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Abstract.

Background: Varoglutamstat is a first-in-class, small molecule being investigated as a treatment for early Alzheimer’s
disease (AD). It is an inhibitor of glutaminyl cyclase (QC), the enzyme that post-translationally modifies amyloid-8 (AR)
peptides into a toxic form of pyroglutamate AR (pGlu-A) and iso-QC which post-translationally modifies cytokine monocyte
chemoattractant protein-1 (CCL2) into neuroinflammatory pGlu-CCL2. Early phase clinical trials identified dose margins
for safety and tolerability of varoglutamstat and biomarker data supporting its potential for clinical efficacy in early AD.
Objective: Present the scientific rationale of varoglutamstat in the treatment of early AD and the methodology of the VIVA-
MIND (NCT03919162) trial, which uses a seamless phase 2A-2B design. Our review also includes other pharmacologic
approaches to pGlu-AR.

Methods: Phase 2A of the VIVA-MIND trial will determine the highest dose of varoglutamstat that is safe and well tolerated
with sufficient plasma exposure and a calculated target occupancy. Continuous safety evaluation using a pre-defined safety
stopping boundary will help determine the highest tolerated dose that will carry forward into phase 2B. An interim futility
analysis of cognitive function and electroencephalogram changes will be conducted to inform the decision of whether to
proceed with phase 2B. Phase 2B will assess the efficacy and longer-term safety of the optimal selected phase 2A dose
through 72 weeks of treatment.
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Conclusions: Varoglutamstat provides a unique dual mechanism of action addressing multiple pathogenic contributors to the
disease cascade. VIVA-MIND provides a novel and efficient trial design to establish its optimal dosing, safety, tolerability,

and efficacy in early AD.

Keywords: Alzheimer’s disease, amyloid B-peptides, CCL2, cerebrospinal fluid, glutaminyl cyclase, mild cognitive impair-

ment, N3pE-AB, pGlu-AB, QPCT, QPCTL

INTRODUCTION

Varoglutamstat [(+)-(S)-1-(1H-benzo[d]imidazol-
5-yl)-5-(4-propoxyphenyl) imidazolidin-2-one and
its hydrochloride, also known as PQ 912] is a first-
in-class, highly specific and potent small molecule
with a unique dual mechanism of action targeting
amyloid- (AB) and neuroinflammation. It is being
investigated as a treatment for early Alzheimer’s dis-
ease (AD). This paper aims to a) review the scientific
rationale and mechanism of action of varoglutamstat,
b) set the context for the varoglutamstat development
program, and c) present the design and methodology
of the “VIVA-MIND” clinical trial.

Therapeutic targets

Varoglutamstat’s therapeutic targets are post-
translationally modified pyroglutamate amyloid-3
(pGlu-ApR, also known as pGlu-Ap 3-42, N3pE-AR)
and post-translationally modified cytokine monocyte
chemoattractant protein-1 (pGlu-CCL2). As illus-
trated in Fig. 1, varoglutamstat inhibits the enzyme
glutaminyl cyclase (QC, also known as QPCT) and its
isoenzyme is0-QC (also known as QPCTL) resulting
in reduced levels of pGlu-Af3, a post-translationally
modified form of AB (Glutamate 3/11 cyclization),
as well as pGlu-CCL2, a post-translationally mod-
ified form of CCL2 (Glutamine cyclization). These
post-translationally modified proteins are signifi-
cantly overexpressed in AD where pGlu-Af has been
shown to be synaptotoxic, proinflammatory, promot-
ing of self-aggregation into oligomers, and resistant
to degradation [1], while pGlu-CCL2 has been linked
to the presence and severity of neuroinflammation [2].
Evidence is accruing that these pGlu targets and path-
ways are independent of the therapeutic targets that
have been tested with BACE 1 inhibition as well as
AP1-42 directed monoclonal antibodies [3, 4].

Scientific rationale for QC and iso-QC inhibition

In AD, there is increased QC mRNA expression
in affected entorhinal cortex and cortical areas that

co-localizes and correlates with pGlu-A3 deposits
and decline in cognitive function [5]. There is no
corresponding correlation between QC mRNA and
AB1—40 or ABj_4p peptides [5]. In human embry-
onic kidney (HEK) 293 cell lines with amyloid-f3
protein precursor (ABPP) overproduction, QC is
needed for pGlu-AR production, an effect that is
suppressible with QC inhibition [6]. Similarly in a
transgenic (Tg) mouse, crossing SXFAD with an
overexpressing human QC model (SXFAD/hQC)
leads to increased pGlu-Af and phenotypic impair-
ment including deficits in working memory and
motor function at 6 months of age [7]. These
effects are not seen in SXFAD mice alone. Con-
versely, a Tg SXFAD x QC knockout rescues the
wild type behavioral phenotype implicating QC
in pGlu-Ap formation and its regulation [7]. Fur-
thermore, treating Tg2576 mice (APP K670N and
M671L mutations) with long term QC inhibition
from 6 months to 16 months strongly reduces the
amount of pGlu-AR in a dose dependent manner
and decreases ABx—_42 and ABx_40, with diminished
formation of cortical plaques and plaque associated
immunoreactive astrocytes and microglia [8]. Behav-
iorally, QC inhibition in Tg2576 mice is associated
with improvement in conditioned fear learning that
requires context memory [8].

In AD, the severity of neuroinflammation with acti-
vation of microglia and astrocytes correlates with
cognitive decline and predicts brain atrophy [9].
Among the cytokines and chemokines, CCL2 is a
strong predictor of AD with a dominant role in
the chronic inflammatory process [2, 10]. In both
aged APP Tg2576 mice and in human AD, iso-QC
and CCL2 mRNA co-localize and are upregulated
in the presence of AP peptides [11]. In primary
mouse astrocyte cultures, both are found with only
very weak immunocytochemical signal until induced
with AP or pGlu-Ap when they increase robustly
[11]. CCL2 overexpression within a Tg mouse model
(Tg2576swe x CCL2) accelerates the formation of
A oligomers and diffuse plaques (by 5X compared
to APP alone), while increasing activated monocyte
derived macrophage and microglia accumulation that
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Fig. 1. pGlu-AR as a therapeutic target*. AR is cleaved by dipeptidyl peptidase 4 (DPP4), meprin 8, or aminopeptidases, between residues 2
(alanine [A]) and 3 (glutamate [E]). This exposes glutamate at the N-terminus, which is subsequently modified to N-terminal pyroglutamate
(pGlu) by dehydration catalyzed by glutaminyl cyclase (QC) activity. The resultant peptide (pGlu-AR) has altered biochemical properties
with severe pathological consequences. The enhanced toxicity is likely due to the higher aggregation propensity and the longer bioavailability
of the pGlu-A oligomers. Additionally, an isoenzyme of QC converts the N-terminus of chemokine ligand 2 (CCL2) into pGlu-CCL2 which
is associated with neuroinflammation. Varoglutamstat inhibits both QC and iso-QC. *Figure and caption are adapted from Jawhar, Wirths,
and Bayer (2011) (CC BY 4.0 DEED), https://creativecommons.org/licenses/by/4.0/#

is associated with accelerated memory impairment
[12-14].

Pharmacokinetic and pharmacodynamic
properties of varoglutamstat

The pharmaceutical properties of varoglutamstat,
including pharmacokinetic and pharmacodynamic
effects, have been evaluated in numerous preclini-
cal assays and models. In HEK 293 cellular models,
it has higher potency in inhibiting the cyclization
of glutamate compared to glutamine providing tar-
get selectivity to QC inhibition [15]. Across species
including mice, rats, and humans, varoglutamstat has
potent QC Ki values between 20 and 65 nM [15].
In the Tg animal model hAPPSLxhQC, an oral dose
of 0.8 g/kg (200 mg/kg/day) produced a significant
reduction in pGlu-Af and a significant improvement
in spatial learning and memory in the Morris Water
Maze. Short term 3-week treatment with varoglu-
tamstat in hAPPsIxhQC mice was associated with
improvement in spatial learning without detectable
reduction in pGlu-Af3. Longer term treatment of 4

months reduced both soluble and insoluble pGlu-Af
[15]. In a satellite experiment, levels of (free) varoglu-
tamstat in cerebrospinal fluid (CSF) and brain were
determined sequentially over a period of 24 h after
1-week of treatment via chow containing 0.8 g/kg.
Mean drug concentration in CSF was about 15 ng/ml
which indicates a QC inhibition of 60% in CSF (TO
(%) =100*C/(Ki+C); TO =target occupancy in %,
Ki=Inhibitory constant of varoglutamstat=25 nM
for human QC, and C=measured concentration of
varoglutamstat in CSF) [15]. In line with these results
are findings from QC KO experiments showing that
a robust therapeutic effect required QC inhibition of
more than 50% to achieve significant reduction of
pGlu-AB and concomitant behavioral improvement
[7]. This ability to define a translational threshold of
enzyme target occupancy (TO) is important in select-
ing the dose range for human trials.

