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SUMMARY

A marked evolution in Alzheimer’s disease (AD) therapy research is ongoing. In this perspective, we highlight
emerging outcomes of tau-targeting approaches with disease-modifying potential evidenced by PET-based
slowing of tau accumulation and early signs of cognitive benefit. We outline how decades of iterative amyloid
B (Ap)-trial refinement leading to the recent successes of approved anti-Af therapies have set the stage for
accelerated optimization of next-generation trials. We summarize key learnings from first-generation tau im-
munotherapies and how these paved the way for early achievements in tau trials, while many challenges
remain. Finally, we discuss the back-translation of clinical outcomes into fundamental insights on human
tau pathobiology, and we outline challenges and future directions for AD therapy development including
combination therapy and targets beyond Ap/tau. Together, this provides a framework for next-generation

AD and tau-therapy development toward increasingly efficient disease-halting interventions.

INTRODUCTION

In this perspective, we first outline recent breakthroughs that
opened a new era in Alzheimer’s disease (AD) research and treat-
ment. These include the recent US Food and Drug Administration
(FDA) approvals of anti-amyloid § (Ap) therapies—lecanemab and
donanemab —resulting from decades of setbacks yielding incre-
mental success in A trial optimization. Emerging outcomes of
tau trials are fast following the Ap successes, showing slower
tau accumulation (measured by tau PET [positron emission to-
mography]) and early signs of cognitive benefit. While primary
endpoints were not met, and corroboration in multiple, large future
trials will be critical, these outcomes represent first proof of
concept in humans of biological disease halting and present an
important step forward for tau therapeutic agents. We here pro-
vide an integrated analysis of the tau trial outcomes alongside les-
sons learned from Af trials, which yield a roadmap for therapy
optimization. We also discuss clinically validated insights in light
of fundamental tau pathobiology and remaining challenges. Look-

ing forward, we discuss opportunities for Ap-tau combination
therapies, as well as therapeutic strategies targeting other factors.
Together, this provides a roadmap to guide accelerated, next-
generation AD and tau-therapy development.

EVOLUTIONS IN AD THERAPY: FROM A TO TAU

AD and other tauopathies
AD is the most frequent tauopathy and prevalent dementia, with
an unmet medical need for therapy. Globally, AD accounts for
approximately 32 out of 57 million dementia cases, ™ which
are expected to climb to 153 million by 2050, posing a major
health and socioeconomic challenge.? The AD brain is character-
ized by the presence of Ap pathology (A), tau pathology (T), and
neurodegeneration (N), as pathological hallmarks® ™ that serve
as a clinical-biological framework'%'" of AD (Figure 1).

Both Ap and tau represent key therapeutic targets. Accumu-
lating evidence supports an initiatory role for Ap in AD,
while tau is proposed to have an executive role in the
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AD therapy development: from amyloid to tau therapy
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Figure 1. Evolutions in AD therapy—From Ap to tau therapy

AD is characterized by the aggregation of A (A) as extracellular Ap plaques followed by aggregation of hyperphosphoryated tau (T) as intraneuronal neurofibrillary
tangles. Ap is considered the initiator of the disease process and tau the executor of the disease process, with tau aggregation strongly correlating with symptom
progression. Recent developments led to FDA-approved anti-Ap immunization therapies (lecanemab and donanemab), while emerging data indicate early signs
of biological halting based on tau PET measured slowing of tau pathology for tau-immunization (bepranemab, E2814) and antisense oligonucleotide (ASO)-based
therapy (BIIB080). The clinical-biological framework for AD, based on the presence of ATN-pathologies (A, Ap pathology; T, tau pathology; N, neurodegeneration;
and |, inflammation), provided a critical—biological—framework enabling accelerated trial optimization toward clinical efficacy and approved therapies (sche-

matic presentation of ATN framework, based on and modified from Jack et al.? and Jucker and Walker

neurodegenerative process downstream of Ap, including
Ap-independent roles.® "% |ndeed, tau pathology closely
correlates with symptom progression.'®2* Besides AD, pro-
gressive tau aggregation characterizes a family of various
neurodegenerative disorders, including progressive supranu-
clear palsy (PSP) and corticobasal degeneration (CBD), which
represent primary tauopathies and additional unmet medical
needs. %2%2% Genetic tauopathies with autosomal dominant
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12),

mutations in the MAPT gene unequivocally identify tau as a
causal, driving factor in the neurodegenerative process in tauo-
pathies.16’17'25"31

Anti-Af immunotherapies: Recent breakthrough
successes

Therapeutic strategies targeting Ap, including anti-Ap immuniza-
tion, have been intensively pursued to inhibit the initiation of the
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AD pathogenic process.”'*%*%% Ap-targeting therapies under-
went a long “unsuccessful” phase, often casting doubt on the
underlying amyloid cascade hypothesis.*>*® This optimization
track finally converged on the recent breakthrough in anti-AD
therapies with FDA approvals of anti-Ap immunization therapies
for lecanemab and donanemab. ®%**37:3%-43 Both show marked,
near complete clearance of Ap plaques in a drug dose-depen-
dent manner, accompanied by a moderate slowing of cognitive
deterioration.®***%%! |n the phase 3 randomized, placebo-
controlled CLARITY AD trial, anti-Ap immunotherapy using leca-
nemab significantly reduced AB plaques, improved biomarker
levels, and slowed cognitive decline by 27% in patients with
early AD (Figures 1 and 2).*' Lecanemab received first acceler-
ated and subsequently full FDA approval in June 2023. Similarly,
promising results followed from the TRAILBLAZER-ALZ 2 phase
3 trial of donanemab, showing fast and efficient Ap clearance
and a 29% reduction in disease progression overall (CDR-SB
[clinical dementia rating-sum of boxes]), which was up to 40%
in patients with low to intermediate tau levels (Figures 1 and
2).*° These results highlight the efficacy of Ap-targeting immuno-
therapies, while not yet obtaining full clinical halting. 3344041

Lessons from anti-Ag clinical trials

The long iterative optimization of Ap-targeting therapies, not only
converged on FDA-approved drugs but also provided a frame-
work for accelerated AD therapy development. It took several de-
cades on a path of setbacks and incremental partial successes to
attain near complete clearance of Ap pathology —reducing high
Ap PET to normal or low levels (from 70-120 centiloids to below
24 centiloids)—and concurrent moderate but significant clinical
efficacy, now achieved with lecanemab and donanemab as
FDA-approved therapies (Figures 1 and 2).%*“%*! Proof of anti-
AP immunization to clear Ap plaques was delivered for the first
time in 1999 in preclinical models.*® The availability of preclinical
models robustly mimicking AD pathologies provided the crucial
basis for this breakthrough. This preclinical proof, shown consis-
tently and in different models, was followed by the first successful
clearance of Ap pathology in patients enrolled in anti-Af immuni-
zation trials, showing biological slowing of AD (first active and
later passive immunization trials)®”*%***> (Figures 1 and 2).
This landmark was however not immediately associated with
effective halting of clinical symptoms®’*°#*%® and was also
associated with serious adverse effects.®>”*° Subacute meningo-
encephalitis in a subset of AD patients after active AB42 immuni-
zation“®*’ resulted in a more intensive pursuit of passive immuni-
zation approaches, which were considered safer.*® However, the
latter, including lecanemab and donanemab, are also not fully
devoid of side effects, as Ap-related imaging abnormalities
(ARIA) are observed in subsets of patients and requires close
mitigation, monitoring, and patient selection®®%44%:41:48 Fyrther-
more, the initial lack of clinical effect, despite indications of bio-
logical slowing, highlighted the need for further optimization of
targeting strategies and trial design.

