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Emraclidine, a novel positive allosteric modulator of
cholinergic M4 receptors, for the treatment of
schizophrenia: a two-part, randomised, double-blind,
placebo-controlled, phase 1b trial

John H Krystal, John M Kane, Christoph U Correll, David P Walling, Matthew Leoni, Sridhar Duvvuri, Shrinal Patel, Ih Chang, Philip Iredale,
Lillian Frohlich, Stacey Versavel, Pamela Perry, Raymond Sanchez, John Renger

Summary

Background Emraclidine is a novel, brain-penetrant, highly selective M4 receptor positive allosteric modulator in
development for the treatment of schizophrenia. We aimed to evaluate the safety and tolerability of multiple ascending
doses of emraclidine in patients with schizophrenia.

Methods We conducted a two-part, randomised, phase 1b trial in the USA. Eligible participants were aged 18-50 years
(part A) or 18-55 years (part B) with a primary diagnosis of schizophrenia per the Diagnostic and Statistical Manual
of Mental Disorders 5th edition, as confirmed by the Mini International Neuropsychiatric Interview, and extrapyramidal
symptom assessments indicating normal to mild symptoms at screening. Part A evaluated the safety and tolerability
of emraclidine in five cohorts of participants with stable schizophrenia who received ascending oral doses of
emraclidine 5-40 mg (40 mg was administered as 20 mg twice daily) or placebo at a single US site. Part B was a
double-blind, randomised, placebo-controlled study that enrolled adults with acute schizophrenia across five US sites;
participants were randomly assigned (1:1:1) to receive emraclidine 30 mg once daily, emraclidine 20 mg twice daily, or
placebo for 6 weeks (doses established in part A). The primary endpoint was safety and tolerability, assessed in the
safety population (participants who received at least one dose of emraclidine or placebo). This trial is now complete
and is registered with ClinicalTrials.gov, NCT04136873.

Findings Between Sept 23, 2019, and Sept 17, 2020, 118 patients were assessed for eligibility and 49 were randomly
assigned across five cohorts in part A. 44 participants completed the study, with 36 participants receiving emraclidine
and eight receiving placebo. The two highest doses tested were selected for part B. Between Oct 12, 2020, and
May 7, 2021, 148 patients were assessed for eligibility and 81 were randomly assigned to emraclidine 30 mg once daily
(n=27), emraclidine 20 mg twice daily (n=27), or placebo (n=27) in part B. Incidence of adverse events (14 [52%)] of
27 participants in the emraclidine 30 mg once daily group, 15 [56%)] of 27 in the emraclidine 20 mg twice daily group,
and 14 [52%] of 27 in the placebo group), clinical assessments, and weight changes were similar across groups. The
most common adverse event was headache (15 [28%] of 54 participants in the emraclidine groups, seven [26%)] of
27 in the placebo group). Modest, transient increases in blood pressure and heart rate in emraclidine groups observed
at treatment initiation diminished over time and were not considered clinically meaningful by week 6.

Interpretation These data support further investigation of emraclidine as a once-daily treatment for schizophrenia
without need for titration and with a potentially favourable side-effect profile.

Funding Cerevel Therapeutics.
Copyright © 2022 Elsevier Ltd. All rights reserved.

Introduction substantially impact functioning.’ Antipsychotics are

Many of the currently available antipsychotics used in the
treatment of schizophrenia directly interact with
dopamine receptors to reduce dopamine signalling as,
historically, the symptoms of schizophrenia were thought
to be driven by dopaminergic hyperactivity in the
mesolimbic pathway.”” While currently available drugs
are effective in managing psychotic episodes in most
patients, they have a modest effect on negative and
cognitive symptoms of schizophrenia, both of which are
commonly present throughout the disease course and

also associated with a range of side-effects, including
extrapyramidal symptoms, prolactin elevation (and its
related adverse effects), metabolic abnormalities, and
weight gain, which can impair functioning, quality of
life, and treatment adherence.** For example, although
antipsychotic use is associated with decreased all-cause
and cardiovascular mortality in schizophrenia, evidence
suggests that antipsychotics might also contribute to
obesity, metabolic disorders, and heart disease.”"
Medication non-adherence is a consistent predictor of
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Research in context

Evidence before this study

Schizophrenia is a chronic, distressing mental illness that is
among the most disabling and economically catastrophic
medical disorders. Despite the availability of numerous
medications, approximately one-third of patients with
schizophrenia do not respond to current treatments. Effective
management of positive, negative, and cognitive impairment
symptoms with a reduced side-effect profile represents an
unmet clinical need. Preclinical studies have suggested that
M4 muscarinic receptor agonism is a possible treatment
strategy for symptoms of schizophrenia. We searched PubMed
on Nov 24, 2021, for clinical trials, with no language or date
restrictions, using the terms “schizophrenia” and “muscarinic,”
and found a total of 38 clinical trials conducted and published
to date, of which only two investigated muscarinic agonists for
the treatment of schizophrenia. The first study was a pilot study
of the M1/M4 receptor agonist xanomeline, which found
improvements in symptom severity but an association with
increased incidence of gastrointestinal adverse events
compared with placebo. More recently, a double-blind, phase 2
trial in patients with acute schizophrenia investigated a
combination of xanomeline and the peripheral anticholinergic
trospium (to circumvent potential peripheral cholinergic
adverse effects associated with xanomeline monotherapy),
titrated over 1 week.

relapse and has been shown to increase total annual
mean health-care costs by US$20787 among patients
with uncontrolled symptoms of schizophrenia when
compared with controls without schizophrenia.””
Additionally, an estimated one-third of patients with
schizophrenia do not respond to current available
treatments." Novel therapeutic approaches are needed to
balance the efficacy of treatment against side-effect
profiles that might contribute to long-term comorbidities,
low rates of long-term treatment adherence, cycles of
relapse, and health-care costs.”