Prediction of clinically effective doses

Animal data indicate that the therapeutic target
inhibition level is 50% or higher, and this result is


https://creativecommons.org/licenses/by/4.0/#

S82 H.H. Feldman et al. / Varoglutamstat: Inhibiting Glutaminyl Cyclase

relative QC activity in CSF

1204 =

=
o o
o o
1 1

QC activity
(% of baseline)

@

bl

N
o
1

EC50 =10.88

0.01 0.1 1 10 100
[Varoglutamstat] (ng/mL)

relative QC activity in serum

-
Qo o
o O
1 1

QC activity
(% of baseline)

EC50 14.19 :

0.1 1 10 100 1000
[Varoglutamstat];, .. (ng/mL)

Fig. 2. The pharmacokinetic/pharmacodynamic relationship between varoglutamstat concentration and QC inhibition in CSF and serum®.
QC, glutaminyl cyclase; CSF, cerebrospinal fluid; ng, nanogram; mL, milliliter. *Data on file with Vivoryon Therapeutics.

used to estimate potential effective doses in patients.
A threshold value of a mean CSF drug concentration
of about 10-15 ng/ml achieves both sufficient inhibi-
tion of pGlu-AR formation and behavioral response
in AD mice. The dose-dependent area under the curve
(AUC) of varoglutamstat in CSF has been determined
in a phase 1 multiple ascending dose (MAD) study
with TO calculated based on the same formula as
described above [16]. In CSF from elderly subjects,
200mg BID of varoglutamstat led to an AUC of
16 ng/ml relating to a mean TO of 62%. Higher doses
of 300, 500, and 800 mg BID led to varoglutamstat
concentrations in CSF which were equivalent to mean
TO of 71, 84, and 91%, respectively, resulting in a
sigmoid function for QC inhibition/target occupancy
versus dose. In good agreement with the calcula-
tion of TO was the result of the PK/PD relationship
established in phase 1 between varoglutamstat con-
centration and degree of inhibition of QC-activity in
CSF seen in Fig. 2 [17]. This relationship was char-
acterized by an EC50 value of 10.9 ng/ml (30 nM),
which is about the same as the Ki value for the iso-
lated QC enzyme (25 nM) that was estimated at the
isolated enzyme and used to calculate TO.

Human development

Varoglutamstat has successfully completed phase
1 and initial phase 2A clinical trials. In phase 1,
a single ascending dose (SAD) study included 83
healthy volunteers aged between 22-55 years who
received doses from 10 mg—3600 mg. In MAD stud-
ies of 11 days duration, 47 participants aged 22-55
years received doses of 20-500 mg in fasted and fed
states, and 32 participants aged 65—77 years received
200-800 mg BID doses [17]. In the older MAD sub-

group, there was a 1.5-21-fold increase in AUC over
0-12h and Cmax compared to the younger group.
Cmax in CSF was reached in 2-3h while plasma
t max was reached in 0.5-1.0h. CSF/plasma AUC
was independent of dose. In addition to establish-
ing the safety of this wide dose range, CSF sampling
showed concentrations with mean TO of 90% in CSF
for 800 mg BID, the dose selected for the first phase
2A study [17].

Most treatment emergent adverse events (TEAEs)
in phase 1 were mild or moderate in severity and
resolved without treatment. Gastrointestinal TEAEs
were the most frequent with similar incidence across
dose groups excepting a higher incidence for the
two highest dose levels among older participants
[17]. The most frequent single preferred term TEAE
was headache. Among the few severe adverse events
(TESAE?S), there was an individual with urticarial
papular rash that resolved [17]. There were no lab
safety findings considered to be clinically significant
and no changes in vital signs or EKG [17].

The initial phase 2A study, SAPHIR
(NCTO02389413), investigated the safety, toler-
ability, and efficacy of varoglutamstat in 120
treatment-naive participants with mild cognitive
impairment (MCI) or mild dementia due to AD
[16]. Participants were treated for 12 weeks with
varoglutamstat (first week: 400 mg BID, thereafter
800mg BID) or placebo. Participants treated with
varoglutamstat reported more TEAEs (135) and
TESAE:s (13) than placebo (103 TEAEs, 3 TESAE:),
particularly gastrointestinal and skin and subcuta-
neous disorders. In the varoglutamstat group, 26
participants (43.3%) did not adhere to the treatment
and 20 of these discontinued the study due to AEs.
The majority of reported safety and tolerability
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events started between treatment weeks 3 and 8, with
very few new events between weeks 8 and 12. While
the 800 mg BID dose achieved the predicted average
TO of >90%, there were significant differences
on primary composite endpoints of safety and
tolerability, indicating the dose range would need to
be lowered in further phase 2 trials. Importantly, no
relevant AEs were reported during the first week of
the SAPHIR trial when participants were receiving
400mg BID [16]. Results on exploratory efficacy
measures indicated significantly reduced theta power
on EEG spectral analyses. Theta power is known to
increase with AD progression and varoglutamstat
had the intended effect of lessening this increase
[16, 18]. There were preliminarily favorable findings
showing CSF YKL-40 decreased approximately 5%
and Neurogranin (NRGN) decreased approximately
4% [16].

There are currently two ongoing phase 2 clinical
trials evaluating varoglutamstat in people with AD:
1) VIVIAD and 2) VIVA-MIND. The VIVIAD study
(NCTO04498650) [19] is a phase 2B multicenter, ran-
domized, double-blind, placebo-controlled, parallel
group dose finding, safety, tolerability, and efficacy
study of varoglutamstat in subjects with MCI and
mild dementia due to AD. As of July 2023, the trial is
fully enrolled with 259 participants and an estimated
study completion date in the first quarter of 2024.

The VIVA-MIND study is a phase 2A-B ran-
domized, double-blind, placebo-controlled trial to
evaluate the efficacy and safety of varoglutamstat
in patients with early AD. VIVA-MIND includes
a “seamless” design where phases 2A and 2B run
without interruption. The objective of phase 2A is to
determine the highest dose that is both safe and well
tolerated. During this phase, continuous safety eval-

uation using a well-defined safety stopping boundary
determines which dose will be carried forward in
phase 2B. There is a planned Stage Gate between
phase 2A and 2B. Following a successful outcome of
the Stage Gate, phase 2B will assess the longer-term
efficacy and safety of varoglutamstat using the phase
2A selected highest dose. The therapeutic hypothesis
is that through the inhibition of the two enzymes (QC
and is0-QC), with reduction of pGlu-Ap and CCL2,
there will be lessening of A related toxicity and dis-
ease modification. In the following sections we focus
on the VIVA-MIND clinical trial, elaborating details
of this seamless phase 2A-2B design to test the effi-
cacy and safety of varoglutamstat in the treatment of
early AD.

MATERIALS AND METHODS
Study setting and design of VIVA-MIND

The study schematic is presented in Fig. 3. In
phase 2A, 180 participants will be randomized using
a 1:1 allocation to active treatment or placebo. Fol-
lowing phase 2A, an interim futility analysis will be
undertaken with a Stage Gate decision for whether
to continue to phase 2B. In phase 2B, there will be
enrollment of 234 additional participants, using the
same inclusion criteria as phase 2A, to a total sample
size of 414. These newly-enrolled phase 2B partici-
pants will be randomized 1:1 to active treatment or
placebo. The recruitment and enrollment of partici-
pants is occurring through sites of the Alzheimer’s
Disease Cooperative Study network, with 22 clini-
cal sites in phase 2A and a planned 55 clinical sites
in phase 2B. The study was registered at Clinical-
Trials.gov (NCT03919162) on April 18, 2019 and
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the protocol has received central Institutional Review
Board approval from Advarra. The Investigational
New Drug application to the U.S. Food and Drug
Administration received approval on July 31, 2020
(IND143871) and is the responsibility of Vivoryon
Therapeutics AG.

