV) and transfected with scrambled or
SOCE. (A to C) SOCE measured by calcium add-back in individual Fluo-4-loaded =~ SEPT6-targeting siRNAs. Shown are average calcium traces (normalized to
BE(2)-M17 cells transfected with the indicated constructs and exposed to vehicle  baseline) obtained from 24 replicate wells for each condition. (G) Lactate
[dimethyl sulfoxide (DMS0O)] or REM127 (200 nM, 24 hours). (A) Fluo-4 traces dehydrogenase (LDH) release in ATRA-treated tauP301L cells in the presence
normalized to the control mRuby/vehicle condition. (B and C) Average SOCE of increasing concentrations of the SOCC inhibitors Pyr6 and BTP2. (H and

amplitude (B) and basal [Caz"]cytO (C) derived from time series shown in A. I) Imaging and quantification of ER-PM contact sites in control and tauP301L
(D and E) Independent calcium add-back experiment showing average effect of  cells transfected with the ER-PM reporter SPLICsnor-P2AERTM and treated with
Pyré (10 uM, 1 hour) on SOCE amplitude and basal [Caz*]mO in mRuby- or vehicle or REM127 (100 nM, 24 hours). More than 45 cells were analyzed for

tauP301L-T2A-mRuby-expressing cells. In (A) to (E), >450 cells were analyzed each condition from three independent experiments. Scale bar, 10 um. (J and
for each condition. (F) SOCE measured in Fura-2-loaded BE(2)-M17 cells stably ~ K) NFAT activity measured by nuclear translocation of mRuby-NFAT3 in mock or
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tauP301L-transduced cells exposed to vehicle or REM127 (20 or 100 nM,

48 hours), cyclosporin A (250 nM, 24 hours), or ionomycin (2 uM, 1 hour). (J) Confocal
images showing mRuby-NFAT localization in response to indicated treatments.
Scale bar, 20 um. Yellow asterisks point to cells with clear nuclear localization

of mRuby-NFAT. (K) mRuby-NFAT nucleus-to-cytoplasm intensity ratio measured
for indicated treatments. N = 30 cells for each condition. (L to 0) SOCE measured
in Fura-2-loaded patient-derived glutamatergic neurons (tauP301L) or isogenic
controls cultured for 90 DIV. N = 3 replicate wells for each condition. (O)

concentration-dependent manner (Fig. 2, N
and O) but had no detectable effect in control
neurons (Fig. 2, M and O). Maximal inhibi-
tion by REM127 reduced the SOCE response to
that seen in isogenic neurons, whereas block-
ade of SOC channels with Pyr6 resulted in a
pronounced inhibition of calcium entry in both
control and tauP301L neurons (Fig. 2, L to O).

ReS19-T influences the dynamics of septin
filament assembly

Septins have recently been shown to organize
ER-PM contact sites (37, 38), pinpointing a
possible mechanism of action for REM127.
To test the influence of REM127 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 polymeriza-
tion. To this end, we used Ligand Gaussian
Accelerated Molecular Dynamics (LiGaMD),
a computational method particularly suited
to sampling the entire conformational space
of a ligand around a protein of interest (44).
A recent cryo-electron microscopy structure
of the human SEPT2/6/7 hexamer (45) refined
with AlphaFold 2.0 (46) was used for these
simulations. Because septins are guanosine
nucleotide-binding proteins, we considered
eight simulation systems, each differing in the
number of guanosine diphosphate (GDP) or
GTP molecules (fig. S7A). REM127-binding hot-
spots were identified at the SEPT6/7 interface
in seven systems (fig. S7A). In the nucleotide-
free system, REM127 binds near the SEPT7
GDP-binding pocket with the weakest affinity
(fig. S7A). In septin oligomers, subunits pre-
sent alternating NC (N- and C-termini) and G
(GTP-binding) interfaces (Fig. 3A). The SEPT6/
7 interface is of the NC type, consistent with
minimal influence of GDP/GTP occupancy on
REM127 binding.