A variety of anti-Ap passive immunization strategies have been
tested in clinical trials with incremental success. This included the
testing of multiple antibodies targeting different Ap epitopes
(various N-terminal or mid-region epitopes), and with different affin-
ities for smaller to larger aggregates (including, non-exhaustively,
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bapineuzumab, solanezumab, crenezumab, gantenerumab, adu-
canumab, lecanemab, and donanemab),®*>*44:4548 on g path to-
ward increasing insights into antibody mode of action (MoA) and
more effective trials (Figure 2 and comprehensively reviewed in
Boxer et al. and others®***“°~*2)_Failures in meeting primary end-
points not only resulted from non-optimal epitopes or targeting stra-
tegies, but also from a combination of different factors, including
initiating treatment too late in the disease course, sub-optimal pa-
tient selection (clinical endpoint-based instead of biomarker-
based), patient heterogeneity, and disregarding advanced tau sta-
tus as an independent driver of disease progression. Furthermore,
insufficient Af clearance—not reaching threshold for clinical
benefit—and adverse effects halting trials might also have contrib-
uted to the lack of clinical benefit in Ap trials.®*>*

However, these initial trial failures did pave the way for
the definition of a biological framework of AD, based on
ATN pathologies”"" and groundbreaking biomarker develop-
ment*22-2449-57 o5 monitor biology. In particular, the develop-
ment of AD and tauopathy biomarkers, i.e., Ap and tau PET, cere-
brospinal fluid (CSF)- and blood-based biomarkers”*°~°° provided
an unprecedented window into AD processes in the brain. This bio-
logical monitoring and biomarker advances have been crucial to
transform AD trials across four domains: (1) accelerated optimiza-
tion of targeting strategy (N-terminal epitope/Ap aggregate confor-
mation, immunoglobulin G [IgG] isotype, and MoA) vs. clinical out-
comes and target engagement; (2) optimized patient stratification
and defined an optimal window of intervention based on tau
burden, co-pathologies, co-morbidities, genetics (e.g,. apolipo-
protein E [APOE] genotype), disease stage, and progression
rate; (3) delivered rapid and sensitive measures of treatment effi-
cacy, defining thresholds and dosing regimens to achieve the bio-
logical modification required for clinical benefit®>~*; (4) balanced
safety and efficacy with biomarker-informed stratification of pa-
tients at risk of adverse effects (reviewed in Boxer et al.,®® Jucker
and Walker,®* and Brody and Holtzman“®). The use of biological
readouts and optimizing biological halting toward clinical efficacy
was pivotal for developing approved therapies with clinical ef-
fect—lecanemab and donanemab—(Figure 2) resulting in signifi-
cant but not yet complete disease halting.

From Ap to tau therapy

Although anti-Ap immunotherapies can almost completely clear
Ap pathology in most individuals over 12-18 months, they only
partially normalize tau biomarkers (e.g., CSF and plasma tau,
tau PET)."®*" One potential explanation is that tau pathophysi-
ology may become or develop A-independent, with tau pathol-
ogy propagating in the brain independent of Af, as demon-
strated in the primary tauopathies.®**' Thus, the removal of
the initial AB trigger may not sufficiently halt tau propagation in
AD, highlighting the need to pursue anti-tau therapies, particu-
larly in view of the unmet clinical need for effective, preferably
complete halting of disease progression.

Whether tau therapies can be successful for AD remains to be
seen, but there are several arguments supporting tau as a key
driver and target in tauopathies. These include (1) tau genetic mu-
tations in tauopathies indicating tau dysfunction as a process suf-
ficient to drive neurodegenerative symptoms'®2"2>2; (2) pro-
gressive spatio-temporal tau aggregation characterizing all

Cell 188, December 24, 2025 7339




¢? CellPress

OPEN ACCESS

Cell

A
CDR-SB
Ye AB-PET y Ye
AB therapy S B Adas-Cog14 (& ‘
optimization ’
Yes AB-PET iADRs Yes
\\\/// \\\// \\\V//
Targeting Preclinical Biological Clinical FDA
Model _from halting <« halting > halting > approved
AB trials Trial design in models in patients in patients therapy
Adas-Cog14
Bepranemab i subgroup:
Yes Tau-PET Adas-Cog14/
CDR-SB
Tau ther
au. .e a.py Validation level
optimization -
BIIB08O Yes Tau-PET Low " high
4

Figure 2. Lessons from anti-Ap clinical trials: Roadmap for accelerated trial optimization from preclinical to biological and clinical halting for

regulatory agency therapy approval

Lessons from the long and incremental learning path from anti-Ap trial optimization toward approved anti-Ap therapies, provided a roadmap for accelerated trial
optimization for anti-Ap therapies, tau therapies, and combined AB-tau therapies. The roadmap encompasses toggling back and forth, to move from optimal
preclinical halting to obtaining optimal biological halting toward improved clinical efficacy and regulatory agency-approved therapies. The stage for current
therapies and trial outcomes for A (lecanemab and donanemab) and tau (bepranemab and BIIB080) along the roadmap are indicated. The Ap and tau trial and
therapy optimization show different levels of validation and different levels of efficacy of achieved preclinical, biological, and clinical slowing of the disease
process (as discussed). This roadmap enables accelerated development of increasingly effective therapies with controlled side effects, through continuous

targeting optimization and trial design optimization.

tauopathies in association with symptoms and symptom progres-
sion®>"""13719; and (3) propagation of tau pathology between cells
as a potential targetable process, contributing to pathogenetic
processes. '>%4® While some open questions and challenges
remain, tau targeting is a straightforward approach with recent
emerging data supporting its potential feasibility and safety.

The learnings from the anti-Ap trials generated a validated
roadmap for accelerated trial optimization toward more clinically
effective therapies with fewer side effects. The roadmap in-
cludes toggling back and forth from (1) preclinical validation to
(2) proof of biological halting in patients, to increased (3) clinical
efficacy, and (4) approved therapies (based on biological or clin-
ical efficacy), by continuous optimization of targeting strategy
and trial design (Figure 2), a roadmap now useful for tau-target-
ing therapies.