Study population

VIVA-MIND includes male and postmenopausal
or surgically sterile females, aged 50 to 89 years,
who meet criteria for MCI due to AD or mild prob-
able AD according to National Institute on Aging
and Alzheimer’s Association (NIA-AA) Diagnostic
Guidelines [20, 21] and have a CSF biomarker pro-
file consistent with AD pathology: AB1—_42 <1030
pg/mL AND tau phosphorylated at threonine 181 (p-
tau-181)>27 pg/mL, OR p-tau-181/AB1_42 >0.023
(Roche Elecsys® assays) [22, 23]. Other key inclu-
sion criteria are the following scores at screening:
Mini-Mental State Examination (MMSE) [24] score
20-30 (inclusive), Montreal Cognitive Assessment
(MoCA) [25] score < 26, and Clinical Dementia Rat-
ing (CDR) [26] global score of 0.5 or 1.

Participants treated with acetylcholinesterase
inhibitors and/or memantine are included if they
have been on a stable dose for at least 4 months
prior to screening and are expected to remain
on a stable dosage regimen for the duration of
the trial. Participants being treated with lecanemab
(Leqembi™, aducanumab (Aduhelm™), or any
anti-amyloid monoclonal antibody (AAMA) are not
eligible for inclusion. Varoglutamstat is a moder-
ate inhibitor of the CYP2C19 enzyme; as such,
the concomitant administration of strong inhibitors
or inducers of the CYP2CI19 enzyme or substrates
with a narrow therapeutic margin are not permit-
ted (e.g., fluconazole, fluvoxamine, lansoprazole,
ticlopidine, rifampin, s-mephenytoin, phenobarbital,
indomethacin) and concomitant administration with
all other moderate or weak inhibitors or products pre-
dominantly metabolized through CYP2C19 should
be done with caution.

Study procedures, flow, and endpoints

Screening procedures to determine eligibility are
completed after informed consent and include medi-
cal history, physical and neurological exam, MMSE,
MoCA, CDR, blood collection, urinalysis, cra-
nial MRI, resting 12-lead ECG, lumbar puncture,
Columbia Suicide Severity Rating Scale (C-SSRS)

[27], and the Modified Hachinski Ischemic Scale.
Following screening determination of eligibility,
participants are randomized and undergo baseline
procedures for primary, secondary, and exploratory
outcome measures. Additional study visits are com-
pleted at weeks 4, 8, 12, 16, 24, 36, 48, 60, and 72
with a final safety visit at week 76 (see Schedule of
Events in Supplementary Material). A schematic of
the flow of participants through the study is presented
in Fig. 3.

A) Phase 2A: Adaptive dose finding

Phase 2A participants are enrolled sequentially
into one of three dose cohorts with the first 60 sub-
jects enrolled in cohort A (600 mg BID), the next 60
in cohort B (300 mg BID), and the last 60 in cohort
C (150mg BID). Subjects are randomized 1:1 to
active drug or placebo within each dose cohort; there
is a titration period for the two higher dose levels.
Within each dose cohort there is a continuously mon-
itored sequential Pocock safety boundary [28], which
counts the number of adverse events of special inter-
est (AESIs) among the subjects on active treatment,
during the first 8 weeks each subject is on full dose.
The Pocock sequential boundary defines the unac-
ceptable number of participants (in the active arm)
with an AESI during the first 8 weeks at full dose.
From the SAPHIR study, AESIs have been defined
as being within the MedDRA system organ class of
skin and subcutaneous tissue disorders and hepato-
biliary disorders. A dose will be discontinued if the
dose cohort hits the stopping boundary. Subjects in
that cohort will be down-titrated to the next available
dose. The first dose to survive the full 8-week obser-
vation period will be the dose selected by phase 2A.
As soon as a dose has been selected, all phase 2A par-
ticipants (n = 180) will be titrated (or randomized) to
the selected dose and treated for up to 72 weeks. The
number of pills assigned to each participant irrespec-
tive of dose cohort or group is the same throughout,
while the dose may change.

To summarize, the dose adaptive phase includes
four possible scenarios: 1) If the selected dose is
600 mg BID (dose cohort A), then dose cohorts B
and C will be titrated up to this dose; 2) If the
selected dose is 300 mg BID (dose cohort B), all
cohort A participants who are still receiving study
medication (including those that did not experience
an AESI and tolerated their assigned dose) will be
reduced to 300 mg BID and dose cohort C will be
titrated to 300 mg BID (participants in dose cohort C
must have received at least 4 weeks of 150 mg BID
before increasing their dose to 300 mg BID); 3) If the
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selected dose is 150 mg BID (cohort C), all partici-
pants in both cohorts A and B who are still receiving
study medication (including those that did not experi-
ence an AESI and tolerated their assigned dose) will
be reduced to 150 mg BID; 4) If cohort C meets the
stopping rule, then the trial is halted.

B) Interim futility analysis and Stage Gate to phase
2B

The interim futility analysis will be conducted
once participant number 180 reaches 24 weeks on
full dose. The analysis will use all data available
from phase 2A participants up to that point. The
primary endpoints to determine futility are 1) within-
participant change from baseline to week 24 on a
cognitive composite outcome comprised of nine mea-
sures from the ADNI-1 [29] neuropsychological test
battery (ADNI Battery Composite, ABC) compared
between active and placebo arms, and 2) within-
participant change from baseline to week 24 in a
quantitative electroencephalogram (QEEG) measure
(global relative theta wave power) compared between
active and placebo arms. The use of EEG spectral
analysis in VIVA-MIND builds on evidence that it
may provide a sensitive indicator of pharmacody-
namic effects which can add biologic evidence to
drug reaching the brain and having a positive effect
by preserving electrophysiologic function and reduc-
ing EEG patterns of progressive abnormalities [16,
30].

The ADNI neuropsychological test battery was
selected because it provides a brief yet comprehen-
sive cognitive assessment across multiple cognitive
domains. Its publicly available data in an early-AD
cohort has enabled the modeling of expected effect
sizes for VIVA-MIND. This ABC composite is cal-
culated by summing the standardized scores on the
following 9 measures from the ADNI-1 neuropsycho-
logical test battery: Rey Auditory Verbal Learning
Test Immediate Recall (Trials 1-5); Rey Auditory
Verbal Learning Test Delayed Recall; Number Span
Forward (Number of Correct Spans); Number Span
Backward (Number of Correct Spans); Category Flu-
ency (average of Animal and Vegetable Fluency);
Trail Making A, Time to Completion (negative of
score); Trail Making B, Time to Completion (nega-
tive of score); WAIS-R Digit Symbol Substitution,
Total Correct; Boston Naming Test (30 item), Total
Correct. Each measure is scored so that higher is bet-
ter (i.e., the negative value will be taken for tests
where higher is worse, as indicated). For each subject
and each test, the test score is standardized by sub-
tracting the overall baseline mean and dividing by

the baseline standard deviation. The baseline mean
and standard deviation statistics for each measure is
computed using the entire enrolled study population.
Then the ABC score for each subject is the sum of
the standardized test values.

As shown in Fig. 4, if the analysis shows evidence
of negative cognitive effects on the ABC measure
(Cognition NO), the trial will stop. If there is no evi-
dence of a negative cognitive effect (Cognition YES)
and evidence of benefit on EEG theta power (EEG
YES), the trial will continue. If there is no evidence
of a negative cognitive effect (Cognition YES) and
no evidence of benefit on EEG theta power (EEG
NO), the stopping rule will be indeterminate, the trial
will pause and further analysis may be undertaken to
inform a final decision on continuation of the trial by
the Study Steering Committee and study sponsor.

Secondary safety and tolerability endpoints will
also be examined. These are: rates of all AEs,
drug discontinuation rates, mortality rates, suicidal-
ity scores on the C-SSRS, significant changes on
brain MRI scans (e.g., ARIA-E, ARIA-H, infarcts),
frequency and severity of abnormality on physical
exams, vital signs, health status, ECG, and safety labs.

In addition, PK sampling will be undertaken during
both phases of the trial. During phase 2A samples will
be drawn for determination of mean plasma varog-
lutamstat levels for each cohort following at least 8
weeks of treatment at the dose levels being tested.
These PK samples will also be measured pre-and-
post-dose starting at week 4 and every 4-8 weeks
throughout phase 2A.

C) Phase 2B

Phase 2B will follow according to the outcome of
the phase 2A Stage Gate decision. Newly-enrolled
participants in phase 2B will receive the selected
dose of varoglutamstat (or placebo) with its titration
procedure carried forward from phase 2A.