Figure 3A shows the simulation outcome
with the most energetically favorable REM127
binding pose. REM127 lies deep in the SEPT6/
7 NC interface (Fig. 3, A and B) and makes
direct contact with several amino acids lo-
cated on both SEPT6 and SEPT7 (Fig. 3, B
and 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 thiadiazol ring
(Fig. 3B). Extensive contact of the compound
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along the SEPT6/7 interface suggests a possi-
ble impact on SEPT6/7 dimer conformation
and stability. To address this computation-
ally, we measured binding free energy be-
tween SEPT6 and SEPT7 in the presence or
absence of REM127 and in response to a wide
range of pulling forces until complete disrup-
tion of the dimer. These umbrella sampling
calculations revealed an end-point difference
of 30 kcal/mol between ligand-bound and
ligand-free states (Fig. 3D), indicating that
disruption of the ligand-bound system is en-
ergetically more costly and suggesting stabili-
zation of the SEPT6/7 dimer by REM127.

Because REM127 binds to purified SEPT6
alone (Fig. 1, G and H), we used LiGaMD to
simulate binding of the compound to the SEPT6
homodimer, which is the preferred state of
purified septins in nonpolymerizing conditions
(47). Modeling of the SEPT6 homodimer by
AlphaFold 2.0 predicted an NC interface (fig.
S7B), and LiGaMD identified a REM127-binding
hotspot in the cavity created by the NC inter-
face in the SEPT6 homodimer (fig. S7C), like
the one observed at the SEPT6/7 interface in
the septin hexamer.

Anticipating efficacy studies in mouse mod-
els, we investigated binding of REM127 to the
mouse SEPT6/7 interface. The amino acids pre-
dicted by LiGaMD to contact REM127 at the
human SEPT6/7 interface (Fig. 3C and fig. S8A)
are fully conserved in the mouse orthologs
(fig. S8, A and B). We modeled the mouse
SEPT6/7 heterodimer using AlphaFold 2.0
(there is no structure of mouse septins avail-
able) and simulated interaction of the com-
pound using molecular dynamics. As for the
human system, REM127 stably associated with
the mouse SEPT6/7 interface throughout the
course of these simulations (fig. S8, C and D).
The compound, however, adopts distinct bind-
ing poses (fig. S8C) suggesting a more flexible
binding mode compared with the one ob-
served at the human SEPT6/7 interface. A
close examination of the mouse and human
AlphaFold structures reveals subtle species-
specific differences near the interface that
may influence ligand binding (fig. S8, E and
F). Despite slight differences in binding con-
formation, REM127 lines up along the mouse
SEPT6/7 interface and makes contact with
multiple amino acids located on both SEPT6
and SEPT7 (fig. S8G), consistent with stabi-
lization of the mouse heterodimer.
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Quantification of peak SOCE responses in control and tauP301L neurons treated
with increasing concentrations of REM127 for 24 hours or Pyr6 (10 uM, 1 hour).
In (A), (F), (L), (M) and (N), bars on top of time series indicate the presence
(black) or absence (white) of extracellular calcium, and thapsigargin treatment
(gray). Shaded error bars represent 95% CI. *P < 0.05, **P < 0.01, ***P < 0.001,
one-way ANOVA with multiple pairwise comparisons of means (Tukey's test) in
(B) to (E) and (O) and Kruskal-Wallis with Dunn’s multiple-comparisons test in
(1) and (K). See also corresponding figs. S4 to S6.

To experimentally investigate the effect of
REM127 on septin polymerization, we mixed
purified (human) SEPT2, SEPT6, and SEPT7
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 toward higher particle sizes (>500 nm)
was detected by DLS 90 min after component
mixing (Fig. 3E). Addition of GTPyS, a non-
hydrolyzable form of GTP that can promote
septin assembly (48), accelerated the formation
of larger particles with an effect noticeable
immediately after component mixing (Fig. 3E).
Likewise, REM127 shifted the distribution of
particles toward larger sizes, with kinetics com-
parable to GTPyS (Fig. 3E). Consistent with
these DLS measurements, TEM images showed
that both GTPyS and REM127 induced the for-
mation of polymerized structures shortly after
component mixing (Fig. 3F). No or few such
structures were detected in the vehicle condi-
tion at early time points (Fig. 3F). At 6 hours
after mixing, highly ordered filaments ap-
peared in the REM127-treated samples, the
number of which substantially increased in
the following 18 hours (Fig. 3F).