The original dopamine hypothesis of schizophrenia
suggests that presynaptic striatal dopaminergic dysregu-
lation (ie, at the stage of dopamine synthesis, storage, or
release) might serve as an opportunity for novel therapeutic
intervention.® M4 muscarinic acetylcholine receptor
(mAChR) activation has emerged as a novel potential
treatment mechanism that avoids dopamine D2 receptor
blockade."” Presynaptic mAChRs can act as autoreceptors
on striatal cholinergic interneurons to inhibit acetylcholine
release and modulate local dopamine release.” Stimulating
M4 mAChRs on D1 receptor-expressing striatal spiny
neurons also inhibits striatal dopamine release by evoking
release of the endocannabinoid 2-arachinonoylglycerol
from these neurons, resulting in inhibition of dopamine
release by stimulating cannabinoid receptor type 2
receptors on dopamine terminals.” Reduced striatal
dopamine release via mAChR-targeting compounds
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Added value of this study

This two-part, phase 1b study was designed to assess the
safety and tolerability of emraclidine, a novel, highly selective
M4 muscarinic receptor positive allosteric modulator in
patients with schizophrenia. The first part of the study (part A)
was a multiple ascending-dose design to establish safety,
tolerability, and appropriate dosing frequency based on
pharmacokinetics. The second part of the study (part B)
assessed the safety and tolerability of emraclidine 30 mg once
daily and 20 mg twice daily compared with placebo. Both
doses showed generally favourable safety profiles, with a
similar incidence of adverse events and no clinically
meaningful differences compared with placebo in general
clinical safety measures, extrapyramidal symptoms, or weight
changes after 6 weeks of treatment. In both parts of the study,
emraclidine administration was associated with small,
transient increases in blood pressure and heart rate that
diminished over time and were not considered clinically
meaningful versus placebo after 6 weeks of treatment.

Implications of all the available evidence

These data support further development of emraclidine as a
potential treatment for schizophrenia with once-daily dosing
without need for titration, and suggest that it has a
favourable side-effect profile for patients.

accompanies antipsychotic-like activity in preclinical
models, including amphetamine-induced hyperlocomo-
tion and prepulse inhibition of startle assays.”” M4
receptor activation might also have antipsychotic and
procognitive effects by reducing cortical glutamatergic
hyperactivity which can be a feature of schizophrenia,
particularly early in its course.”” In humans, the M1/M4
agonist xanomeline has shown efficacy for symptoms of
psychosis in patients with Alzheimer’s disease and Positive
and Negative Syndrome Scale (PANSS) scores in patients
with schizophrenia; however, xanomeline development
was stalled due to gastrointestinal and cardiovascular side-
effects that are likely to be related to peripheral M1 or
non-selective cholinergic agonism.*” The positive results
in patients with acutely exacerbated schizophrenia
receiving a combination of xanomeline plus the peripheral
anticholinergic trospium (which reduced xanomeline’s
mostly M1 agonism-related, peripheral side-effects) further
substantiated the efficacy of M4 agonist activity for the
treatment of schizophrenia.” An alternative approach to
reducing peripheral side-effects associated with M1/M4
agonism with xanomeline could be specific activation of
M4 receptors; however, previous development of M4
selective agonists has been halted due to differential
potency between preclinical models and human M4
receptors, and solubility issues.”

Emraclidine is a novel, brain-penetrant, highly selective
M4 muscarinic receptor positive allosteric modulator that
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See Online for appendix

has shown a beneficial early clinical profile and is being
developed for the treatment of schizophrenia.” We aimed
to evaluate the safety and tolerability of multiple ascending
doses of emraclidine in patients with schizophrenia.

Methods

Study design

We conducted a two-part, randomised, phase 1b trial in
the USA. Part A of the trial was a multiple ascending-dose
study in patients with stable schizophrenia to evaluate the
safety and tolerability of five doses of emraclidine. Part B
was a randomised, double-blind, placebo-controlled study
in patients with acutely exacerbated schizophrenia that
focused on safety, tolerability, pharmacokinetics, and
pharmacodynamics of the two doses identified in part A
that were considered safe and generally well tolerated,
emraclidine 30 mg once daily and 20 mg twice daily.

The trial was approved by the Aspire Institutional
Review Board (Santee, CA, USA) and was conducted in
accordance with the Council for International
Organizations of Medical Sciences International Ethical
Guidelines and the principles of Good Clinical Practice.
Both parts of the trial were inpatient studies conducted at
US private research centres (one site in part A, five sites in
part B; appendix p 4). Participants were recruited via site-
specific databases, referrals from outside physicians, and
local advertising contracted by individual sites. All study
participants or their legally authorised representatives
provided written informed consent. The protocol is
available in the appendix (pp 14-132).