TAU THERAPIES

Tau pathobiology and tau therapies: Challenges and
opportunities

Tau is a microtubule-binding protein mainly expressed in neu-
rons and limited in glia in the adult human brain, which exists
in 6 different isoforms that differ in the number of inserts (0, 1,
or 2) in the N-terminal domain and number repeat domains
(3 or 4) in the microtubule-binding region (MTBR)>>2%67:68
(Figure 3). As an intrinsically disordered protein, tau exerts its
physiological functions, while in pathological conditions tau ag-
gregates strongly correlate with progressive neurodegeneration
and clinical symptoms in tauopathies.**>®
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In tauopathies, tau monomers aggregate into various oligomers
and filaments, with different molecular and structural characteris-
tics depending on the respective tauopathy®®’""? but sharing a
large MTBR region in their aggregate core. Tau aggregation is
markedly accelerated by templated tau seeding, i.e., pre-aggre-
gated tau inducing fast aggregation of physiological unfolded
tau. Intercellular transmission of tau seeds then provides a
compelling mechanism for the fast progressive development of
tau pathology in tauopathies (Figure 3). Templated seeding and
intercellular propagation of tau pathology has been shown
in vitro and in vivo in preclinical models,®*®>"*~"® and is supported
by accumulating evidence in humans, while clinical validation is
still missing.”®"® This process, discussed in detail below, encom-
passes an extracellular phase of pre-aggregated tau, which is
potentially important in the context of tau immunization.

Tau undergoes a variety of post-translational modifications
(PTMs), including phosphorylation, glycosylation, acetylation,
as well as truncation'®252%:2° (Figure 3). Hyperphosphorylation
is an important and intensively studied PTM in tauopathies,
causing tau to detach from microtubules and facilitating tau ag-
gregation. Tau can also be cleaved and secreted from neurons
mostly as N-terminal fragments that can be measured in bio-
fluids but are not prone to aggregate.?® Conversely, tau frag-
ments containing the MTBR region may misfold and seed tangle
pathology and can also be released as MTBR tau fragments,
detectable in biofluids albeit in lower quantities.**>%°* MTBR-
containing tau, full length or fragments, can serve as a substrate
for tau aggregation, a process that also involves full-length tau
containing both N- and C-terminal sequences, while full-length
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tau seems more rarely released from neurons.®° Besides fibrillar
tau aggregates, oligomeric tau forms are particularly considered
as toxic agents in the disease process.®'*®? Furthermore, target-
ing tau based on pathogenic PTMs may leave physiological tau
unaffected and functional but may also only target a subpopula-
tion of pathological tau, leaving other toxic subpopulations un-
targeted. In the context of passive immunization, truncated tau
species are of particular interest as epitope choice might define
the targeting of total or a subset of tau pools (Figure 3).

Tau is hence a complex molecule forming a variety of tau spe-
cies and polymorphs (3R/4R, PTMs, structure, and aggregation
state), with physiological and pathological roles in tauopathies.
While pathognomonic tau aggregates mainly accumulate intra-
cellularly, in contrast to extracellular A plaques, various tau
forms are detected both intra- and extracellularly. These tau
forms may contribute differently to physiological and pathogenic
processes, including progressive tau pathology and/or tau-
associated neurodegeneration, which are not necessarily iden-
tical processes and remain to be understood in detail.”®*° Based
on this pathobiology, tau targeting presents with specific chal-
lenges and opportunities.

Tau therapies: Proof of concept in patients

Different strategies for halting pathological tau progression and
its executive role in neurodegenerative tauopathies have been
developed and are being pursued.'®'72770:8585 preclinically,
small molecules as well as biological approaches are being
explored at various stages of the development pipeline,
including decreasing tau expression by antisense oligonucleo-
tide (ASO) and small interfering RNA (siRNA) therapies, altering
tau PTMs (e.g., phosphorylation, acetylation, glycosylation,
and truncation), active tau vaccination, passive tau immuniza-
tion, promoting tau degradation via proteolysis targeting chimera
(PROTAC), tau aggregation inhibition, and O-GlIcNAcase
enzyme inhibitors.'7:?7:61.70.83-86 Emerging outcomes for tau-
directed ASO and “second-generation” tau-immunization thera-
pies are showing the first signs of disease-modifying effects,
based on slowing PET-assessed tau pathology progression
and early signs of cognitive benefit.

Proof of concept for tau-directed ASO as a therapeutic strat-
egy was first demonstrated in preclinical models, showing
decreased tau pathology and tauopathy-induced neurodegen-
erative changes®”®® without major side effects. siRNA ap-
proaches for reducing tau expression have also been developed
and tested preclinically in a murine tauopathy model.®° Develop-
ment of ASO tau therapy was built on and encouraged by early
successes using ASO against mutant SOD1 in genetic amyotro-
phic lateral sclerosis (ALS), which showed treatment-induced
lowering of CSF and plasma concentrations of neurofilament
light chain (NFL), an established biomarker for neurodegenera-
tion intensity expected to translate into clinical benefit. On this
basis, the FDA-approved tofersen for mutant SOD71 ALS
(FDA).?>°" ASO- or microRNA-based therapies also present
promising clinical results in other neurodegenerative diseases
(Huntington’s disease [adeno-associated virus (AAV)-based
gene therapy] or spinal muscular atrophy®*°4).

Several ASO-based clinical trials aimed at reducing tau
expression are ongoing (BIIB0O80 [in AD], NIO752 [in AD and

¢? CellPress

OPEN ACCESS

PSP], and LY3954068 [in AD]). Highly interesting and promising
results emerged from a phase 1b trial of tau-directed ASO
BIIB0O80 (NCT03186989), currently being evaluated in a phase
2 clinical study (CELIA study: NCT05399888). In the phase 1b
study, a 36-week multiple-ascending-dose trial followed by a
64- or 71-week open-label long-term extension in 46 partici-
pants with mild AD, BIIB080 dose-dependently reduced soluble
total-tau and p-tau in CSF and aggregated tau pathology
measured with tau PET. Tau PET showed reduced tau accumu-
lation in BIIBO80 versus placebo arms at week 25 (n = 13), and at
100 weeks versus baseline across all regions assessed in the
BIIBO80 arm (n = 12).%>°° The result in the BIIBO80 arm was
associated with suggested favorable trends in cognitive out-
comes®?° (Alzforum ADPD 2023, CTAD 2023%"); BIIB080 was
fast-tracked by the FDA in April 2025. The successful biological
slowing of tau pathology with the tau-targeting ASO therapy,
BII080, is an important breakthrough, reminiscent of the Ap field
(Figures 1 and 2), while follow-up studies are required.

Promising results are also emerging from second-generation
passive tau immunotherapies®® (Alzforum),?*'°" following first-
generation tau immunotherapies that failed to show clinical effi-
cacy. In these latest trials, passive tau immunotherapy with be-
pranemab now successfully slowed tau pathology progression
(fau PET; slowing tau accumulation by 33%-58% versus
placebo after 80 weeks of treatment) and cognitive decline
(Alzheimer’s disease assessment scale-cognitive subscale
14-item version [ADAS-Cog14]; reduced by 21%-25% versus
placebo) as secondary endpoints (TOGETHER-trial n = 466;
Alzforum).?®=1°" Although primary endpoints were not met in
the whole study population, this trial now shows biological slow-
ing of tau pathology (tau PET) associated with significant, mod-
erate cognitive benefit (ADAS-Cog14) for tau-directed trials
(Figures 1 and 2).