Although micrometer-long polymers were
also observed in vehicle and GTPyS conditions
24 hours after mixing, their structure differed
substantially from the linear pattern of polym-
erization generated by REM127, suggesting
distinct mechanisms of action. In support of
this view, REM127 is predicted to bind and
stabilize the SEPT6/7 NC interface, whereas
GTP (and GTPyS) interacts with G interfaces
in the polymer.

To assess whether septin filaments are in-
fluenced by tau and REM127 within cells, we
monitored the endogenous state of septin
polymerization. Because SEPT6 antibodies
failed to label distinct cytoskeletal structures,
we used instead a SEPT2 antibody that stains
filaments that colocalize with exogenous GFP-
SEPT6 (fig. SOA). In control conditions, the
antibody decorates filaments at the cell cortex,
but these undergo major remodeling to cir-
cular, doughnut-like structures in response to
tauP301L expression (Fig. 4, A, B, and D).
Treatment with REM127 restored the fibrillar
organization of SEPT2 near the PM (Fig. 4, C
and D). A repeat of this experiment in a mouse
neuroblastoma cell line showed similar rescue
of cortical septin localization by REM127 in
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Fig. 3. ReS19-T influences septin filament assembly in cell-free conditions. heterodimer showing binding free energy with and without bound ligand. (E and

(A to D) LiGaMD simulations of REM127 interaction with the SEPT2/6/7 hexamer. (A)  F) Cell-free assembly of SEPT2/6/7 filaments. (E) DLS measurements performed at
LiGaMD identifies a high-affinity binding pocket at the NC interface between SEPT6 different time points after mixing of purified SEPT2, SEPT6, and SEPT7 (500 nM final
and SEPT7. REM127 is shown in red. (B) Blow up of the SEPT6/7 interface with amino  protein concentration) in the presence of vehicle (DMSO), GTPyS (100 uM), or

acids predicted to interact with REM127. Hydrogen bonds formed by the compound REM127 (1 uM). Q" indicates the first measurement immediately after component
with surrounding amino acids are shown in yellow. Amino acids are labeled according ~ mixing. Distribution of particle size (y axis) is normalized across treatment and time
to their position in the SEPT2/6/7 hexamer. (C) Alignment showing the main cluster ~ points. (F) TEM images of SEPT2/6/7 polymerization performed in conditions

of amino acids in SEPT6 and SEPT7 interacting with REM127. Heatmap indicates identical to (E) and captured at three time points after component mixing. Arrowheads
the frequency of interactions. Amino acid conservation and type are shown at the top  point to typical polymerized structures. Arrows point to highly ordered filaments only
using the sequence logo. (D) Umbrella sampling calculations of the SEPT6/7 observed after REM127 treatment. See also corresponding figs. S7 and S8.
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Fig. 4. ReS19-T rescues septin filament assembly in cells expressing pathogenic tau. (A to C) SEPT2
immunostaining in BE(2)-M17 cells transfected with mRuby or tauP301L-T2A-mRuby and treated for 24 hours
with REM127 (100 nM) or vehicle. The asterisk indicates a nontransfected cell. Scale bar, 10 um. (D) Quantification
of SEPT2 circular versus filamentous structures by measuring the average minor to major axis length ratio for

all SEPT2 objects segmented in individual cells (N > 13 for each group). ***P < 0.001, one-way ANOVA with multiple
pairwise comparisons of means (Tukey's test). See also corresponding fig. S9.

tauP301L-expressing cells (fig. S9, B to E), con-
firming target engagement of mouse septins
by the compound.