The primary efficacy endpoint in phase 2B is the
within-participant change in CDR Sum of Boxes
(CDR-SB) from baseline to week 72. CDR-SB has
shown good reproducibility across multiple studies as
well as more robust placebo arm decline than other
measures in the MCI and mild AD dementia pop-
ulation [31]. The key secondary efficacy endpoint
in phase 2B is the within-participant change from
baseline to week 72 on the Cognitive Function Com-
posite 2 (CFC2) measure [31]. CFC2 was the best
performing endpoint in a recent study of longitudinal
cognitive change in MCI and early AD [31]. Other
secondary efficacy endpoints include the within-
participant change from baseline to week 72 on the
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Completion of Ph2A
Participant Visits (n=180)

Dose Decision Achieved:

:f::;ﬂg Good Safety, Tolerability, Sufficient Target Occupancy Cognition:
and PK Composite Sum of
/ \ Standardized Scores
from ADNI Battery
Passing Cognition YES Cognition YES Cognition NO Composite
Criteria EEG YES EEG NO EEG YES OR NO
I T EEG:
Shift in global relative
Halt enroliment and theta wave power
Continue undertake further detailed Stop and
through Ph2B analyses prior to Ph2B discontinue trial
decision

Fig. 4. Stage Gate framework for proceeding to phase 2B. Ph2A, phase 2A; EEG, electroencephalogram; PK, pharmacokinetic; ADNI
Battery Composite, Alzheimer’s Disease Neuroimaging Initiative sum of 9 standardized cognitive test scores.

ABC cognitive measure, the qEEG measure (global
relative theta wave power), the Functional Activities
Questionnaire (FAQ) [32], the ADAS-Cog13, and the
Neuropsychiatric Inventory (NPI) [33].

PK of varoglutamstat in phase 2B will be measured
in plasma at weeks 48 and 72. TO will be measured in
both plasma and CSF at study endpoint. In addition,
the ratio of plasma to CSF varoglutamstat will be
determined.

Safety and tolerability endpoints in phase 2B are
rates of all AEs, drug discontinuation rates, mortal-
ity rates, suicidality scores on the C-SSRS, changes
on brain MRI scans (ARIA-E, ARIA-H, infarcts),
frequency and severity of abnormality on physical
exams, vital signs, health status, ECG, and safety labs.

Exploratory endpoints include the within-
participant change in brain volume measured by
cranial MRI, MMSE scores, MoCA scores, CSF
biomarker measures (APj_42, t-tau, p-tau-181,
sTREM2, YKL-40, neurogranin, SNAP-25, NfL,
and VILIP-1), qEEG connectivity network measures,
the AD Composite Score (ADCOMS) [34], and the
ADAS-Cog-Exec score [35]. Relative change from
screening to week 72 in QC activity in CSF, and
changes in the primary outcome measure (CDR-SB),
key secondary outcome measure (CFC2), and the
TO measure will be examined in subgroups defined
separately by APOE genotype (&4 carrier versus non
&4 carrier) or severity of cognitive impairment (MCI
versus mild probable AD). Additional exploratory
analyses in phase 2B include a comparison of plasma
and CSF biomarkers of amyloid pathology. For
plasma, testing is performed using PrecivityAD®,
which uses a combination of the ratio of AB;_4> to
AB1—40 along with APOE &4 carrier status. For CSF,

testing is performed using the Elecsys® Af_42 and
p-tau-181 assays.

Statistical considerations

Adaptive dose phase: The stopping boundary was
computed using an exact binomial distribution [28].
If all 3 doses have an acceptable AESI rate of 2.5%
or less, as expected, the top dose will be selected
with >95% probability. In this case, the 600 mg dose
would be selected within 16 weeks of randomization
of patient number 60. Alternatively, if any dose has an
unacceptable AESI rate of 20%, that cohort will stop
early with probability 90%; the expected number of
subjects treated on that dose is 15.

State gate interim analysis: The futility analysis
is conducted using a one-sided test of hypothesis
for each measure, using a mixed model for repeated
measures (MMRM) with linear time trend and all
available data from the phase 2A modified-intent-
to-treat population. For the ABC cognitive measure,
the null hypothesis is of benefit, and the alternative
hypothesis is of harm from active treatment, tested
at 40% significance level. This has been selected to
identify early negative cognitive effects within the
interim analysis. Under this test, if the treatment arm
is 20% worse than control at 24 weeks, the trial will
have 60% probability to stop at the interim analysis;
if the treatment arm is 40% better than control, then
there is 90% probability of a favorable outcome of
the test. This guards against prolonged exposure in
the face of negative cognitive effects.

For the EEG measure, the null hypothesis is of no
benefit, and the alternative is of benefit. This test has
90% probability of a favorable outcome assuming the
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underly effect sizes are comparable to estimates from
the SAPHIR trial. Hence, under favorable assump-
tions on each outcome, and assuming independence,
the interim futility analysis has greater than 80%
chance of continuing the trial. If, on the other hand,
there is no underlying cognitive benefit to subjects at
24 weeks, but the theta power effect is similar to the
SAPHIR trial, the interim analysis has more than 54%
power to continue. If there is no difference between
arms on EEG theta power, so that prior results from
the SAPHIR trial do not replicate, then there is only
5% chance that the EEG hypothesis test will return a
YES. If there is cognitive benefit as assumed above,
the cognitive hypothesis test has 90% chance to return
YES. Hence under this scenario, there is about 80%
chance of an indeterminate result from the stopping
rule.

Sample size for phase 2B: With approximately 207
participants per arm, there will be at least 80% power
to detect a change of 0.7 points in CDR-SB, which
is equal in magnitude to about 37% of the decline
observed at 18 months in a similar observational
study population in ADNI [31]. This assumes a mean
change in CDR-SB at 72 weeks of about 1.9 points
(SD 2.28 points) in the placebo arm, and a 40/60 mix-
ture of MCI (mean change 1.2 points) to mild AD
dementia participants (2.3 points) [31]. The calcula-
tion assumes no more than a 25% dropout rate over
the study period.

Analysis populations are defined as: 1) a Safety
population that includes all randomized participants
who took at least one dose of the study drug, 2) an
Intent-to-Treat (ITT) population that includes all ran-
domized participants, 3) a Modified Intent-to-Treat
(mITT) population for each efficacy measure that
includes all randomized participants who took at least
one dose of the study drug and have both a baseline
assessment and at least one follow-up assessment of
the measure, and 4) a Pharmacokinetic (PK) popu-
lation that includes all randomized participants who
have at least one PK sample timepoint.

DISCUSSION

pGlu-Ap has emerged as a compelling therapeutic
target in AD. Once this post-translationally modi-
fied form of AP is formed, it becomes synaptotoxic
and proinflammatory. It promotes its self-aggregation
into oligomers and is resistant to degradation.

Donanemab, a humanized immunoglobulin G1
monoclonal antibody directed at N-terminal pGlu-

AP epitope in amyloid plaques, both reduces
pGlu-AB and clears amyloid plaques. This treat-
ment has now been clinically validated with positive
clinical trial and biomarker endpoints in its phase
2 and phase 3 trials [36, 37]. While donanemab
has been generally well tolerated it requires par-
enteral infusion, with the potential for infusion
reactions as well as amyloid related imaging abnor-
malities (ARIA) including edema and hemorrhage.
In the recently completed phase 3 trial, 8.7% of
participants receiving donanemab reported infusion
reactions, 36.8% had either ARIA of edema/effusion
or microhemorrhages and hemosiderin deposits,
6.1% had symptomatic edema or effusions [37].
Donanemab’s regulatory evaluation is currently
ongoing.

Varoglutamstat provides a novel first-in-class
small molecule approach to reducing the produc-
tion of post-translationally modified pGlu-Af3 and
pGlu-CCL2. Its dual MOA inhibits the forma-
tion of pGlu-ARB by inhibiting QC and modulates
the neuroinflammatory elements of pGlu-CCL2 by
inhibiting is0-QC [8, 12]. While varoglutamstat is
similar to donanemab in lowering pGlu-Ap, it dif-
fers in that it does not reduce aggregated A3 through
microglial mediated removal of cerebral amyloid
plaques, and shows no signs of inducing ARIA.
Whereas a BACE 1 gene knockout does not affect
the levels of soluble and insoluble pGlu-Ap in APP
Tg mice, preclinical models that overexpress the
QC enzyme, the protease peptidase cathepsin B
and the endoprotease meprin, are associated with
increased formation of pGlu-Ap [3, 4, 38, 39]. Fur-
thermore, by not directly targeting the production
and clearance of endogenously produced ARi_42,
there is no perturbation of its potential contribution
to antimicrobial activity, tumor suppression, support
of the blood-brain barrier, or regulation of synaptic
function [40]. In contrast to AAMASs, which must
be administered intravenously, varoglutamstat is a
small molecule that can be delivered orally, with
sufficient enzyme TO to establish target engage-
ment within a dose range that is projected to have
sufficient safety and tolerability. Thus, if the tri-
als are positive, varoglutamstat should have fewer
barriers for patient access and affordability than
AAMA:s.