Along the same lines, the second-generation tau antibody
E2814 slowed tau pathology progression, measured by PET
imaging, albeit only in a few patients, and reduced CSF concen-
trations of MTBR-tau243, a tau fragment strongly correlated to
tau PET, in a larger sample. Phase 2 data with additional sec-
ond-generation tau antibodies are expected by the end of
2025 (E2814/etalanetug, posdinemab, BMS-986446, and MK-
2214) and will be important to generate new insights for future
trial development, including defining optimal targeting strate-
gies, optimal biomarker-based patient selection, endpoints,
and others further discussed below.

Together, these results provide now evidence of biological
disease modification of tau pathology (bepranemab, E2814,
and BIIB080) and emerging functional benefits (bepranemab)
by tau-directed ASO therapy and passive tau-immunization ther-
apies. While corroboration of the outcomes in multiple and large
future clinical trials will be critical, these pave the way for tau
trial optimization and development of increasingly effective
therapies.

Anti-tau immunotherapies: Optimization of tau targeting
and clinical trial design

The recent achievements of tau-immunization trials built on learn-
ings in therapy development by optimizing targeting efficacy and
trial design. Despite intracellular accumulation of tau aggregates
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Figure 3. Lessons from anti-tau immunotherapies: Optimization of tau targeting and clinical trial design
Optimization of anti-tau immunotherapy is currently ongoing by continued targeting optimization and trial design optimization. A roadmap toggling between

preclinical halting, to biological halting, to clinical efficiency is pursued. First-

and second-generation therapies have been or are being developed, with first-

generation therapies, targeting N-terminal tau epitopes. First- and second-generation antibodies display a variety of targeting epitopes, tau forms being targeted,

antibody characteristics, as well as proven MoA of the antibody. Clinical trials

based on biomarker use and specific parameters. (Schematic presentation of tau structures and tau propagation, based on and modified from Parra Bravo et a
and Shi et al.,*® tau clinical trials based on and modified from Cummings et al.”®).

presenting an additional challenge, tau immunization was suc-
cessfully and reproducibly shown to halt tau pathology in preclin-
ical models.?”"'927'%" This led to various trials pursuing tau immu-
notherapy pipeline including®”:'%27196:108:109 pagssive and active
(e.g., AADvac-1 and JNJ-64042056 [ACI-35]) immunization ther-
apies. Here, we focus on the progress of passive tau-immuniza-
tion trials. It is important to note that anti-tau antibodies may
strongly differ in their MoA and target different tau-related patho-
genic processes and forms. The MoA may include blocking tau
cleavage, PTMs, and misfolding (chaperone-like), blocking oligo-
meric tau, stimulating microglial phagocytosis (opsonization),
interfering with seeding and transcellular tau propagation (extra-
cellular release and uptake), and blocking intracellular effects of
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are in different phases of development, and clinical trial design is being optimized
|_28

tau, depending on the targeting strategy and the site of action
(Figure 3).

First-generation anti-tau immunotherapies: N-terminal
targeting of tau

First-generation passive tau immunotherapies targeted solely or
partially the N-terminal domain of tau (Figure 3), including tilavo-
nemab, gosuranemab, semorinemab, and zagotenemab.85
However, they differ significantly in binding affinities (0.1 nM
for gosuranemab; 3.8 nM for semorinemab; 20 nM for tilavone-
mab) and pharmacokinetic profiles (half-lives of > 550 h for
gosuranemab and tilavonemab; 400 h for semorinemab). These
very different properties led to varying target engagement
in the brain for the same dose.''® Furthermore, most
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first-generation tau antibodies (gosuranemab,’’’ semorine-
mab,"'? and tilavonemab' ') were of the IgG4 isotype, while za-
gotenemab (registered as NCT03518073) was an IgG1. 1gG1
binds with higher affinity to Fc gamma receptors than IgG4, lead-
ing to better phagocytosis of the antibody-antigen complex by
macrophages in the periphery or microglia in the CNS, accom-
panied by pro-inflammatory cytokine release. It had been shown
that both tau antibodies with IgG1 or IgG1 with Fc mutation lead-
ing to complete lack of Fc gamma receptor binding could be
effective, suggesting that effector function is not required
for efficacy,”’ while IgG1 might increase effector functions
and intracellular uptake.'°>"'> However, IgG1 can lead to pro-in-
flammatory cytokine release, which would increase the risk of
neuroinflammation.’'* Therefore, it is important to consider the
choice of IgG isotype, besides the tau epitope the antibody
targets.”’

First-generation tau trials unfortunately failed endpoints. Tila-
vonemab (N-terminal AA 25-30) was not effective in PSP, with
its relatively weak affinity potentially requiring higher doses to
achieve high target engagement in the brain.''® Patient selection
in this trial was based on clinical measures, without biologically
confirmed tau pathology using biomarkers. Semorinemab
(N-terminal AA 6-23) was not efficacious in AD, with a shorter
half-life and medium affinity also potentially necessitating higher
doses to attain high target engagement.''? Patient selection
included both clinical assessment and Ap pathology positivity
by PET or CSF biomarkers but not tau pathology biomarkers.
Despite higher affinity, longer half-life, and target engagement
in the CSF, gosuranemab (N-terminal AA 15-24) did not show
positive effect on clinical outcomes or imaging biomarkers in
PSP or AD,""""""® |eading to the conclusion that targeting N-ter-
minal epitope tau may not be efficacious in PSP. In the AD trial,
patients were selected based on clinical deficits and positive Ap
PET scan but not based on tau pathology. Despite a sub-nano-
molar affinity, zagotenemab (N-terminal AA 7-9) had no effect on
tau PET in a phase 2 trial of early symptomatic AD."""""8 Inter-
estingly, in this trial, patients were selected based on intermedi-
ate levels of brain tau on PET imaging.

Taken together, first-generation passive tau immunization did
not achieve effects on tau pathology or efficacy with clinical
endpoints. The most straightforward explanation could relate
to the choice of N-terminal tau epitope, given that all first-gen-
eration anti-tau antibodies targeted this region of the protein. In
view of the higher accessibility of N-terminal epitopes for anti-
bodies compared with MTBR epitopes, their high immunoge-
nicity, possibly less interference with the physiological role of
tau, and the abundant presence of truncated tau encompass-
ing N-terminal regions in biofluids, N-terminal tau targeting
was a straightforward and valid strategy to initially pursue.
Later on, however, a variety of truncations have been identified,
including fragments with either N-terminal tau or MTBR-en-
compassing tau in human brain and in CSF.%25%1"9721 |n addi-
tion, N-terminal fragments are not prone to aggregate, and
N-terminal tau-targeting antibodies were shown to be less
effective at inhibiting seeding and propagation of tau pathology
in vitro and in vivo when using human postmortem ex-
tracts.'®*"%” Hence, the current data suggest that following
tau truncation, it may not be efficacious to target non-MTBR-
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containing fragments of tau to prevent seeding and propaga-
tion of tau pathology.®2:6%7475:122-125

Second-generation anti-tau immunotherapies:
Optimization of targeting and antibody design

In light of that, the second generation of passive tau immunization
instead focused on epitopes closer to the aggregation- and seed-
ing-prone MTBR region, which have the potential to block spread
and seeding of tau pathology®2-6%7475:103.107.122125 (Fiqy e 3),
This second generation includes BIIB076,'°® bepranemab,
E2814, BMS986448 (PRX005), posdinemab (JNJ-63733657), Lu
AF87908, MK-2214, APNmADb005, ADEL-YO01, VY-TAUO1 (likely
now called VY7523) (Figures 1 and 3). Like the first-generation
therapies, these antibodies are quite different from each other
and the data generated with one may not necessarily apply to
others.