Participants
Detailed inclusion and exclusion criteria, including
medical history and concurrent disease information, are
provided in the appendix (pp 67-73). In both parts,
participant eligibility criteria included a primary diagnosis
of schizophrenia per the Diagnostic and Statistical Manual
of Mental Disorders 5th edition (DSM-5), as confirmed by
the Mini International Neuropsychiatric Interview, and
extrapyramidal symptom assessments indicating normal
to mild symptoms at screening. Additional eligibility
criteria for part A included age 18-50 years, Clinical Global
Impression of Severity (CGI-S) score of 4 or lower (normal
to moderately ill), and PANSS total score of 80 or lower.
Additional eligibility criteria for part B included age
18-55 years, CGI-S score of 4 or greater (moderately to
severely ill), PANSS total score of 80 or greater, a score of 4
or greater for at least two positive subscale items
(delusions, conceptual disorganisation, hallucinatory
behaviour, or suspiciousness of persecution), history of
relapse or exacerbation of symptoms when not receiving
antipsychotic treatment, and current acute exacerbation or
relapse of symptoms with onset within the previous
2 months.

Exclusion criteria for both parts included a current
DSM-5 diagnosis other than schizophrenia; history of
resistance to antipsychotic treatment, history of no

response to clozapine, or history of response to clozapine
treatment only; extrapyramidal symptoms being treated
with a medication requiring dose modification or new
treatment within the 6 months before enrolment; serious
risk of suicide, or medical history, concurrent disease, or
clinical assessment that would increase risk of adverse
events or preclude the evaluation of drug safety or study
results; abnormal results on a 12-lead electrocardiogram
(ECG); abnormal blood pressure or current treatment
with antihypertensive medications; and history of
moderate to severe substance or alcohol-use disorder as
per DSM-5 criteria within the 12 months before enrol-
ment. Additional exclusion criteria for part A included
hospitalisation due to psychosis within the past 6 months,
and change in antipsychotic medication due to a
psychotic event within the past 3 months. Additional
exclusion criteria for part B included hospitalisation for
more than 14 days for the current episode of schizophrenia
(excluding hospitalisations for psychosocial reasons),
and a first episode of schizophrenia.

Randomisation and masking

Randomisation for both parts of the study was performed
using a third-party, computer-generated randomisation
code (IQVIA; Durham, NC, USA). In part A, participants
in each cohort were randomly assigned (4:1) to receive
emraclidine (at one of five dose levels) or matching
placebo. In part B, participants were randomly
assigned (1:1:1) to receive emraclidine 30 mg once daily,
emraclidine 20 mg twice daily, or matching placebo with
an identical number of tablets. Treatment was masked in
both parts such that participants, raters for clinician-
administered scales, investigators, and other site
personnel were unaware of treatment assignments
(appendix p 2). The treatment assignment for part A was
based on provided randomisation codes and was
performed by an independent, unmasked pharmacist
who had no involvement in other study procedures. The
treatment assignment for part B was performed by a
validated Interactive Response Technology system.
Sponsor representatives were unmasked to treatment
allocations in part A for the purposes of dose escalation
and safety monitoring. The sponsor was masked to
treatment allocation in part B.

Procedures

Participants in both parts A and B were screened over a
3-week period and were admitted to the clinic before
day -1 if washout of prohibited medications (including
antipsychotic agents, antidepressants, mood stabilisers,
and varenicline) was needed (appendix p 77). In part A,
participants received oral placebo or oral emraclidine at a
dose of 5 mg once daily for 14 days; 10 mg once daily for
14 days; 20 mg once daily for 14 days; 30 mg once daily
for 14 days; or 5 mg twice daily for 3 days, 10 mg twice
daily for 4 days, and 20 mg twice daily for 21 days, for a
total of 28 days of inpatient treatment. In part B,
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participants received oral emraclidine 30 mg once daily,
emraclidine 20 mg twice daily, or placebo for 42 days of
inpatient treatment without dose titration; participants
assigned to receive emraclidine 30 mg once daily received
a morning dose of emraclidine and an evening dose of
placebo.

Outcomes

The primary endpoint was safety and tolerability. Safety
and tolerability assessments in both parts A and B
included physical and neurological examinations,
standard 12-lead ECG, vital sign measurements, clinical
laboratory tests, the Columbia-Suicide Severity Rating
Scale, assessments of extrapyramidal symptoms
(Simpson-Angus Scale, Abnormal Involuntary Movement
Scale, and Barnes Akathisia Rating Scale), and adverse
events. Adverse events of special interest were defined in
the protocol as: events that resulted in the discontinuation
of treatment with study drug; events that satisfied the
criteria for suspected Hy’s Law (alanine aminotransferase
or aspartate aminotransferase >3 times the upper limit of
normal [ULN], serum bilirubin =2 x the ULN, and alkaline
phosphatase <2 xthe ULN); events of heart rate of greater
than 120 beats per min, confirmed by ECG; events of
confirmed corrected QT interval using Fridericia’s
formula of greater than 500 milliseconds or an increase
of greater than 75 milliseconds from baseline; and events
of mean triplicate blood pressure reading of greater than
160 mm Hg systolic or 100 mm Hg diastolic, with
confirmation. In part B, blood pressure and heart rate
were measured daily 2 h after the morning dose and 2 h
after the evening dose during the treatment period.