Furthermore, there are other potential therapeutic
approaches targeting the pGlu-Af3 pathway. As seen
in Fig. 1, there are multiple steps involved in pGlu-Af3
formation that may be targeted pharmacologically to
reduce its formation. Dipeptidyl peptidase-4 (DPP-4)



S88 H.H. Feldman et al. / Varoglutamstat: Inhibiting Glutaminyl Cyclase

inhibitors including the DPP-4 inhibitor class of
glyptins (e.g., sitagliptin, vildagliptin, linagliptin),
are treatments approved for the treatment of type
2 diabetes. DPP-4 inhibitors are advantageous in
that they have already been shown to be generally
well tolerated and safe for long term use [41]. They
have begun to attract some research interest in their
effects on attenuating cognitive decline in those with
both diabetes and MCI or AD [41-44]. In addition,
DPP-4 acts to inhibit glucagon-like peptide-1 (GLP-
1) potentially having a negative downstream effect
on this target which is currently being investigated
with GLP-1 agonists for the treatment of AD in two
phase 3 clinical trials: evoke (NCT04777396) and
evoke+ (NCTO04777409) [45]. A large multicenter,
randomized, controlled clinical trial (NCT05313529)
is currently underway to compare the effects of
liraglutide, empagliflozin, and linagliptin on the cog-
nitive function of diabetic patients with MCIL.

There are currently no clinical studies investi-
gating meprin 3 or aminopeptidase inhibitors in
AD. In a transgenic APP/lon mouse model of AD,
meprin 3 knockout has been shown to improve
cognitive ability and rescue learning behavior impair-
ments [46]. Similarly, aminopeptidase inhibitors have
been shown to reduce learning and memory deficits
in 3 x Tg-AD mice [47]. While aminopeptidase
inhibitors have been investigated clinically as poten-
tial treatments for hypertension and heart failure,
there are currently no clinical candidates for AD
[48, 49].

There are also N-Truncated Amyloid Peptide Anti-
bodies (TAPAS) that selectively target the N-terminus
of pGlu-A monomers and bind them. These have
been shown to reduce amyloid plaque load and
rescue memory deficits [5S0-53]. The TAPO1 human-
ized monoclonal antibody may have advantageous
bioavailability with less potential for dose limiting
side effects [53]. No clinical studies have yet been
performed with these TAPAS which may add another
therapeutic target for monoclonal antibodies directed
at pGlu-AQR.

The VIVA-MIND trial utilizes an efficient phase
2A-2B design to establish optimal dosing, safety,
tolerability, and efficacy of varoglutamstat in early
AD. Phase 2A includes adaptive determination of the
highest safe and well-tolerated dose within 3 sentinel
dose cohorts “to play the winner”, allowing phase 2B
to test the selected dose for the remainder of the trial.
We expect a minimum 12 months of time saved by
this seamless design compared to time required for
two separate phase 2 trials. Methodologically, use of

an exact continuous Pocock futility boundary allows
for a minimal phase 2A sample size with maximal
statistical efficiency.

There are some potential limitations inherent with
the VIVA-MIND study design. The adaptive dose
decision is operationally complex, as itrequires active
statistical oversight of a safety boundary, which if
breached requires resupply of investigational product
to all participants along a short timeline.

The trial is aiming to recruit a diverse participant
sample including persons from historically under-
represented and minoritized groups. It is utilizing
CSF Elecsys® assays, including AP and p-tau mea-
sures, with increasing recognition of some of the
unique patterns in underrepresented minority pop-
ulations. For example, CSF AB;_4> and p-tau-181
are reported to be lower in Black as compared to
White individuals [54-56]; however, per study proto-
col, thresholds for positive results are unadjusted as
there were insufficient data to support an alternative
approach.

Varoglutamstat can address multiple pathogenic
contributors to the disease cascade with a single small
molecule treatment and has potential for synergis-
tic or additive treatment effects in early AD. The
VIVA-MIND study targets early AD with the goal
of improving cognition and everyday function and
attenuating longer term disease progression through
varoglutamstat’s dual pathway mode of action. As
of August 2023, 73 participants have been ran-
domized and the study is ongoing according to
protocol.

AUTHOR CONTRIBUTIONS

Howard H. Feldman (Conceptualization; Inves-
tigation; Methodology; Writing — original draft;
Writing —review & editing); Karen Messer (Concep-
tualization; Formal analysis; Methodology; Writing
— review & editing); Yuqi Qiu (Formal analysis;
Methodology; Writing — review & editing); Mar-
wan Sabbagh (Methodology; Writing — review &
editing); Douglas Galasko (Methodology; Writing —
review & editing); R. Scott Turner (Methodology;
Writing — review & editing); Oscar Lopez (Method-
ology; Writing — review & editing); Amanda Smith
(Methodology; Writing — review & editing); January
Durant (Writing — original draft; Writing — review &
editing); Jody-Lynn Lupo (Writing — original draft;
Writing — review & editing); Carolyn Revta (Project
administration; Writing —review & editing); Archana



H.H. Feldman et al. / Varoglutamstat: Inhibiting Glutaminyl Cyclase S89

Balasubramanian (Project administration; Writing —
review & editing); Kerstin Kuehn-Wache (Writing
— review & editing); Tanja Wassmann (Writing —
review & editing); Sylvia Schell-Mader (Methodol-
ogy; Writing — review & editing); Diane M. Jacobs
(Methodology; Writing — review & editing); David
P. Salmon (Methodology; Writing — review & edit-
ing); Gabriel Léger (Methodology; Writing — review
& editing); Mari L. DeMarco (Methodology; Writing
— review & editing); Frank Weber (Conceptualiza-
tion; Investigation; Methodology; Writing — review
& editing).

ACKNOWLEDGMENTS

Members of the ADCS VIVA-MIND Study Group
are as follows:

ADCS: Department of Neurosciences,
Alzheimer’s Disease Cooperative Study, University
of California, San Diego, CA, USA.

Co-Directors: Howard H. Feldman, Judy Pa.

Executive Operations: Carolyn Revta.

Clinical Operations: Savannah Aries, Briana
Askew™, Archana Balasubramanian, Veronica Fer-
nandez, Nisha Johal*, Rosemary Morrison, Kim
Shaffer*, Bryce Truver.

Clinical Monitoring: Renee Bailey, R. Michelle
Brill, Ronelyn Chavez*, Laura Cole, Kheshini De
Zoysa, Edward Fox, Benjamin Germain, Don Guter-
will, Bailey Hoffman, Tiffany Dawn Jones, Janet
Kastelan, Ike Monye*, Susan Mroz, Gerald Rivera*,
Vicky Syed*, Rebecca Ryan-Jones*.

Regulatory/Quality Management: Lori Houghtal-
ing, Roxana Phillips, Teresa Ruiz, Rick Seghers.

Data Management: Susan Castellino®, Li Cui,
Anita Elgin*, Sneha Jasti, Jim Krooskos, Andy
MacKelfresh, Jennifer Mason*, Chandrashekhar
Nimbal*, Kevin Zielin, Zel Zorion.

Medical Safety: Gabriel Léger, Curtis Taylor,
Alessandra Pol.

Instruments: Diane M. Jacobs, David P. Salmon.

Recruitment: Daniel Bennett, A. Carol Evans,
Andrea LaCroix, Genevieve Matthews, Donna Tan.

Imaging: James Brewer, Robin Jennings, Nichol
Ferng.

Statistics: Karen Messer, Jing Zhang, Yuqi Qui,
Ronald Thomas™*, Steve Edland, Shelia Jin.

Special Projects/Medical Writing: January Durant,
Kirsten Erickson*, Jody-Lynn Lupo.

*no longer active at ADCS or with this project

Protocol Committee: Oscar Lopez, Murray
Raskind, Marwan Sabbagh, Amanda Smith, R. Scott
Turner.

Vivoryon Therapeutics: Kerstin Kuehn-Wache,
Michael Schaeffer, Sylvia Schell-Mader, Tanja Wass-
mann, Frank Weber.