Some of these antibodies target specific tau PTMs, such as
phosphorylation (p217 for posdinemab, p396 and 404 for Lu
AF87908, p413 for MK-2214, and acetylated K280 for ADEL-
Y01) that may increase engagement of specific pathological
tau forms, leaving physiological tau unaffected. APNmAbO005
binds a conformational epitope in tau oligomers, and hence
binds tau in synaptosomes and insoluble fractions in human
brain extracts better than monomeric, cytosolic tau.'?” BIIB076
targets the middle domain of tau.'® Both antibodies halt tau
seeding and propagation of tau pathology in preclinical models.
Last, VY-TAUO1 binds a C-terminal epitope.

In addition, most second-generation tau antibodies are now
IgG1 isotype (BIIBO76, E2814, BMS986448, Lu AF87908,
APNmMADbO05, posdinemab, and ADEL-Y01) with stronger
effector function than IgG4 (bepranemab, VY-TAUO1), but which,
conversely, may potentially increase neuroinflammation and
ARIA risks, if combined with anti-Ap antibodies. In this respect,
it must be noted that the MoA of immunotherapy may be very
different for Ap and tau. For Ap, strong effector function (IgG1)
is important for efficacy, since microglia engagement via the
Fc gamma receptor is key for phagocytosing extracellular Ap ag-
gregates. The effect is an active mechanism for clearing Ap via
microglia and is antibody maximum (peak) bloodstream concen-
tration (Chax)-driven, i.e., once a sufficient antibody concentra-
tion is reached in the target organ (brain), microglia actively
phagocytose the aggregated Af. A sustained presence of high
antibody concentration may not be necessary for removing pla-
ques and a pharmacokinetic profile with rapid brain penetration
but a shorter half-life could be appropriate.'>° For tau, however,
it was shown that anti-tau antibodies with or without effector
function can both be efficacious in preclinical research.’'* The
MoA may be related to blocking binding sites besides, or in addi-
tion to, opsonization and phagocytic uptake by microglia.

These trials are now at various stages, with some already ceas-
ing clinical development. This is the case for BIIB076, which
completed phase 1 trial (NCT03056729), and showed target
engagement, based on reduced mid-region tau in CSF, 1 week af-
ter infusion, but whose side effects at the highest dose prompted
trial termination. Lu AF87908 was in clinical development
(NCT0414986) but is no longer listed in the Lundbeck portfolio;
the reason for removing this antibody is unknown to us. Some
antibodies are starting early clinical trials, such as VY-TAUO1/
VY7523 (NCT06874621), MK2214 (NCT05466422), APNmMAbO05
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(NCT05344989), and ADEL-Y0O1 (NCT06247345), but no data
are yet available regarding safety, pharmacokinetics, CSF
target engagement, and efficacy. Some others have completed
phase 1 trials, with safety and target engagement having
been considered sufficient to move toward phase 2 proof-
of-mechanism trials, E2814 (NCT04231513, NCT04971733,
NCT05269394, NCT06602258, and NCT01760005), BMS986446
(NCT06084598 and NCT06268886), and posdinemab (NCT
05407818, NCT03689153, NCT04619420, and NCT03375697).

First outcomes are emerging for two antibodies with epitopes
in or close to MTBR. The second-generation antibody E2814
(Alzforum 1, Alzforum 2) was shown to reduce early and late
tau pathology biomarkers in a subset of patients with dominantly
inherited AD with mild-to-moderate cognitive impairment (n = 7)
that received E2814 in escalating doses (750-4,500 mg) during 6
to 26 months. Two years of treatment reduced CSF p-tau217
and tau-MTBR levels by 50% and 75%, respectively, compared
with DIAN observational study data (Wildsmith et al., CTAD24).
Study limitations included a small sample size, unblinded design,
and lack of a placebo arm. Interestingly, a few patients stabilized
with a trend toward reduced tau by PET. Together, the data sup-
port target engagement and slowed progression of tau pathol-
ogy (tau PET and tau MTBR) in a limited number of patients.
Currently, E2814 is also being tested in combination with anti-
Ap therapies, with a readout expected in 2027-2028, further dis-
cussed below.

Bepranemab is another second-generation, MTBR-region-
directed tau antibody with phase 2 data in AD (TOGETHER-trial
n = 466; CTAD 2024, Alzforum).*®'%%1%7 Bepranemab signifi-
cantly slowed secondary cognitive (ADAS-Cog14) and tau pa-
thology (measured by tau PET) endpoints in the whole trial pop-
ulation in a phase 2 double-blind, placebo-controlled trial with
high (90 mg/kg) and low (45 mg/kg) doses (Alzforum).?® This rep-
resents the first time that a tau antibody demonstrated an effect
on cognitive and pathology endpoints. However, the effect was
not statistically significant on the primary CDR-SB endpoint in
the whole population, although it was statistically significant in
a prespecified sub-analysis of subjects with low baseline tau or
were APOE4-negative. Most interestingly, predefined sub-ana-
lyses in this clinical trial were formulated based on the hypothesis
that (1) patients with low/medium- but proven-baseline tau
burden would benefit more than patients with high tau burden,
and (2) APOE4 carriers may react differently to non-carriers.
These findings may help select patients more likely to respond
to tau immunotherapies in future trials.

Bepranemab’s MoA was selected on and shown to prevent
intercellular propagation of tau seeding in preclinical models.
As an antibody with low effector function (IgG4), bepranemab’s
effects on tau PET and ADAS-Cogi14 suggest that strong
effector function is not necessary for the MoA of tau antibodies
in humans, aligned with preclinical data.'' Given bepranemab
predominantly binds extracellularly released tau seeding spe-
cies, %1% the effect of bepranemab is expected to be Ciougn-
driven, i.e. a high and stable antibody concentration in the target
organ (brain) is needed to capture seeding species as they are
released from cells, favoring a pharmacokinetic profile with
longer, stable half-life. Of note, several promising immunization
approaches with a distinct goal of increasing intracellular target-
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ing of tau and its pathogenetic effects to halt tauopathies are also
at various stages of development (e.g., intrabodies, liposomal
antibody administration, and others).?”:86:104.115.130,131

These emerging outcomes suggest that screening assays
used to identify bepranemab and related tau-immunization stra-
tegies could translate to clinical effects, at least partially, and are
providing insights into optimal tau-targeting epitopes (MTBR-
encompassing domain and bepranemab/E2814) and antibody
characteristics (IgG isotypes and pharmacokinetics) (Figure 3.
In addition, emerging outcomes of various ongoing trials effec-
tiveness in humans may further provide crucial insights about
optimal tau-targeting strategies, as well as the exact pathogenic
forms of tau and their role in tau pathology progression and tau-
induced neurodegenerative processes.