The secondary endpoint was pharmacokinetics of
emraclidine in participants in part B following adminis-
tration of emraclidine 20 mg twice daily or 30 mg once
daily. Blood samples were collected at specified time-
points (appendix pp 30-55) and plasma emraclidine
concentrations were determined by a validated liquid
chromatography with tandem mass spectrometry
method (lower limit of quantification of 0-100 ng/mL).

Part B included predefined exploratory pharma-
codynamic endpoints, including the PANSS, CGI-S, and
the Brief Assessment of Cognition in Schizophrenia
(BACS) symbol coding test. The PANSS consisted of
three subscales (positive symptoms, negative symptoms,
and general psychopathology) containing 30 symptom
constructs, with each rated on a 7-point scale where
1 indicates the absence of symptoms and 7 indicates
extremely severe symptoms;” PANSS total scores range
from 30 to 210. The Marder negative symptom subscore,
with scores ranging from 7 to 49, was also assessed.” The
CGI-S was administered by an investigator responding to
the question “Considering your total clinical experience
with this particular population, how ill is the subject at
this time?”, with responses ranging from 1 (normal, not
ill at all) to 7 (among the most extremely ill subjects).
The BACS consisted of participants matching the
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numerals 1-9 to symbols on an electronic platform over a
90-s period, and the number of correct numerals over
time was scored on a range from 0 to 110.*

Statistical analysis

Part A was composed of five cohorts, with planned
enrolment of ten participants with stable schizophrenia
(eight receiving emraclidine and two receiving placebo)
per cohort, based on the adequacy of a previous single-
dose trial designed to characterise the single-dose
pharmacokinetics and safety and tolerability of emra-
clidine at each dose level. In part B, planned enrolment
included 75 participants with schizophrenia with an
acute exacerbation or relapse of psychotic symptoms
(appendix p 2).

All participants who received at least one dose of
emraclidine or placebo were included in the safety
population for the primary analysis. Adverse events were
coded according to the Medical Dictionary for Regulatory
Activities and summarised using descriptive statistics. In
part B, the weekly means of the daily measurements after
day 1 were used as the basis of analysis to reduce the
variability of daily data for heart rate and blood pressure
assessments. A linear mixed model for repeated
measures was used to compare each active treatment
with placebo; treatment, study week, and the interaction
between treatment and study week were included as
fixed effects, baseline as a covariate, and participant
within study day as a repeated measure with an
unstructured covariance matrix. The least-square means
of difference between each dose and placebo were derived
from the model. Standard pharmacokinetic parameters
were estimated using non-compartmental methods and
summarised using descriptive statistics.

In part B, participants in the safety population with at
least one pharmacodynamic assessment after baseline
were included in the pharmacodynamic analysis popu-
lation. The change from baseline in PANSS total score,
PANSS subscales (including a post-hoc Marder negative
factor analysis), and CGI-S were analysed using a mixed
model for repeated measures, with both treatment-group
visit and treatment-by-visit interaction as fixed effects,
and participant as a random effect, with baseline score as
a covariate with an unstructured covariance matrix. The
mixed model for repeated measures approach was
prespecified in the statistical analysis plan Dbefore
database lock. A Cohen d value was also derived as the
ratio of the estimated difference to the population SD at
each visit, estimated from the model. For responder
analysis, the percentage of participants who had changes
of 20% or greater, 30% or greater, and 50% or greater in
PANSS total score and the percentage of participants
who had improvements of 1 or more, 2 or more, and 3 or
more points on CGI-S score from baseline were assessed.
A X2 test was used to compare the proportion of
participants who had a response in each active treatment
group versus the placebo group; if expected counts were
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less than 5, then a Fisher’s exact test was used. As the
pharmacodynamic assessments were exploratory, no
formal sample size determination or hypothesis testing
procedure with multiplicity control was planned. The
p values derived from the mixed model for repeated
measures or the x2 test were intended to provide a gauge
of the strength of signal versus noise and were thus
labelled nominal. The study was not statistically powered
for the exploratory endpoints. Statistical analyses were
done with SAS (version 9.4).

This trial is registered with ClinicalTrials.gov,
NCT04136873.

Role of the funding source

The funder of the study was involved in study design,
data collection, data analysis, data interpretation, writing
of the report, and the decision to submit for publication.