Collectively, these experiments support the
following sequence of events: tauP301L desta-
bilizes the cortical septin cytoskeleton, result-
ing in increased ER-PM contact area and
constitutive activation of SOCCs. By restoring
filament assembly at the PM, REM127 lim-
its ER-PM contacts and keeps the activity of
SOCCs in check.

Modulation of septins by ReS19-T restores
network function in patient-derived iPSC
neurons and AD mouse models

[Caz*]cyw overload has been associated with
hyperexcitability and synaptic dysfunction in
AD. To assess whether patient-derived excit-
atory neurons are hyperexcitable, we com-
pared the spontaneous firing frequency of
glutamate-releasing tauP301L neurons and
their isogenic controls by longitudinal mea-
surements 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 hyper-

Princen et al., Science 384, eadd6260 (2024)

excitability phenotype was progressively and
fully rescued by REM127 (Fig. 5, A and B).
The effect of REM127 on synaptic plasticity
was next examined in transgenic mice express-
ing either human tauP301S, a mutation causing
FTD (49), or the APP London mutant carry-
ing the familial AD mutation V7171 (APP-Ln).
Both models of neurodegeneration showed
severe deficits in long-term potentiation (LTP)
in the CAl region of the hippocampus (Fig. 5,
C and D), a form of activity- and calcium-
dependent increase in synaptic efficacy as-
sociated with learning and memory. Oral
administration of REM127 restored LTP in
both tauP301S and APP-Ln mice (Fig. 5, C
and D). A 7-day treatment with the compound
was sufficient to rescue LTP in APP-Ln mice
(Fig. 5D). Similar effects on LTP, both in terms
of magnitude and Kinetics, were observed with
REM123 (fig. S10), a close analog of REM127
(fig. S1B). Combining pharmacokinetic studies
with LTP measurements enabled us to estab-
lish the exposure-response relationship for
REM127 (Fig. 5, E and F, and table S1). This
analysis revealed a median effective dose of
6 mg/kg/day (table S1), corresponding to an

31 May 2024

average unbound concentration of REM127 in
the brain of 12 nM, an ECs, in agreement with
the potency of the compound measured in vitro
(Fig. 1A). REM127 had no effect on LTP in WT
animals (Fig. 5Q), reflecting an activity restricted
to the disease state.

Rapid modulation of neuronal excitability
and synaptic plasticity by REM127 prompted
us to test the influence of the compound on
brain oscillatory activity. Electroencephalo-
graphy (EEG) recordings from individuals with
AD indicate increased power in low-frequency
theta rhythms, which correlates with poor cog-
nitive performance and is increasingly recog-
nized as a potential biomarker (50, 51). Likewise,
a higher magnitude of low-frequency bands
was observed here in awake APP-Ln mice (Fig.
5H). Administration of REM127 for 2 weeks
normalized power spectral density (Fig. 5H),
demonstrating the broad impact of the com-
pound on network function.

We then tested the ability of ReS19-T to
rescue spatial memory deficits in APP-Ln mice
using the Morris water maze behavioral para-
digm. Mice carrying the APP mutation needed
more trials to learn how to navigate to a hidden
escape platform, but by the end of the fourth
training day, their performance was undistin-
guishable from that of nontransgenic animals
(Fig. 5I). However, when subsequently tested
for memory recall (in the absence of the escape
platform), transgenic animals displayed a marked
deficit in performance (Fig. 5J). Impairment in
memory retention, with no apparent learning
deficits at the end of the training period, has
previously been reported in AD mouse models
(52, 53). This dissociation in performance was
used in a recent mouse behavioral study to
suggest that the familial V717F mutation in
APP interferes with memory retrieval rather
than memory encoding (52). Treatment of APP-
Ln mice with REM123 had no significant in-
fluence on performance during the training
period (Fig. 5I) but fully rescued spatial mem-
ory in the recall test (Fig. 5J), suggesting resto-
ration of neural circuits underlying retrieval of
spatial memories.