Second-generation anti-tau immunotherapies:
Optimization of clinical trial design

Clinical trial design is an important issue that, at least in part, may
have contributed to the failure of first-generation anti-tau immu-
notherapies (Figure 3). However, adopting the framework pro-
vided by Ap trials can help identifying critical parameters for
optimal design of tau trials (Figures 1 and 2).

In terms of safety and adverse effects, tau immunotherapy
seems to display a better safety profile compared to anti-Af
immunotherapy. No ARIA has been described with any of the
tau antibodies, and, more generally, no major safety concerns
have been identified so far in non-human primate toxicology
studies, nor in phase 1 or phase 2 studies of healthy volunteers,
AD, or PSP patients with a variety of tau antibodies, apart from
BIIBO76 at high doses.

In terms of patient selection, using PET/CSF and/or blood-
based biomarkers is pivotal to select patients more likely to
respond to the treatment, define trial efficacy, set thresholds of
biological effects that translate to functional outcomes, and
shorten recruitment time. Successful outcomes in predefined
bepranemab phase 2 sub-group analyses suggested that select-
ing patients positive for A but lower, yet proven, baseline tau pa-
thology or APOE4-negative (often with comparably lower tau pa-
thology) is important for tau therapeutic antibodies. This is also
being used now in other trials. In the TargetTau-1 trial for the
tau antibody BMS986446, presence of tau pathology is part of
the inclusion criteria. Moreover, for the AUTONOMY trial testing
the p217-specific tau antibody posdinemab, plasma p-tau217
followed by intermediate (not high, not absent) levels of tau
PET are inclusion criteria.

In AD and primary tauopathies, different biomarkers related to
tau and Ap are available. For tau, different tau forms can be
measured in fluids yielding insight into different pathologies.
For instance, p-tau may be more reflective of Ap pathology while
MTBR and “total” tau correlate with tau pathology, although the
latter should be cautiously employed as not all tau species may
be captured by antibodies or visible by mass spectroscopy.
Blood biomarkers, such as plasma p-tau (e.g., p-tau-217) for
Ap-related tau phosphorylation®® and eMTBR-tau243 for tau
tangle pathology,®® should facilitate easier and faster selection
of patients with positive Ap pathology and low/medium tau pa-
thology using less invasive, cheaper, and readily available tests
in larger number of centers. Additionally, glial fibrillary acidic pro-
tein (GFAP) and NFL, as well as other complementary markers
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indicative of gliosis, neurodegeneration, and synaptic dysfunc-
tion (e.g., CSF neurogranin) can be useful in association with
functional readouts."*? For tau PET, reduction in baseline values,
progression rate of tau pathology, and/or progression to
different brain regions can be used. Overall, the use and contin-
uous optimization of biomarkers, both blood- and CSF-based
and PET imaging,®>°>°® is of utmost importance in the context
of patient selection.

Clearly, for all these biomarkers (imaging or biofluids), it will
also be necessary to determine thresholds of biological effects
that translate into symptom-slowing effects. Accordingly,
among different anti-Ap trials, increased biological effects on
Ap plagque clearance were associated with slowing of cognitive
decline.®>** Reducing Ap pathology to a threshold below 24
centiloids (on PET, + 70% reduction) is considered necessary
for clinical efficacy. Importantly, thresholds of biological effects
for tau required for clinical efficacy may differ in AD compared
with primary tauopathies.

Besides patient selection, another concern impacting trial out-
comes is patient exclusion. Currently, patients are not excluded
based on the presence of alpha-synuclein (aSyn) pathology, a
co-morbid pathology in ~30% of patients clinically diagnosed
with AD."®® aSyn by itself can induce cognitive deficits, and
Lewy body dementia can be misdiagnosed clinically as AD, as
well as affect AD clinical trajectories.’®* Clinically diagnosed
AD patients with aSyn may not respond to tau antibodies,
enhancing clinical trial variability and impacting absence of effi-
cacy outcomes. Optimized patient stratification based on
excluding non-AD or AD patients with high co-morbidities and/
or co-pathologies that drive cognitive deficits and symptom pro-
gression can lead to improved clinical trial design and outcomes.
Other factors may include APOE genotype, stage of tau pathol-
ogy, type of tauopathy, mono or combination therapy. This
exclusion will be particularly important in initial tau-therapy vali-
dation, while future combined therapies can potentially enable
treatment of patients with co-pathologies (aSyn and TDP43,
among others) or different subgroups of patients.

The choice of endpoints is critical for demonstrating effective
disease modification in clinical trials. The best-suited clinical
endpoint depends strongly on the trial stage, target population,
and regulatory strategy. The CDR-SB and iADRS (the integrated
AD rating scale) are the current endpoints of choice following
their use in the lecanemab and donanemab trials,***" respec-
tively. The CDR-SB is widely accepted and recognized as a pri-
mary endpoint by regulatory agencies for its broad assessments
of cognition and function. CDR-SB assesses six domains and is
sensitive in early AD, showing dynamic range in early symptom-
atic stages (mild cognitive impairment [MCI] due to AD and mild
AD dementia). However, it may be subject to inter-rater vari-
ability and has limited granularity. The iADRS is a composite
measure of ADAS-Cog and Alzheimer’s Disease Cooperative
Study-Instrumental Activities of Daily Living (ADCS-iADL), which
offers an integrated view of cognitive and functional decline and
was used to validate donanemab and recent anti-Ap trials. The
iADRS has enhanced sensitivity to change, with a good signal-
to-noise ratio in early AD and MCI but may still lack long-standing
regulatory recognition despite the growing momentum. Both
endpoints are suitable for disease-modifying therapy trials, but
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neither are AD-specific nor directly confirm “disease modifica-
tion,” which requires additional biomarker evidence (e.g., Ap or
tau PET, CSF, or blood markers). Hence, current best practices
for maximizing the success of AD trials may involve using CDR-
SB or iADRS, supported with biomarker evidence to indicate dis-
ease modification. Preferentially, secondary measures such as
CGIC/CaGIC (clinical/caregiver global impression of change),
quality of life and caregiver burden should also be included.

Overall, targeted epitope, IgG isotype, PTM, and pharmacoki-
netic characteristics are important design features for tau anti-
bodies. Additionally, key crucial trial design considerations
include the use of biomarkers of target engagement and target-
ing efficacy, biomarker thresholds that translate to clinical effi-
cacy, patient selection (who and when), as well as exclusion
and a choice of endpoint critical for demonstrating effective dis-
ease modification.