Results

In part A, between Sept 23, 2019, and Sept 17, 2020,
118 patients were assessed for eligibility and 49 were
enrolled and randomly assigned across five cohorts.
Five participants withdrew consent before study
completion and 44 completed the study; 36 received
emraclidine and eight received placebo (appendix p 11;
protocol deviations in part A are described in the
appendix [p 3]). The majority of participants were male
(270% in all treatment groups) and Black (=57% in all
treatment groups), with a mean age of 38 years (SD 8-1)

in all emraclidine groups and 35 years (6-4) in all placebo
groups; baseline characteristics are shown in the
appendix (p 5). There were no serious adverse events or
deaths and no dlinically relevant findings in clinical
laboratory assessments, physical examinations, or ECGs.
Across all emraclidine groups, 16 (41%) of 39 participants
had adverse events; the most frequently reported events
were headache (four [10%]), dizziness (two [5%)]),
insomnia (two [5%]), and increased weight (two [5%];
appendix p 6). In both cases of increased weight (both in
the emraclidine 10 mg once daily group), the observed
weight gain mostly occurred before treatment initiation
and was not considered related to treatment by the
investigator. Additionally, there was no indication of
treatment effects on extrapyramidal symptoms or suicidal
ideation or behaviour. Administration of emraclidine was
associated with small, transient increases in both systolic
and diastolic blood pressure across the 5 mg, 10 mg,
20 mg, and 30 mg once daily doses and the 20 mg twice
daily dose; none of the increases were considered
clinically significant or associated with adverse events.
The two highest doses tested (emraclidine 30 mg once
daily and 20 mg twice daily) were further investigated in
part B.

In part B, between Oct 12, 2020, and May 7, 2021,
148 patients were assessed for eligibility and 81 were
enrolled and randomly assigned to emraclidine 30 mg
once daily (n=27), emraclidine 20 mg twice daily (n=27),
or placebo (n=27; figure 1). Two of these 81 participants

| 148 patients assessed for eligibility |

A 4

67 not eligible

| 81 enrolled and randomly assigned |

v 3

v

group*

27 assigned to the placebo group 27 assigned to the emraclidine 30 mg once daily 27 assigned to the emraclidine 20 mg twice daily

groupt

v v

v

in the safety population in the safety population

27 received at least one dose and were included 27 received at least one dose and were included 27 received at least one dose and were included

in the safety population

v v

v

27 included in the pharmacodynamic population

| 27 included in the pharmacodynamic population

| 27 included in the pharmacodynamic population

6 study discontinuations 6 study discontinuations 6 study discontinuations
2 absence of efficac 2 due to adverse events 1 due to adverse event
> . " —> ; | cueToacverEeven
4 withdrew consent 4 withdrew consent 1investigator discretion
4 withdrew consent
A A
21 completed the study | | 21 completed the study | | 21 completed the study

Figure 1: Trial profile for part B

*One participant was randomly assigned to receive emraclidine 30 mg once daily despite having an exclusionary screening heart rate of lower than 50 beats per min;
this participant was included in the safety and pharmacodynamic analyses. tOne participant was randomly assigned to receive emraclidine 20 mg twice daily despite
having an exclusionary diastolic blood pressure of greater than 80 mm Hg at baseline; this participant was included in the safety and pharmacodynamic analyses.
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were randomly assigned to treatment despite not
meeting eligibility criteria (one due to screening heart
rate <50 beats per min, one with diastolic blood pressure
>80 mm Hg); both participants were included in the
safety and pharmacodynamic analysis sets per protocol
definitions (additional protocol deviations in part B
are described in the appendix [p 3]). Altogether,
18 participants discontinued; four participants in each
treatment group withdrew consent, two in the placebo
group discontinued due to absence of efficacy, three who
received emraclidine discontinued due to adverse events,
and one in the emraclidine 20 mg twice daily group
discontinued at the investigator’s discretion due to
unwillingness to comply with protocol procedures. Most
participants were male (270% across all treatment
groups) and Black (263% across all treatment groups),
with a mean age of 40 years (SD 9; table 1). At baseline,
the mean PANSS total score was 95 (range 80-114) and
the mean CGI-S score was 5 (range 4-6), indicating
moderate to severe illness. The mean time since disease
onset was 19 years (SD 10) and most participants
(69 [85%]) had been hospitalised at least once.

The overall incidence of adverse events and treatment-
related adverse events was similar across the placebo and
emraclidine treatment groups (14 [52%)] of 27 participants
in the emraclidine 30 mg once daily group, 15 [56%] of
27 in the emraclidine 20 mg twice daily group, and
14 [52%)] of 27 in the placebo group had adverse events;
table 2). Most adverse events were mild or moderate in
severity and there were no deaths associated with adverse
events. Serious adverse events were reported in three
participants, including one case of COVID-19 (in the
emraclidine 20 mg twice daily group), one accidental
cocaine overdose (in the emraclidine 30 mg once daily
group), and one exacerbation of schizophrenia (in the
emraclidine 30 mg once daily group); none of these
serious adverse events were considered by the
investigator to be related to study treatment. The events
of accidental cocaine overdose and exacerbation of
schizophrenia resulted in study discontinuation; an
additional participant in the emraclidine 20 mg twice
daily group discontinued due to an adverse event of
psychotic disorder (concurrent with the serious adverse
event of COVID-19), which was not considered related to
study treatment by the investigator (appendix p 3).