Site Investigators: Alireza Atri, Banner Sun Health
Research Institute, Sun City, AZ, USA; Branko
Huisa, The Neuron Clinic, San Marcos, CA, USA;
Steven Tam, University of California Irvine (Divi-
sion of Geriatrics, Department of Medicine), Irvine,
CA, USA; Stephanie Lessig, University of Califor-
nia San Diego (Shiley-Marcos Alzheimer’s Disease
Research Center), La Jolla, CA, USA; Sarah Kre-
men, Cedars-Sinai Medical Center, Los Angeles
(Jona Goldrich Center for Alzheimer’s and Mem-
ory Disorders), Los Angeles, CA, USA; Gilbert
Ho, PCND Neurology, Poway, CA, USA; Saurabh
Sharma, Georgetown University Medical Center
(Memory Disorders Program), Washington, DC,
USA MD; R. Scott Turner, Georgetown Univer-
sity Medical Center (Memory Disorders Program),
Washington, DC, USA; Amanda Smith, University
of South Florida Health (Byrd Alzheimer’s Center
and Research Institute), Tampa, FL, USA; James
Lah, Emory University Goizueta Alzheimer’s Dis-
ease Research Center, Atlanta, GA, USA; Ian Grant,
Northwestern University (Mesulam Center for Cog-
nitive Neurology and Alzheimer’s Disease), Chicago,
IL, USA; Del D. Miller, The University of Iowa
(Carver College of Medicine), Iowa City, IA, USA;
Gregory Jicha, MD, The University of Kentucky
(Sanders-Brown Center on Aging), Lexington, KY,
USA,; Cliff Singer, Northern Light Acadia Hospi-
tal, Bangor, ME, USA; Arjun Masurkar, New York
University (Langone Health Tisch Hospital), New
York, NY, USA; Sharon Brangman, SUNY Upstate
Medical University (Department of Geriatrics), Syra-
cuse, NY, USA; Douglas W. Scharre, Ohio State
University (Center for Cognitive and Memory Disor-
ders), Columbus, OH, USA; Aimee Pierce, Oregon
Health & Science University, Portland, OR, USA;
David Weisman, Abington Neurological Associates,
Abington, PA, USA; Jonathan Drake, Rhode Island
Hospital, Providence, RI, USA; Sudha Seshadri,
University of Texas Health Sciences San Antonio
(Glenn Biggs Institute for Alzheimer’s & Neurode-
generative Diseases), San Antonio, TX, USA; Yonas
Geda, Barrow Neurological Institute (Alzheimer’s
and Memory Disorders Program), Phoenix, AZ,
USA; Olga Brawman-Mintzer, Ralph H. Johnson
VA Medical Center, Charleston, SC, USA; Ryan



S90 H.H. Feldman et al. / Varoglutamstat: Inhibiting Glutaminyl Cyclase

Drake, Neurosciences Research Center, Canton,
OH, USA.

Biomarker/Lab Studies: Mari DeMarco, Univer-
sity of British Columbia and St. Paul’s Hospital,
Vancouver, BC, Canada.

FUNDING

The VIVA-MIND study is supported by the
National Institute on Aging of the National Institutes
of Health under Award Number RO1AG061146 with
supplemental funding from Vivoryon Therapeutics.
The content is solely the responsibility of the authors
and does not necessarily represent the official views
of the National Institutes of Health.

CONFLICT OF INTEREST

For this manuscript, Howard Feldman reports grant
funding from Vivoryon Therapeutics (Probiodrug)
for the VIVA-MIND trial as well as grant develop-
ment support including travel prior to the trial. All
funds were directed to UCSD. Relationships out-
side of this manuscript include: grant support from
Annovis (QR Pharma), Biohaven Pharmaceuticals,
AC Immune, and LuMind Foundation and consulting
fees from LuMind, Genentech, Roche/Banner, Tau
Consortium, Samus Therapeutics, Biosplice Ther-
apeutics, Axon Neurosciences, Novo Nordisk Inc.
(including travel), Janssen Research & Development
LLC, and Arrowhead Pharmaceuticals with no per-
sonal funds received and all payments to UCSD. He
also reports a philanthropic donation from the Epstein
Family Alzheimer’s Disease Collaboration for ther-
apeutic research in AD. Unrelated to the current
manuscript, he receives royalty payments for patent
“Detecting and Treating Dementia” Serial Num-
ber 12/3-2691 U.S. Patent No. PCT/US2007/07008.
Washington, DC: U.S. Patent and Trademark Office.

Douglas Galasko is a paid consultant for Eisai,
Biogen, GE Healthcare and Artery Therapeutics.

Gabriel Léger is a paid consultant for Eisai.

Kerstin Kuehn-Wache is an employee of Vivoryon
Therapeutics N.V. and holds shares in Vivoryon Ther-
apeutics N.V.

Oscar Lopez received consulting fees from Novo
Nordisk, Lundbeck, and Eisai.

Marwan Sabbagh reports ownership interest (stock
or stock options) in NeuroTau, Athira, Light-
house Pharmaceuticals, Alzheon, and Reservoir
Neuroscience. He receives consulting fees from

Roche-Genentech, Eisai, Lilly, Synaptogenix, Neu-
roTherapia, T3D, Signant Health, Novo Nordisk,
Corium, Prothena, KeiferRx and serves on the Cer-
voMed board of directors. Dr. Sabbagh is an Editorial
Board Member of this journal but was not involved in
the peer-review process of this article nor had access
to any information regarding its peer-review.

Amanda Smith receives grant support from Eli
Lilly, Janssen, Biogen, Eisai, Cassava, and Vivoryon
and serves as a site PI on the VIVA-MIND trial.

R. Scott Turner receives consulting fees from
Re:Cognition  Health, Jupiter = Neuroscience,
and NeuroNascent. He reports grant support to
Georgetown University from Biogen, Eisai, Lilly,
Roche/Genentech, Janssen, Vaccinex, Vivoryon, and
Cognition Therapeutics.

Sylvia Schell-Mader is working as a contractor of
Vivoryon Therapeutics N.V.

Tanja Wassmann is an employee of Vivoryon Ther-
apeutics N.V.

Mari DeMarco reports consulting fees from
Siemens and Eisai, and consulting and lecturing fees
from Roche.

Frank Weber is an employee of Vivoryon Ther-
apeutics N.V. and owns stock equity in Vivoryon
Therapeutics N.V. He is also an employee of Zam-
bon Biotech SA Lugano. Frank Weber is the owner
of LifeScience&Innovation GmbH and has received
fees from Unicyte AG, Switzerland and from San-
thera AG Basel CH.

All other authors have no conflict of interest to
report.

SUPPLEMENTARY MATERIAL

The supplementary material is available in the
electronic version of this article: https://dx.doi.org/
10.3233/JAD-231126.

REFERENCES

[1] Jawhar S, Wirths O, Bayer TA (2011) Pyroglutamate
amyloid-beta (Abeta): A hatchet man in Alzheimer disease.
J Biol Chem 286, 38825-38832.

[2] Sokolova A, Hill MD, Rahimi F, Warden LA, Halliday GM,
Shepherd CE (2009) Monocyte chemoattractant protein-1
plays a dominant role in the chronic inflammation observed
in Alzheimer’s disease. Brain Pathol 19, 392-398.

[3] Hook V, Schechter I, Demuth HU, Hook G (2008) Alter-
native pathways for production of beta-amyloid peptides of
Alzheimer’s disease. Biol Chem 389, 993-1006.

[4] Hook G, Yu J, Toneff T, Kindy M, Hook V (2014) Brain
pyroglutamate amyloid-beta is produced by cathepsin B
and is reduced by the cysteine protease inhibitor E64d,


https://dx.doi.org/10.3233/JAD-231126
https://dx.doi.org/10.3233/JAD-231126

(51

(6]

(71

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

H.H. Feldman et al. / Varoglutamstat: Inhibiting Glutaminyl Cyclase S91

representing a potential Alzheimer’s disease therapeutic. J
Alzheimers Dis 41, 129-149.

Morawski M, Schilling S, Kreuzberger M, Waniek A,
Jager C, Koch B, Cynis H, Kehlen A, Arendt T, Hartlage-
Riibsamen M, Demuth HU, Rofner S (2014) Glutaminyl
cyclase in human cortex: Correlation with (pGlu)-amyloid-
B load and cognitive decline in Alzheimer’s disease. J
Alzheimers Dis 39, 385-400.

Cynis H, Scheel E, Saido TC, Schilling S, Demuth HU
(2008) Amyloidogenic processing of amyloid precursor
protein: Evidence of a pivotal role of glutaminyl cyclase in
generation of pyroglutamate-modified amyloid-beta. Bio-
chemistry 47, 7405-7413.