ReS19-T mitigates the development
of AD pathology

In addition to mediating degeneration of neu-
rons, aberrant calcium signaling is thought
to promote the development of AD pathology
(11-13). Therefore, we hypothesized that re-
straining calcium influx in diseased neurons
by ReS19-T should mitigate pathology in AD
mouse models. Treatment of bigenic APP-Ln:
PS1(A246E) with REM127 for 3 months resulted
in a 55 to 60% reduction of AP plaque buildup
in the neocortex (Fig. 6, A and B, and fig. S11, A
and B) and subiculum (Fig. 6, A and C), a
structure that connects the entorhinal cortex
to the hippocampus. Both brain regions are
prominently affected in AD. In the same mutant
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Fig. 5. Rapid restoration of synaptic, network, and cognitive functions by
ReS19-T in AD preclinical models. (A) Spontaneous calcium spike activity in
patient-derived tauP301L neurons and their isogenic controls exposed to vehicle
or REM127 at the indicated concentrations. Mean frequency of calcium bursts
was measured for 3 min over a period of 20 days from DIV 50 to 70 (three
replicate wells for each condition). (B) Calcium spike activity measured 15 days
after the first recording and corresponding to time point highlighted in gray in
(A). (C) CAL LTP in WT and tauP301S mice (3.5 months of age, N = 8 for each
group) administered with vehicle or REM127 (20 mg/kg/day) for 2 months.
Arrow indicates tetanus LTP inducing stimulus. (D) CAL LTP in WT/Veh (N = 5),
APP-Ln/Veh (N = 8), and APP-Ln/REM127 (N = 6) mice (7 months of age)
administered with vehicle or REM127 (20 mg/kg/day) for 7 days. (E and

F) Exposure-dependent rescue of LTP in APP-Ln mice. Cyyg prain: average

free brain concentration of REM127 calculated from in vivo pharmacokinetic
profile of the compound (table S1). Statistics were only performed within the

APP-Ln group to identify exposure-dependent effects on LTP. (G) LTP in

WT animals (3.5 months of age) administered with vehicle (N = 11) or REM127
(N = 6) at 20 mg/kg/day for 7 days. (H) Power analysis of EEG recordings
(parietal lobe) in awake WT/Veh (N = 6), APP-Ln/Veh (N = 8), and APP-Ln/
REM127 (N = 4) mice, 8 months of age, administered with vehicle or REM127
(20 mg/kg/day) for 14 days. (I and J) Morris water maze results. Shown

are spatial learning (1) and memory recall (annulus crossing index) (J) in WT/Veh
(N = 23), APP-Ln/Veh (N = 23), and APP-Ln/REM123 (N = 23) mice 8 months of age
that were administered with vehicle or REM123 (20 mg/kg/day) for 11 weeks. Error
bars indicate SEM, except for (E), where they correspond to SD. *P < 0.05, **P < 0.01,
and ***P < 0.001, one-way ANOVA with multiple pairwise comparisons of means
(Tukey's test) in (A), (C) to (E), and (J); unpaired t test in (G); two-way ANOVA with
repeated measures (RM) with genotype or treatment as the between-subject factor
and frequency as the within subject factor in (H); and two-way ANOVA with RM and
Sidak pairwise multiple-comparisons test in (I). See also corresponding fig. S10.

mice, the compound also reduced microglial
inflammation associated with AD pathology
(Fig. 6D). Additionally, REM127 decreased
dense-core amyloid plaques (Fig. 6, E and F)
and AB,, production (Fig. 6G) in the prefrontal
cortex of APP-SAA mice, a recently developed
knock-in model of AD (54). Co-staining of fib-
rillar AB with the AT8 epitope revealed the
presence of phosphorylated tau aggregates in
the center of plaques, a clear sign of tau pa-
thology. Treatment with REM127 markedly
reduced AT8 immunoreactivity in APP-SAA mice

Princen et al., Science 384, eadd6260 (2024)