The most commonly reported adverse event in the
emraclidine treatment groups was headache (15 [28%] of
54 participants in the emraclidine groups, seven [26%] of
27 in the placebo group). The incidence of gastrointestinal
adverse events was low and similar across treatment
groups (five [19%)] of 27 participants in the emraclidine
30 mg once daily group, two [7%] of 27 in the emraclidine
20 mg twice daily group, and four [15%] of 27 in the
placebo group). Overall, six participants had adverse
events of special interest related to heart rate and blood
pressure (three in the placebo group and three in the
emraclidine 20 mg twice daily group). No participants

www.thelancet.com Vol 400 December 17/24/31, 2022

Placebo group Emraclidine30 mg  Emraclidine 20 mg
(n=27) once daily group twice daily group
(n=27) (n=27)
Age, years
Mean (SD) 41(10) 41(8) 38 (10)
Median (range) 41 (22-55) 41 (24-55) 37 (23-55)
Sex
Male 19 (70%) 23 (85%) 21 (78%)
Female 8 (30%) 4 (15%) 6 (22%)
Race
Asian 1(4%) 0 0
Black or African American 17 (63%) 20 (74%) 19 (70%)
White 9 (33%) 7 (26%) 0
Multiple 0 0 1(4%)
Hispanic or Latino 2 (7%) 2 (7%) 2 (7%)
Weight, kg*
Mean (SD) 89.3 (16:1) 845 (13-4) 845 (14-6)
Median (range) 88.6(59:1-130-6)  86-7(62:1-109-9) 828 (62:5-120-0)
BMI, kg/m**
Mean (SD) 29:0 (4-8) 276 (4-5) 28.0 (50)
Median (range) 28.9 (21:0-37-7) 272 (19:9-36-2) 27-1(19-0-41-4)
Time since initial onset, years 20 (11) 19(9) 16 (11)
Previous hospitalisations
0 3 (11%) 3 (11%) 6 (22%)
13 14 (52%) 16 (59%) 12 (44%)
24 10 (37%) 8 (30%) 9 (33%)
PANSS total score 93(8-8) 93(73) 97(7-9)
Change in PANSS total score from 0(67) 2 (5:0) 0(7-5)
screening to baseline
PANSS positive symptom subscale 24(2:7) 25(3-0) 26 (2:6)
score
PANSS negative symptom subscale 23(33) 22 (3-7) 24 (3-8)
score
CGI-S score 5(0:6) 5(0-5) 5(07)
Data are n (%) or mean (SD) unless otherwise stated. CGl-S=Clinical Global Impression of Severity. PANSS=Positive
and Negative Syndrome Scale. *Before dosing on day -1.
Table 1: Baseline characteristics of participants in part B

who had adverse events of special interest related to heart
rate and blood pressure were symptomatic and no
additional adverse events associated with these events
were reported. Additionally, no adverse events related to
extrapyramidal symptoms were reported.

The least-square mean differences from baseline in
supine systolic and diastolic blood pressure were
modestly increased at various timepoints in both the
emraclidine 30 mg once daily and 20 mg twice daily
groups compared with the placebo group (figure 2A;
appendix pp 7-8, 12). The largest increases in supine
systolic and diastolic blood pressure were observed for
the day 1 or week 1 average (using the 2 h after morning
dose timepoint). The differences in supine blood pressure
compared with the placebo group trended downward over
the 6-week treatment period for both emraclidine dose
groups. The difference compared with the placebo group
in week 6 average (days 36-42) mean change from
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baseline in systolic blood pressure was 1-2 mm Hg
(SE 2-2) in the emraclidine 30 mg once daily group and

Placebo Emraclidine  Emraclidine
group (n=27) 30mgonce 20 mgtwice
daily group  daily group

(n=27) (n=27)
Any adverse event 14 (52%) 14 (52%) 15 (56%)
Adverse events relatedto 10 (37%) 7 (26%) 12 (44%)
study drug
Adverse events of special 3(11%) 2 (7%) 4 (15%)
interest
Serious adverse events 0 2 (7%) 1(4%)
Adverse events leadingto 0 2 (7%) 1(4%)

study discontinuation

Adverse events that occurred in at least 5% of participants receiving
emraclidine where percent incidence was greater with emraclidine than

with placebo
Headache 7 (26%) 8 (30%) 7 (26%)
Nausea 1(4%) 2 (7%) 2 (7%)
Back pain 1(4%) 2 (7%) 1(4%)
Blood creatinine 0 1(4%) 2 (7%)
phosphokinase
increased
Dizziness 0 1(4%) 2 (7%)
Dry mouth 0 3 (11%) 0
Somnolence 0 1(4%) 2 (7%)
Data are n (%).
Table 2: Adverse events in part B
2 h after morning dose 2 h after evening dose
A
—e— Placebo group
g 10 -4 Emraclidine 30 mg once daily group 4
§ B —m- Emraclidine 20 mg twice daily group
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Figure 2: Changes in blood pressure and heart rate in participants in part B

Change from baseline in least-square mean supine systolic blood pressure (A) and heart rate (B) at 2 h after the
morning dose (left) and 2 h after the evening dose (right). Apart from for day 1, blood pressure least-square mean
change from baseline is reported as a weekly average. Assessments at 2 h after the evening dose for the
emraclidine 30 mg once daily group were taken after a placebo dose. Error bars are SE.
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0-9 mm Hg (2-1) in the emraclidine 20 mg twice daily
group, and was not considered clinically meaningful. The
difference compared with the placebo group in week 6
average mean change from baseline in diastolic blood
pressure was —0-1 mm Hg (SE 1-3) in the emraclidine
30 mg once daily group and 0-1 mm Hg (1-3) in the
emraclidine 20 mg twice daily group, and was not
considered clinically meaningful. The emraclidine 30 mg
once daily and 20 mg twice daily treatment groups
showed increases in least-square mean supine heart rate
on day 1 compared with the placebo group (figure 2B); the
differences in mean change from baseline compared with
the placebo group decreased over the treatment period in
both emraclidine dose groups (week 6 mean difference
compared with placebo of 4-4 beats per min [SE 2-1] in
the emraclidine 30 mg once daily group and 5- 3 beats per
min [2-1] in the emraclidine 20 mg twice daily group).