Back-translating tau immunotherapy trials: Clinical
validation tau pathology propagation and its
mechanisms
Previous research demonstrated the concept of seeding and
propagation of tau misfolding and pathology in preclinical
tauopathy models, '#:2°:64-66.73-76,123,135,136 Extracellular release
of misfolded tau and its subsequent uptake seeds aggregation
of physiological intracellular tau in the recipient cell. This
process bypasses the long lag phase of tau aggregation,
accelerating and propagating tau pathology throughout the
brain in functionally connected brain regions (Figures 3
and 4),2:25:64-66.78-76.123,135-139 A ccymulating evidence showing
the presence of seeding- and propagation-competent tau forms
and tau seeds in human brains of patients with AD and primary
tauopathies support these concepts.'?:34:64766.73=75.79.140 |y 1y,
man tauopathy patients, imaging data, functional connectivity,
rate of disease progression, and tau seed analysis further sup-
port propagation of tau pathology and its contribution to progres-
sive tau pathology and disease progression,®0:31:51:78.79,141-143
However, clinical proof of propagation of tau pathology in human
AD brains is now emerging from the effects of bepranemab on tau
PET, and of E2814 on tau PET/MTBR-tau243, both designed to
target seed-competent tau and its propagation in preclinical
models. The current trial outcomes thereby support a role for
tau-seed-based propagation of tau pathology as a clinically vali-
dated contributory mechanism to progressive AD in humans.

Mechanistically, several cellular and subcellular mecha-
nisms can contribute to pathological tau propagation in the
brain.?® %445 Exosomes, tunneling nanotubes, unconven-
tional secretion, extracellular vesicles, and multivesicular
body release of tau seeds have been identified as mechanisms
of tau release from cells.?®'*® Conversely, different molecular
mechanisms have been identified for cellular uptake of tau
seeds, including by interaction with (low-density lipoprotein re-
ceptor-related protein 1) LRP1 and heparan sulfate proteogly-
cans (HSPGs),?%'%67148 yia MTBR region.?8 131147148

In the bepranemab and E2814 trials, most of the antibody is
anticipated to be present in the extracellular compartment, where
it targets extracellular, freely available seed-competent tau,
without—or with limited—access, to tau in tunneling nanotubes
or extracellular vesicles. The successful slowing of progressive
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Figure 4. Back-translation to clinically validated insights in human tau pathobiology and future directions

Back-translation enables clinically validated human tau pathobiology insights useful for future development of tau-targeting therapies. Back-translation of clinical
outcomes to human tau pathobiology and its mechanistic insights, is enabled by the specific, well-known and well-defined targeting epitope and MoA of passive
immunization therapies. In general, back-translation of human AD and tauopathy pathology enable development of mechanism-based AD and tauopathy
therapies toward increasingly effective trials for AD and tauopathies. Future trials extend to optimized trials for Af and tau, combination trials of Af/tau, and targets
beyond Ap and tau, including neuroinflammation and the neurodegenerative process (i.e., its hallmarks'?) in AD and tauopathies (N). This optimization process is
anticipated to lead to increasing insights into human pathobiology and increasingly effective trials with clinical efficacy. (Schematic presentation of tau propa-

gation, based on and modified from Parra Bravo et al.®).

tau pathology in these trials suggests that a considerable portion
of seed-competent tau is freely available in the brain paren-
chyma.?®19115 |t is noteworthy that mechanisms of antibody
internalization into neurons, and subsequent transfer to the
cytosol, have been identified, and enhanced intracellular delivery
is being therapeutically pursued, representing interesting alterna-
tive or additional approaches to target non-freely available seeds,
or tau intracellularly.'0*115:130:149.150 Eqr hepranemab however,
neuronal cytosol levels depend on its uptake and subsequent
lysosomal membrane rupture and are anticipated to be low
compared with extracellular antibody levels.

The fact that these antibodies both target and bind the MTBR
region, shown as necessary for tau seeding in preclinical models,
suggests that targeting MTBR-encompassing tau forms and
interfering with tau seeding presents a promising therapeutic
strategy. However, consolidation of these insights will require
confirmation of the disease-modifying effects in future trials.
That no complete halting is yet obtained also indicates the
need for further optimization.

Recent studies have identified similarities and differences
in structure of mature tau aggregates in different tauopa-
thies.”"""2°" Therefore, tau antibodies that target different tau
strains may need to be developed for different tauopa-
thies.”"""21%" Cryogenic electron microscopy studies have
shown that the core structure of tau aggregates is composed
of a subsegment of the MTBR domain (R3 and R4), while
specific conformations vary according to the tauopathy type
(Figure 4)."2*'25 However, the common involvement of the
MTBR tau domain again underscores its crucial role in tau aggre-
gation. While progressive tau pathology strongly correlates with
disease progression,'®?* the executive tau polymorphs of the
neurodegenerative process, driving clinical symptoms, still
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remain unidentified. Fully mature tau aggregates may not repre-
sent the main culprits, but rather oligomeric and intermediate
soluble tau aggregates could be the toxic species.®’®? Up-
coming trial results from second-generation tau immunother-
apies have the potential to shed light on specific tau forms and
their respective contribution to the neurodegenerative process.

Despite the emerging insights, several questions regarding tau
pathobiology remain. Although the bepranemab data provide
clinical validation and insights into tau propagation, detailed
mechanisms of tau uptake, clearance, and tau toxicity are still
unclear. Furthermore, within the bepranemab’s AD trial,
APOEA4 carriers displayed differential outcomes, which can sug-
gest more aggressive biological processes, although this re-
mains mechanistically poorly understood. Future trials may pro-
vide more insights into the differing tau pathogenetic processes
dependent on APOE genotype. Similarly, differing mechanisms
of tau pathogenetic processes in AD vs. primary tauopathies
need to be clarified, as well as mechanisms of the progression
and interaction of Ap and tau co-pathologies in AD.

Taken together, the effects of bepranemab and E2814 on tau
pathology (PET), cognitive endpoints (ADAS-Cog14), and some
biofluid-based biomarkers for tau pathophysiology, provide the
first proof of concept for an effect of tau antibodies in the clinic.
They also support the concept of tau pathology propagation
and spreading to different brain regions (Figure 4). Furthermore,
these antibodies mostly have access to freely available extracel-
lular tau, so their clinical effect suggests the contribution of this
fraction to tau pathology propagation, while other pools
(vesicles, nanotubes, and intracellular tau) may also contribute.
Extracellular tau, and the epitope near the MTBR, targeted by
these antibodies are considered to participate in the observed ef-
fects. Finally, the exact identity of the tau seeding and toxic tau
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polymorphs remains unclear; in this respect, the cautiously prom-
ising results of bepranemab provide interesting insights, suggest-
ing the antibody may target at least some seeding and toxic spe-
cies. However, outcomes of ongoing and future tau trials—
including postmortem analysis—will be critical to confirm and
corroborate these early successes, as well as to gain in-depth in-
sights into optimal targeting strategies and tau pathobiology in hu-
man subjects, to back translate the findings to research. This will
be essential for the future success of tau therapies and their devel-
opment into new treatment options for patients.

COMBINATION THERAPIES

With the commercial availability of anti-Ap immunotherapies, ther-
apies combining anti-tau and anti-Ap strategies can now be
explored in clinical trials. AD therapies targeting both initiation
and execution mechanisms combined might provide more effec-
tive therapies. Currently, E2814 is being tested in combination
with lecanemab in the presymptomatic DIAN-TU cohort, with a
readout expected in 2028. Another combination trial with E2814
and lecanemab in early symptomatic MCI patients was launched
in 2024, with readout expected in 2027. As different stages of pa-
thology are present in various brain regions, combination of Af
and tau therapies could target distinct stages of the disease pro-
cess concomitantly. Combination therapies present an attractive
perspective, although they raise additional inherent questions or
challenges: are synergistic or complementary effects achieved?
What is the impact of combination trials on adverse effects
(ARIA, neuroinflammation)? How should these trials be designed
and evaluated? What is the ideal timing for each treatment? Will
efficacy of the respective targets be evaluated first based on
biomarker efficacy, and how will their respective contribution on
functional/clinical outcome be assessed? While this is not the
aim of this perspective, combination trial designs and evaluation
represent highly interesting prospects that will require in-depth
and critically constructive consideration and optimization.