(Fig. 6, H and I). However, REM127 had no
detectable influence on diffuse amyloid pla-
ques in these knock-in mice (fig. S11C), even
though the compound affects the dense core
of these plaques (Fig. 6, E and F). In the more
aggressive APP-Ln:PS1(A246E) model, in which
the dense core accounts for a larger portion of
total plaque area (fig. S11D), REM127 lowered
both total and dense plaque load (Fig. 6, A to
C, and fig. S11, A and B). These subtle differ-
ences in compound activity likely reflect model-
specific abundance, processing, and aggregation

31 May 2024

of AP peptides, but it is also possible that
REM127 preferentially targets the core of Ap
plaques, where tau pathology and presumably
[CaQ*]cyto are high. Finally, we examined the
impact of ReS19-T in tauP301S mice, a model
that exhibits severe tau pathology without amy-
loid deposition. Treatment of these mice with
the REM127 regioisomer REM123 lowered the
concentration of tau in the cerebrospinal fluid
(Fig. 6J), a clinical AD biomarker, which is con-
sistent with calcium-dependent tau secretion (74).
REM123 also decreased tau phosphorylation in
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Fig. 6. ReS19-T attenuates AD pathology. (A to D) APP-Ln:PS1(A246E) mice
(7 months old) after 3 months of vehicle (N = 16) or REM127 (N = 12) oral dosing
at 20 mg/kg/day. (A to C) AB plaques stained with an anti-amyloid fibrils
(LOC) antibody in cortex [(A) and (B)] and subiculum [(A) and (C)]. (D) CD11b
immunoreactivity in cortex. (E to G) Dense core staining of AB plaques

with Methoxy X04 in prefrontral cortex [(E) and (F)] and measurements of
AB4, concentration in the soluble fraction of the cortex (G) of APP-SAA mice
and C57BI/6J controls orally dosed with vehicle or REM127 (25 mg/kg/day) for
3 months. N =11 to 12 for each group. (H and I) Co-staining of A fibrils (LOC)

Princen et al., Science 384, eadd6260 (2024) 31 May 2024
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and phospho-tau (p-Ser202 and p-Thr205) using the AT8 antibody in same
animal cohorts described in (E) to (G). (J to M) Five-month-old tauP301S mice
treated for 3 months with vehicle or REM123 at 20 mg/kg/day. (J) Tau
concentration in CSF measured by ELISA (N > 9 for each group). Pan-tau (K),
pS396-tau (L), and pS199-tau (M) were measured by ELISA in cortical extracts
(N =11 for each group). Error bars indicate SD. *P < 0.05, **P < 0.01, and
***P < (0.001, unpaired t test, in (B) to (D) and (J) to (M) and one-way ANOVA
with multiple pairwise comparisons of means (Tukey's test) in (F) to (I). See
also corresponding fig. S11.
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cortical brain extracts of these mice (Fig. 6, K
to M). Thus, ReS19-T compounds attenuate
the main pathological features of AD.

Discussion

Here, we show broad therapeutic benefits of
a class of small molecules (ReS19-T) that tar-
get calcium dysregulation induced by patho-
logical tau, providing further support for a key
role of aberrant [Cat2+]cyto in driving neuro-
degeneration. Restoration of synaptic plastic-
ity (LTP) and normal brain network activity
(EEG) in APP-Ln mice was observed after only
7 to 14 days of treatment, indicating rapid re-
lief of AB-driven toxicity in the underlying
neural circuits. This effect is consistent with
fast-acting decrease in [Caz*]cym by ReS19-T
and down-regulation of CaN activity, a calcium-
activated phosphatase centrally implicated in
synaptic depression, memory erasure, and Ap-
induced synapse disruption (55, 56). ReS19-T
not only protects against acute AB/tau-induced
neurotoxicity but also mitigates the develop-
ment of AB and tau pathology. This implies the
existence of a self-amplifying loop between
elevated [sz*]cyto and ApB/tau pathology (18).
By lowering [Caz*]cyto, ReS19-T disrupts this
harmful cycle rapidly and efficiently. This mod-
el of pathogenesis and pharmacological inter-
vention can be extended, in principle, to risk
factors associated with sporadic AD (e.g., aging
and mitochondrial dysfunction) and to other
tauopathies that manifest with early distur-
bances in [Ca®" Tyt (I8).