There were no meaningful changes in ECG intervals
across treatment groups aside from the modest,
asymptomatic heart rate elevations. Additionally, there
were no meaningful changes in mean clinical chemistry,
haematology, or urinalysis results from baseline to day 42
across all treatment groups. Weight change from baseline
to day 42 was similar across all treatment groups, with a
mean change of 1-4kg (SD 4- 3) in the emraclidine 30 mg
once daily group, 1-7 kg (3-1) in the emraclidine 20 mg
twice daily group, and 1-6 kg (4-0) in the placebo group.
The percentage of participants whose bodyweight
increased by 7% or more from baseline to day 42 was
similar across treatment groups (three [15%)] of 27 in the
emraclidine 30 mg once daily group, three [14%] of 27 in
the emraclidine 20 mg twice daily group, and four [19%]
of 27 in the placebo group). There were no meaningful
changes in the Columbia-Suicide Severity Rating Scale,
Simpson-Angus Scale, Abnormal Involuntary Movement
Scale, and Barnes Akathisia Rating Scale safety scores in
any treatment group.

Emraclidine pharmacokinetic profiles were character-
ised by rapid absorption, with a median time to reach
maximum concentration of 1 h for both treatments
(appendix p 13). Steady-state emraclidine exposures
(calculated as area under the concentration-time curve)
were associated with high variability (coefficient of
variation >80%) with greater between-participant vari-
ability observed in the 20 mg twice daily group than in the
30 mg once daily group. The mean emraclidine maximum
plasma concentration and area under the concentration-
time curve values were slightly lower in the 20 mg twice
daily group than in the 30 mg once daily group. However,
there was a high degree of overlap observed in individual
exposure values across both dose groups.

Both the 30 mg once daily and 20 mg twice daily doses
of emraclidine were associated with antipsychotic activity
as assessed by the PANSS total score. By day 21, least-
square mean reductions in the PANSS total score were
14-20 points (SE 2-55) in the emraclidine 30 mg once
daily group, 9-22 (2-61) in the 20 mg twice daily group,
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and 5-60 (2-49) in the placebo group (figure 3A); the
least-square mean difference between the emraclidine
30 mg once daily group and the placebo group was
significant at day 21 (difference versus placebo —8-61;
nominal p=0-018; Cohen’s d —0-68). By the end of trial
treatment (day 42), the least-square mean reduction in the
PANSS total score from baseline in the placebo group
was 6-77 points (SE 3-82); treatment with emraclidine
30 mg once daily resulted in a least-square mean
reduction from baseline of 19-5 points (3-91; difference
versus placebo —12-7 points; nominal p=0-023; Cohen’s

d —-0-68). Emraclidine 20 mg twice daily resulted in a
least-square mean reduction from baseline in PANSS
total score of 17-9 points (SE 3-93) and a least-square
mean reduction of 11-1 points compared with the placebo
group (nominal p=0-047; Cohen’s d —0-59) at day 42. The
proportion of participants with a reduction of 30% or
greater in total PANSS score from baseline was higher in
both emraclidine treatment groups than in the placebo
group. When compared with placebo, the percentage of
participants with a reduction of 30% or greater in total
PANSS score was significantly higher in the emraclidine
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Figure 3: PANSS scores in participants in part B

(A) Change in mean PANSS total over time. (B) Proportion of participants with a response in PANSS score. (C) Change in PANSS subscale scores over time. Error bars
show SE. PANSS=Positive and Negative Syndrome Scale. *Nominal p<0-05. tNominal p<0-01.
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Figure 4: CGI-S scores in participants in part B
(A) Change in mean CGI-S score over time. (B) Proportion of participants with a response in CGI-S score. Error bars
show SE. CGI-S=Clinical Global Impression of Severity. “Nominal p<0-05. tNominal p<0-01.
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30 mg once daily group (three [11%)] of 27 participants vs
11 [41%)] of 27; nominal p=0-028; figure 3B). Reductions
in PANSS total scores were corroborated by reductions in
the PANSS positive, negative, Marder negative, and
general psychopathology subscale scores compared with
placebo (figure 3C). Least-square mean differences from
placebo on the PANSS subscales at day 42 were —4-27
(nominal p=0-016; Cohen’s d —0-72) in the emraclidine
30 mg once daily group and —2-43 (nominal p=0-17;
Cohen’s d —0-41) in the 20 mg twice daily group for the
PANSS positive symptoms subscale; -3-07 (nominal
p=0-009; Cohen’s d —0-80) and -3 68 (nominal p=0-002;
Cohen’s d —0-96) for the PANSS negative symptoms
subscale; —4-27 (nominal p<0-001; Cohen’s d —1-05) and
—4-00 (nominal p=0-001; Cohen’s d —0-98) for the PANSS
Marder negative symptom subscale; and —4-92 (nominal
p=0-085; Cohen’s d -0-52) and —4-43 (nominal
p=0-12; Cohen’s d -0-47) for the PANSS general
psychopathology subscale.