Furthermore, beyond A (A) and tau (T), and their combination
therapies, alternative targets are intensively pursued for AD ther-
apies,’*83841%2 a5 crucial components of the biological frame-
work. Neuroinflammation (involving TREM2, APOE, and others),
as an essential component of the pathogenic process,'*?'*° is
now incorporated within the biological definition of AD, repre-
sented by the A()TN framework."""9152=1%¢ Within this frame-
work “I” represents inflammation and is intensively pursued as
target for AD and primary tauopathies, for developing increas-
ingly effective disease-halting therapies. Finally, also other hall-
mark processes that drive the neurodegenerative process'®—
represented by N in the ATN framework —are intensively investi-
gated for therapy development, including synaptic and neuronal
network dysfunction, aberrant proteostasis (autophagy/lyso-
somal dysfunction), cytoskeletal abnormalities (e.g., neurofila-
ments), altered energy homeostasis, DNA/RNA defects, and
neuronal cell death,”%:83:84.132.157

LEARNINGS, CHALLENGES, AND FUTURE DIRECTIONS

We highlighted recent clinical advances that marked a turning
point in AD therapeutics. Anti-Ap therapies, lecanemab and do-
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nanemab, showed the first proof of disease modification based
on Ap clearance (PET based) associated with significant, moder-
ate clinical benefit, and are regulatory agency approved. Trials
with the second-generation tau antibody bepranemab and the
tau-directed ASO BIIB080 followed up, delivering the first clinical
evidence that slowing tau pathology is feasible, as shown by PET
imaging, with early signs of cognitive benefit (bepranemab).
These latter results represent proof of principle that tau-directed
interventions have disease-modifying potential in humans. While
corroboration of disease-modifying outcomes in multiple, large
future tau trials will be critical and many challenges remain, these
studies provide a basis for tau trial optimization, toward increas-
ingly effective trials.

Such progress was built on decades of iterative Ap trials,
which pioneered the regulatory and biological framework for dis-
ease-modifying trials. This framework is built on the biological
definition of AD, combined with imaging and biomarkers innova-
tions, enabling validated biomarker endpoints, target engage-
ment as a prerequisite for efficacy, as well as acceptable clinical
outcomes (CDR-SB and iADRS). The A experience also clarified
key parameters for successful biologics: appropriate epitope
targeting, antibody isotype and affinity, and pharmacokinetics.
Furthermore, the concept of threshold of biological change
required to achieve clinical benefit was set and critical for suc-
cess. These insights catalyzed more rational trial designs,
including biomarker-based patient selection/exclusion and dis-
ease staging.

The tau field has now capitalized on these foundations. Learn-
ings from first-generation tau antibodies guided the refinement
of second-generation candidates toward epitopes closer to the
MTBR—a node for tau aggregation and propagation. Under-
standing of affinity, isotype, and pharmacokinetic properties en-
sures sufficient target engagement in the brain (or its closely
related measurable compartment—the CSF), resulting in
measurable biological effects on tau pathology (tau PET). Impor-
tantly, the absence of ARIA with tau-targeted therapies contrasts
favorably with Ap immunotherapy, supporting broader safety
margins. Various tau-targeting trials are ongoing and will be crit-
ical to yield increasing insights and efficacy.

Clinically, these findings enable valuable back-translation to
human tau biology. The effects of bepranemab/E2814 on tau pa-
thology (tau PET/MTBR tau) and cognition (bepranemab) sug-
gest that trans-synaptic propagation of extracellular free tau—
outside nanotubes or vesicles—occurs in humans, contributes
to tau pathology progression and is therapeutically tractable.
Current outcomes support the involvement of the MTBR-region-
-encompassing forms, and efficacy of an IgG4 antibody sup-
ports the concept shown preclinically that strong effector func-
tion may not be necessary for tau immunotherapy. Together,
the present data validate preclinical screening cascades in pre-
clinical models as used for bepranemab and BIIBO80 as more
predictive of clinical translatability. Noteworthy, the recent out-
comes indicate safety and early efficacy of recent trials, despite
incompletely understood mechanisms. Future trials will be crit-
ical for confirmation as well as optimization toward increasingly
effective tau therapies. While mechanistic understanding is not
essential for effective therapies, it can guide innovative, more
effective therapies.
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Future development will build upon these mechanistic and trial
design insights. Third-generation tau therapies will benefit from
refined patient stratification, selecting individuals with low-to-
moderate tau burden, before irreversible neurodegeneration
(high tau pathology), and considering APOE4 status (APOE4 ho-
mozygotes responded less to bepranemab). Trial optimization
will rely on quantitative tau PET and fluid biomarkers to monitor
target engagement, tau pathology progression, spreading, or
clearance. Dosing strategies must balance efficacy with manu-
facturability and global accessibility, given the scale of the AD
population (low doses are needed). Thus far, safety outcomes
remain favorable, providing a solid basis for long-term treatment.

Several challenges remain. The impact of co-pathologies,
timing of intervention, and threshold of biological effect required
for clinical benefit are not yet fully defined. The interplay of tau
and AP also raises critical questions regarding sequence and
combination of therapies, particularly given ARIA risk with
high-effector A antibodies. Moreover, the exact toxic tau spe-
cies and mechanisms of neuronal injury remain incompletely
characterized, but their elucidation may open routes to small-
molecule therapeutics, which are potentially more scalable and
cost-effective. Corroboration of the current disease-modifying
outcomes in future tau trials will be crucial. And optimization of
Ap and tau trials are under development. Additional pathways,
including neuroinflammation, APOE/TREM2 signaling, and path-
ways driving the neurodegenerative process (i.e., its hallmarks),
represent promising targets. Together these efforts contribute to
development of increasingly effective disease halting therapies,
as complete halting is not yet obtained.

The Alzheimer’s field has thus moved beyond the binary view
of “AB versus tau.” Tau and Ap are interacting drivers within a
broader neurodegenerative cascade of events, demanding
multi-modal and mechanism driven, disease-modifying thera-
pies. Optimization of mono- and multitarget therapies targeting
AP and tau as well as other targets will lead to increasingly effec-
tive AD therapies. Advances in biomarkers, adaptive trial design,
and back-translation from clinical to molecular insights are
accelerating the trajectory toward true disease modification.

Despite the cautious enthusiasm, we acknowledge that no
current treatment can yet sufficiently halt disease progression
for patients, and that many important challenges remain. Howev-
er, the convergence of current developments may provide a
hopeful path for AD and related tauopathies for transitioning
from an inexorable disorder affecting millions of individuals daily
to future treatable conditions.
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