Our findings suggest that aberrant calcium
entry is an integral component of tau pathology,
in agreement with a recent study identifying
genes associated with calcium homeostasis as
being primary modifiers of tau-induced toxic-
ity (57). The effect of ReS19-T on pathological
SOCC activation was investigated in the con-
text of a tau mutation (P301L) that causes FTD.
Because this mutation induces tau hyperphos-
phorylation, and aggregation (hallmarks of all
tauopathies, including AD), we propose that
similar disease and compound mechanisms
are at play in AD.

Accumulating evidence points to reciprocal
influence of AB and tau in AD (58). Although
the impact of AB on the initiation of tau pa-
thology is undisputed (tau is hyperphosphory-
lated in many APP models, (including the ones
used here), tau has also been shown to en-
hance and, in some cases, mediate aspects of
AP pathology (59). On the basis of these ob-
servations and on the stimulatory effect of
calcium on AP peptide production (12), we
surmise that the inhibitory effect of ReS19-T
on AP pathology (AB plaques and AB,, amounts)
is due, at least in part, to its normalizing activ-
ity on tau-induced calcium dysregulation.

‘We provide evidence that tau-induced SOCC
activation and compound activity are both
linked to the septin cytoskeleton. In nonpath-
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ological conditions, septin filaments at the cell
cortex restrain SOCE and inhibit constitutive
(store-independent) activation of SOCCs. In
support of this “gatekeeper” function, silenc-
ing of SEPTG6 (this study) or SEPT7 (38, 60, 61)
results in unimpeded SOCE activity. Knock-
down of SEPT2 family members (SEPT2, SEPT4,
and SEPT5), by contrast, has been reported
to suppress SOCE (37), highlighting complex
modulatory roles of septin isoforms in SOCC
regulation. In conditions of tau pathology, fila-
ment organization of septins at the PM is al-
tered, and this is associated with an increase
in ER-PM contact sites, thus providing a mech-
anism for uncontrolled activation of SOCCs.
By restoring septin organization at the cell
cortex in the disease state, ReS19-T rehabil-
itates an important element of physiological
SOCC regulation, which prevents spurious
activation of the channel in store-replete con-
ditions. Together, these findings reveal a mech-
anism of action restricted to the pathological
state, where ReS19-T operates on a form of
deviant SOCC activation found only in condi-
tions of tau pathology.

Perturbed expression and mislocalization of
different septin isoforms have previously been
associated with neurodegeneration. SEPT]I,
SEPT2, and SEPT4 are found in neurofibrillary
tangles and dystrophic neurites in AD (34),
whereas SEPT4 colocalizes with a-synuclein
in Parkinson’s disease Lewy bodies (62), and
SEPT11, a close homolog of SEPT6, is enriched
in insoluble fractions in frontotemporal lobar
degeneration (63). We show here that pharma-
cological modulation of septin assembly results
in broad neuroprotective effects in cell, mouse,
and patient-derived iPSC models of neurode-
generation, suggesting a central role of septin
filaments in AD pathogenesis.

In summary, this work highlights the thera-
peutic potential of calcium-lowering inter-
ventions in AD and FTD and holds promise
for a small-molecule-based alternative to Ap-
targeting therapies. The anticipated therapeu-
tic benefits of ReS19-T in individuals with AD
are currently being evaluated in clinical trials.

Methods summary

A full description of the methods can be found
in the supplementary materials. This includes
descriptions of all ReS19-T compounds, DNA
constructs, and mouse models used in this study;
target identification and molecular dynamics
simulations; cell-based imaging protocols; elec-
trophysiology and immunocytochemistry on
brain slices; in vivo EEG recordings; and sta-
tistical tests.
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