Jawhar S, Wirths O, Schilling S, Graubner S, Demuth HU,
Bayer TA (2011) Overexpression of glutaminyl cyclase, the
enzyme responsible for pyroglutamate A{beta} formation,
induces behavioral deficits, and glutaminyl cyclase knock-
out rescues the behavioral phenotype in SXFAD mice. J Biol
Chem 286, 4454-4460.

Schilling S, Zeitschel U, Hoffmann T, Heiser U, Francke M,
Kehlen A, Holzer M, Hutter-Paier B, Prokesch M, Windisch
M, Jagla W, Schlenzig D, Lindner C, Rudolph T, Reuter G,
Cynis H, Montag D, Demuth HU, Rossner S (2008) Glu-
taminyl cyclase inhibition attenuates pyroglutamate Abeta
and Alzheimer’s disease-like pathology. Nat Med 14, 1106-
1111.

Cagnin A, Gerhard A, Banati RB (2002) In vivo imaging of
neuroinflammation. Eur Neuropsychopharmacol 12, 581-
586.

Zhou F, Sun Y, Xie X, Zhao Y (2023) Blood and
CSF chemokines in Alzheimer’s disease and mild cogni-
tive impairment: A systematic review and meta-analysis.
Alzheimers Res Ther 15, 107.

Hartlage-Rubsamen M, Waniek A, Meissner J, Morawski
M, Schilling S, Jager C, Kleinschmidt M, Cynis H, Kehlen
A, Arendt T, Demuth HU, Rossner S (2015) Isoglutaminyl
cyclase contributes to CCL2-driven neuroinflammation in
Alzheimer’s disease. Acta Neuropathol 129, 565-583.
Hartlage-Riibsamen M, Morawski M, Waniek A, Jager C,
Zeitschel U, Koch B, Cynis H, Schilling S, Schliebs R,
Demuth HU, Rossner S (2011) Glutaminyl cyclase con-
tributes to the formation of focal and diffuse pyroglutamate
(pGlu)-AB deposits in hippocampus via distinct cellular
mechanisms. Acta Neuropathol 121, 705-719.

Yamamoto M, Horiba M, Buescher JL, Huang D, Gendel-
man HE, Ransohoff RM, Ikezu T (2005) Overexpression
of monocyte chemotactic protein-1/CCL2 in beta-amyloid
precursor protein transgenic mice show accelerated diffuse
beta-amyloid deposition. Am J Pathol 166, 1475-1485.
Kiyota T, Yamamoto M, Xiong H, Lambert MP, Klein
WL, Gendelman HE, Ransohoff RM, Ikezu T (2009) CCL2
accelerates microglia-mediated Abeta oligomer formation
and progression of neurocognitive dysfunction. PLoS One
4,¢e6197.

Hoffmann T, Meyer A, Heiser U, Kurat S, Bohme L,
Kleinschmidt M, Buhring KU, Hutter-Paier B, Farcher M,
Demuth HU, Lues I, Schilling S (2017) Glutaminyl cyclase
inhibitor PQ912 improves cognition in mouse models of
Alzheimer’s disease-studies on relation to effective target
occupancy. J Pharmacol Exp Ther 362, 119-130.
Scheltens P, Hallikainen M, Grimmer T, Duning T, Gouw
AA, Teunissen CE, Wink AM, Maruff P, Harrison J, van
Baal CM, Bruins S, Lues I, Prins ND (2018) Safety, tolera-
bility and efficacy of the glutaminyl cyclase inhibitor PQ912
in Alzheimer’s disease: Results of a randomized, double-

(17]

(18]

[19]

(20]

[21]

[22]
(23]

[24]

[25]

[26]

[27]

[28]

[29]

blind, placebo-controlled phase 2a study. Alzheimers Res
Ther 10, 107.

Lues I, Weber F, Meyer A, Biihring U, Hoffmann T, Kiihn-
Wache K, Manhart S, Heiser U, Pokorny R, Chiesa J, Glund
K (2015) A phase 1 study to evaluate the safety and phar-
macokinetics of PQ912, a glutaminyl cyclase inhibitor, in
healthy subjects. Alzheimers Dement (N'Y) 1, 182-195.
Briels CT, Stam CJ, Scheltens P, Bruins S, Lues I, Gouw AA
(2020) In pursuit of a sensitive EEG functional connectivity
outcome measure for clinical trials in Alzheimer’s disease.
Clin Neurophysiol 131, 88-95.

Vijverberg EGB, Axelsen TM, Bihlet AR, Henriksen K,
Weber F, Fuchs K, Harrison JE, Kiihn-Wache K, Alexan-
dersen P, Prins ND, Scheltens P (2021) Rationale and study
design of a randomized, placebo-controlled, double-blind
phase 2b trial to evaluate efficacy, safety, and tolerability of
an oral glutaminyl cyclase inhibitor varoglutamstat (PQ912)
in study participants with MCI and mild AD-VIVIAD.
Alzheimers Res Ther 13, 142.

Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman
HH, Fox NC, Gamst A, Holtzman DM, Jagust W], Petersen
RC, Snyder PJ, Carrillo MC, Thies B, Phelps CH (2011) The
diagnosis of mild cognitive impairment due to Alzheimer’s
disease: Recommendations from the National Institute on
Aging-Alzheimer’s Association workgroups on diagnostic
guidelines for Alzheimer’s disease. Alzheimers Dement 7,
270-279.

McKhann GM, Knopman DS, Chertkow H, Hyman BT,
Jack CR, Kawas CH, Klunk WE, Koroshetz WJ, Manly
JJ, Mayeux R, Mohs RC, Morris JC, Rossor MN, Schel-
tens P, Carrillo MC, Thies B, Weintraub S, Phelps CH
(2011) The diagnosis of dementia due to Alzheimer’s dis-
ease: Recommendations from the National Institute on
Aging-Alzheimer’s Association workgroups on diagnostic
guidelines for Alzheimer’s disease. Alzheimers Dement 7,
263-269.

Roche Diagnostics (2021) Product insert: Elecsys (-
Amyloid (1-42) CSF II. 08821941500V 1.0.

Roche Diagnostics (2021) Product insert: Elecsys Phospho-
Tau (181P) CSF. 08846715500V 1.0.

Folstein MF, Folstein SE, McHugh PR (1975) “Mini-mental
state". A practical method for grading the cognitive state of
patients for the clinician. J Psychiatr Res 12, 189-198.
Nasreddine ZS, Phillips NA, Bédirian V, Charbonneau
S, Whitehead V, Collin I, Cummings JL, Chertkow H
(2005) The Montreal Cognitive Assessment, MOCA: A brief
screening tool for mild cognitive impairment. J Am Geriatr
Soc 53, 695-699.

Hughes CP, Berg L, Danziger WL, Coben LA, Martin RL
(1982) A new clinical scale for the staging of dementia. Br
J Psychiatry 140, 566-572.

Posner K, Brown GK, Stanley B, Brent DA, Yershova KV,
Oquendo MA, Currier GW, Melvin GA, Greenhill L, Shen
S, Mann JJ (2011) The Columbia-Suicide Severity Rating
Scale: Initial validity and internal consistency findings from
three multisite studies with adolescents and adults. Am J
Psychiatry 168, 1266-1277.

Ivanova A, Qagqish BF, Schell MJ (2005) Continuous toxic-
ity monitoring in phase II trials in oncology. Biometrics 61,
540-545.

Aisen PS, Petersen RC, Donohue MC, Gamst A, Raman R,
Thomas RG, Walter S, Trojanowski JQ, Shaw LM, Beckett
LA, Jack CR, Jr., Jagust W, Toga AW, Saykin AJ, Morris JC,
Green RC, Weiner MW, Alzheimer’s Disease Neuroimaging
Initiative (2010) Clinical Core of the Alzheimer’s Disease



592

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

H.H. Feldman et al. / Varoglutamstat: Inhibiting Glutaminyl Cyclase

Neuroimaging Initiative: Progress and plans. Alzheimers
Dement 6, 239-246.

Scheijbeler EP, de Haan W, Stam CJ, Twisk JWR, Gouw AA
(2023) Longitudinal resting-state EEG in amyloid-positive
patients along the Alzheimer’s disease continuum: Consid-
erations for clinical trials. Alzheimers Res Ther 15, 182.
Raghavan N, Samtani MN, Farnum M, Yang E, Novak
G, Grundman M, Narayan V, DiBernardo A, Alzheimer’s
Disease Neuroimaging Initiative (2013) The ADAS-Cog
revisited: Novel composite scales based on ADAS-Cog to
improve efficiency in MCI and early AD trials. Alzheimers
Dement 9, S21-31.