Consistent with the results from the PANSS scores,
CGI-S scores improved following treatment with
emraclidine. By the end of trial treatment (day 42), CGI-S
score least-square mean reductions from baseline were
1-25 points (SE 0-24) in the emraclidine 30 mg once
daily group, 0-96 (0-24) in the emraclidine 20 mg twice
daily group, and 0-36 (0-24) in the placebo group
(figure 4A). The least-square mean differences compared
with placebo for the emraclidine 30 mg once daily group
were significant at both day 42 (-0-89 points, nominal
p=0-010; Cohen’s d —0-77) and day 21 (-0-63, nominal
p=0-003; Cohen’s d —0-86). The least-square mean
difference compared with placebo for the emraclidine
20 mg twice daily group at day 21 was —0-35 (nominal
p=0-10; Cohen’s d —0-47) and at day 42 was —0-60
(nominal p=0-082; Cohen’s d —0-52). The percentage of
participants with 2 points or greater and 1 point or greater
improvements was higher in both emraclidine treatment
groups than in the placebo group (figure 4B). No changes
in the BACS symbol coding test were observed between
the placebo and treatment groups.

Discussion

This two-part study investigated the safety, tolerability,
pharmacokinetics, and pharmacodynamics of multiple
ascending doses of emraclidine, a muscarinic M4 receptor
positive  allosteric modulator, in patients with
schizophrenia. Results from part A (a multiple ascending-
dose study) showed that emraclidine had a favourable
safety profile with both once-daily dosing (5-30 mg) and
twice-daily dosing (20 mg titrated). On the basis of the
results from part A, part B further investigated
emraclidine doses of 30 mg once daily and 20 mg twice
daily in patients with schizophrenia who had an acute
exacerbation of psychotic symptoms. In both parts of the
study, no clinically meaningful findings relative to placebo
were observed in clinical laboratory assessments, physical
examinations (including changes in weight), or ECGs;
additionally, there was no indication of effect of treatment
on extrapyramidal symptoms or suicidal ideation or
behaviour. Transient, modest increases in heart rate and
blood pressure associated with emraclidine admini-
stration observed in both part A and part B were
asymptomatic, decreased over time, and were not
considered clinically meaningful versus placebo after
6 weeks of treatment in this trial. A study designed to
characterise the effects of emraclidine treatment on blood
pressure and heart rate is ongoing (NCT05245539). The
overall incidence of adverse events in part B was similar
across the placebo and emraclidine treatment groups,
with most adverse events considered mild to moderate in
severity. In part B, emraclidine plasma exposures were
similar between the 30 mg once daily group and the
20 mg twice daily groups, and clinically meaningful
improvements” in symptoms were consistently observed
in PANSS and CGI-S exploratory pharmacodynamic
endpoints compared with placebo.
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Emraclidine exposures at 30 mg once daily combined
with pharmacodynamic outcomes suggest that once-daily
dosing of emraclidine without titration has potential for
management of acute psychotic and negative symptoms
in patients with schizophrenia. Of note, most
schizophrenia spectrum disorder guidelines recommend
dose titration when prescribing antipsychotics, and
administeringtheminimumnecessarydosetopatientswith
acute schizophrenia, to avoid unnecessary adverse
effects.”® In a retrospective chart review of 149 patients
admitted to an inpatient psychiatric facility who received
dose titration of antipsychotics (including risperidone,
paliperidone, olanzapine, quetiapine, and aripiprazole),
doses were titrated every 2 days on average, with the final
dose reached in an average of 3 days.* Ultimately, dose
titration rates of antipsychotics are based in clinical
discretion and patient monitoring, and dose selection in
the acute setting might be complicated by latency to
therapeutic effect.?

In the current study of emraclidine, which is highly
selective for M4 over M1 and the other muscarinic
receptors, improvements in the PANSS total scores and
subscales were observed, but adverse events were similar
between placebo and emraclidine treatment groups, with
no clinically meaningful difference in incidence of
gastrointestinal adverse events, as has been seen in
previous studies of muscarinic receptor agonists not
highly selective for M4.2* However, the small sample size
of our study might limit power to detect differences in
safety and tolerability, and most participants were Black
and male (reflecting the patient population at
the investigating site locations), which might affect
generalisability of the study data. Additionally, although
initial pharmacodynamic data with emraclidine suggest a
clinically meaningful benefit, a formal hypothesis test
with a primary endpoint was not prespecified for part B of
the trial, and this study was not formally powered for
assessment of antipsychotic activity. Moreover, part B was
conducted over 6 weeks of treatment; long-term effects
of emraclidine still need to be determined. Overall,
additional data from larger randomised controlled trials
and open-label extension studies with wider geographical
representation are warranted.

These results support selective targeting of the M4
muscarinic receptor via positive allosteric modulation as
a novel treatment approach with a favourable safety
profile and minimal side-effects, with the potential for
once-daily dosing without titration regimens. Further
research is warranted to confirm the efficacy, safety, and
tolerability of emraclidine in schizophrenia.
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