Teng E, Becker BW, Woo E, Knopman DS, Cummings JL,
Lu PH (2010) Utility of the functional activities question-
naire for distinguishing mild cognitive impairment from
very mild Alzheimer disease. Alzheimer Dis Assoc Disord
24, 348-353.

Cummings JL (1997) The Neuropsychiatric Inventory:
Assessing psychopathology in dementia patients. Neurology
48, S10-16.

Wang J, Logovinsky V, Hendrix SB, Stanworth SH, Per-
domo C, Xu L, Dhadda S, Do I, Rabe M, Luthman J,
Cummings J, Satlin A (2016) ADCOMS: A composite clin-
ical outcome for prodromal Alzheimer’s disease trials. J
Neurol Neurosurg Psychiatry 87, 993-999.

Jacobs DM, Thomas RG, Salmon DP, Jin S, Feld-
man HH, Cotman CW, Baker LD, Alzheimer’s Disease
Cooperative Study EXERT Study Group, Alzheimer’s Dis-
ease Neuroimaging Initiative (2020) Development of a
novel cognitive composite outcome to assess therapeu-
tic effects of exercise in the EXERT trial for adults with
MCI: The ADAS-Cog-Exec. Alzheimers Dement (N Y) 6,
€12059.

Mintun MA, Lo AC, Duggan Evans C, Wessels AM, Arday-
fio PA, Andersen SW, Shcherbinin S, Sparks J, Sims JR,
Brys M, Apostolova LG, Salloway SP, Skovronsky DM
(2021) Donanemab in early Alzheimer’s disease. N Engl
J Med 384, 1691-1704.

Sims JR, Zimmer JA, Evans CD, Lu M, Ardayfio P, Sparks
J, Wessels AM, Shcherbinin S, Wang H, Monkul Nery
ES, Collins EC, Solomon P, Salloway S, Apostolova LG,
Hansson O, Ritchie C, Brooks DA, Mintun M, Skovron-
sky DM, TRAILBLAZER-ALZ 2 Investigators (2023)
Donanemab in early symptomatic Alzheimer disease: The
TRAILBLAZER-ALZ 2 randomized clinical trial. JAMA
330, 512-527.

Bien J, Jefferson T, Causevic M, Jumpertz T, Munter L,
Multhaup G, Weggen S, Becker-Pauly C, Pietrzik CU (2012)
The metalloprotease meprin beta generates amino terminal-
truncated amyloid beta peptide species. J Biol Chem 287,
33304-33313.

Schlenzig D, Cynis H, Hartlage-Rubsamen M, Zeitschel
U, Menge K, Fothe A, Ramsbeck D, Spahn C, Wermann
M, Rossner S, Buchholz M, Schilling S, Demuth HU
(2018) Dipeptidyl-peptidase activity of meprin beta links
N-truncation of Abeta with glutaminyl cyclase-catalyzed
pGlu-Abeta formation. J Alzheimers Dis 66, 359-375.
Brothers HM, Gosztyla ML, Robinson SR (2018) The phys-
iological roles of amyloid-beta peptide hint at new ways to
treat Alzheimer’s disease. Front Aging Neurosci 10, 118.
Angelopoulou E, Piperi C (2018) DPP-4 inhibitors: A
promising therapeutic approach against Alzheimer’s dis-
ease. Ann Transl Med 6, 255.

Borzi AM, Condorelli G, Biondi A, Basile F, Vicari
ESD, Buscemi C, Luca S, Vacante M (2019) Effects of

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

[54]

vildagliptin, a DPP-4 inhibitor, in elderly diabetic patients
with mild cognitive impairment. Arch Gerontol Geriatr 84,
103896.

Isik AT, Soysal P, Yay A, Usarel C (2017) The effects
of sitagliptin, a DPP-4 inhibitor, on cognitive functions in
elderly diabetic patients with or without Alzheimer’s dis-
ease. Diabetes Res Clin Pract 123, 192-198.

Rizzo MR, Barbieri M, Boccardi V, Angellotti E, Marfella
R, Paolisso G (2014) Dipeptidyl peptidase-4 inhibitors have
protective effect on cognitive impairment in aged diabetic
patients with mild cognitive impairment. J Gerontol A Biol
Sci Med Sci 69, 1122-1131.

Atri A, Feldman HH, Hansen CT, Honore JB, Johannsen
P, Knop FK, Poulsen P, Raket LL, Sano M, Soininen
H, Cummings J (2022) evoke and evoke+: Design of
two large-scale, double-blind, placebo-controlled, phase 3
studies evaluating the neuroprotective effects of semaglu-
tide in early Alzheimer’s disease. Alzheimers Dement 18,
e062415.

Marengo L, Armbrust F, Schoenherr C, Storck SE, Schmitt
U, Zampar S, Wirths O, Altmeppen H, Glatzel M, Kaether
C, Weggen S, Becker-Pauly C, Pietrzik CU (2022) Meprin
B knockout reduces brain AR levels and rescues learning
and memory impairments in the APP/lon mouse model for
Alzheimer’s disease. Cell Mol Life Sci 79, 168.

Valverde A, Dunys J, Lorivel T, Debayle D, Gay AS,
Lacas-Gervais S, Roques BP, Chami M, Checler F (2021)
Aminopeptidase A contributes to biochemical, anatomical
and cognitive defects in Alzheimer’s disease (AD) mouse
model and is increased at early stage in sporadic AD brain.
Acta Neuropathol 141, 823-839.

Marc Y, Boitard SE, Balavoine F, Azizi M, Llorens-Cortes
C (2020) Targeting brain aminopeptidase A: A new strategy
for the treatment of hypertension and heart failure. Can J
Cardiol 36, 721-731.

Checler F, Valverde A (2022) Aminopeptidase A and dipep-
tidyl peptidase 4: A pathogenic duo in Alzheimer’s disease?
Neural Regen Res 17,2215-2217.

Antonios G, Saiepour N, Bouter Y, Richard BC, Paetau A,
Verkkoniemi-Ahola A, Lannfelt L, Ingelsson M, Kovacs
GG, Pillot T, Wirths O, Bayer TA (2013) N-truncated
Abeta starting with position four: Early intraneuronal
accumulation and rescue of toxicity using NT4X-167, a
novel monoclonal antibody. Acta Neuropathol Commun
1, 56.

Antonios G, Borgers H, Richard BC, Brauss A, Meissner
J, Weggen S, Pena V, Pillot T, Davies SL, Bakra-
nia P, Matthews D, Brownlees J, Bouter Y, Bayer TA
(2015) Alzheimer therapy with an antibody against N-
terminal Abeta 4-X and pyroglutamate Abeta 3-X. Sci Rep
5, 17338.

Bayer TA (2022) Pyroglutamate A cascade as drug
target in Alzheimer’s disease. Mol Psychiatry 27,
1880-1885.

Bakrania P, Hall G, Bouter Y, Bouter C, Beindorff N, Cowan
R, Davies S, Price J, Mpamhanga C, Love E, Matthews D,
Carr MD, Bayer TA (2022) Discovery of a novel pseudo
B-hairpin structure of N-truncated amyloid-f3 for use as a
vaccine against Alzheimer’s disease. Mol Psychiatry 27,
840-848.

Deters KD, Napolioni V, Sperling RA, Greicius MD,
Mayeux R, Hohman T, Mormino EC (2021) Amyloid PET
imaging in self-identified non-Hispanic Black participants
of the Anti-Amyloid in Asymptomatic Alzheimer’s Disease
(A4) Study. Neurology 96, e1491-¢1500.



[55]

H.H. Feldman et al. / Varoglutamstat: Inhibiting Glutaminyl Cyclase 593

Wilkins CH, Windon CC, Dilworth-Anderson P, Romanoff
J, Gatsonis C, Hanna L, Apgar C, Gareen IF, Hill CV, Hillner
BE, March A, Siegel BA, Whitmer RA, Carrillo MC, Rabi-
novici GD (2022) Racial and ethnic differences in amyloid
PET positivity in individuals with mild cognitive impair-
ment or dementia: A secondary analysis of the Imaging
Dementia-Evidence for Amyloid Scanning (IDEAS) cohort
study. JAMA Neurol 79, 1139-1147.

[56]

Garrett SL, McDaniel D, Obideen M, Trammell AR, Shaw
LM, Goldstein FC, Hajjar I (2019) Racial disparity in cere-
brospinal fluid amyloid and tau biomarkers and associated
cutoffs for mild cognitive impairment. JAMA Network Open
2,e1917363.



