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SUPPLEMENT
A New Treatment Paradigm
Targeting Trace Amine-Associated Receptor 1 (TAAR1) in Schizophrenia
John M. Kane, MD
Abstract: All currently available antipsychotics work via essen-
tially the same mechanism: by antagonizing the dopamine D2 re-
ceptor. However, schizophrenia is an extremely heterogeneous
condition, and antipsychotics do not adequately control symptoms
for all patients. Negative and cognitive symptoms are especially
difficult to manage with existing medications. Therefore, antipsy-
chotic agents with novel mechanisms of action are urgently
needed. Recently, a phase 2 clinical trial and extension study dem-
onstrated that, relative to placebo, the trace amine–associated re-
ceptor 1 (TAAR1) agonist ulotaront was effective at controlling
the positive, negative, and cognitive symptoms of schizophrenia.
In addition, ulotaront seems to lack the weight gain, metabolic is-
sues, and extrapyramidal symptoms associated with traditional an-
tipsychotics. This agent is currently undergoing multiple phase 3
trials for the treatment of schizophrenia. Another TAAR1 agonist,
ralmitaront, is being investigated for the treatment of schizophre-
nia and schizoaffective disorders. Two phase 2 clinical trials are
underway, evaluating ralmitaront both as a monotherapy and an
add-on therapy to traditional antipsychotics. In this supplement,
we review the biologic, preclinical, and clinical data available
for TAAR1 agonists, so that if and when they are approved for
the treatment of schizophrenia, psychiatry specialists will be ready
to use them to optimize patient outcomes. We also briefly review
other emerging therapies in late-stage development for the treat-
ment of schizophrenia.

KeyWords: TAAR1, TAAR1 agonist, ulotaront, ralmitaront, schizophrenia

(J Clin Psychopharmacol 2022;42: S1–S13)

LEARNING OBJECTIVES
On completion of this activity, the learner will be better able to:
• Identify current major areas of unmet need among patients with
schizophrenia

• Describe the mechanism of action by which TAAR1 agonists
control schizophrenia symptoms

• Evaluate clinical data on the use of TAAR1 agonists to treat
schizophrenia

A mong adults in the prime of their lives, schizophrenia is
one of the top 25 causes of disease burden around the

world.1 Unfortunately, the toolkit we have to fight this disorder re-
mains similar to the one available in the 1950s, when the first an-
tipsychotic was discovered. Today, all antipsychotics work via es-
sentially the same mechanism: by antagonizing the dopamine D2

receptor. Although this mechanism is able to control the positive
symptoms of schizophrenia for many patients, substantial unmet
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needs remain. Studies have shown that schizophrenia is an ex-
tremely heterogeneous condition in terms of symptoms,2–4 brain
structure and chemistry,5–7 and the genetic and epigenetic variants
that confer risk.4,8,9 It is unsurprising that a single class of medica-
tions is not effective for all patients and all symptoms.

In fact, antipsychotics fail to control symptoms for approxi-
mately one third of patients with schizophrenia.10 In addition, they
frequently cause adverse effects that may result in patients
abandoning treatment.11 In one trial of nearly 1500 patients with
schizophrenia randomized to take various antipsychotics, nearly
75% discontinued the medication that they had been assigned
within 18 months because of lack of effectiveness, intolerable ad-
verse effects, or other reasons.12 In the context of this trial, they
were offered another antipsychotic; however, in real life, many pa-
tients simply stop taking their medication.

Our inability to effectively manage schizophrenia for so many
patients has consequences for them, their families, the health care
system, and society. Only approximately 14% to 50% of patients
with schizophrenia achieve recovery, depending on the definition
used.13 Recovery depends onmany factors, of which effective med-
ication is just one.14 However, effective medication is an essential
tool in controlling the symptoms of this debilitating disorder.

Because of the limitations of our current care options, the life
expectancy of patients living with schizophrenia in North
America is approximately 14 years shorter than that of the general
population.15 One contributor to this much shorter life expectancy
is the rate of suicide among patients with schizophrenia, which is
4.5 times the US population average; among patients 18 to
34 years of age, it is a stunning 10 times the population average.16

At a broader level, in 2020, the economic burden of schizophrenia
in the United States was estimated to be $281.6 billion annually,
reflecting both direct costs (eg, health care, supportive housing,
the criminal justice system) and indirect costs (eg, nonemploy-
ment, caregiver burden, and caregiver unpaid wages).17 Clearly,
new medications are urgently needed.

Recently, promising clinical data have emerged for a novel class
of drugs with an entirely new mechanism for treating schizophrenia:
the trace amine–associated receptor 1 (TAAR1) agonists. An addi-
tional treatment option for schizophrenia could dramatically improve
the prospects of patients who cannot achieve recovery with existing
antipsychotics. However, clinicianswho care for patientswith schizo-
phrenia may be skeptical of potential new treatments, for good rea-
son. Promising preclinical data have raised the field's hopes about
new agents many times, only for the results of late-stage clinical trials
to dash them. Examples of past disappointments are varied, including
a glutamate receptor agonist,18 an α-7 nicotinic receptor agonist,19 a
phosphodiesterase 10A inhibitor,20 and a glycine reuptake inhibitor.21

Given the strong performance of the TAAR1 agonist
ulotaront in a recent phase 2 clinical trial,22–24 as well as the exis-
tence of ralmitaront, another TAAR1 agonist being investigated in
clinical trials, there is good reason to believe that these novel
agents may hold greater promise than previous approaches. Here,
we review the biologic, preclinical, and clinical data available for
TAAR1 agonists, so that if and when they are approved for the
treatment of schizophrenia, psychiatry specialists will be ready
r/October Supplement 2022 www.psychopharmacology.com S1

mailto:e�mail: Kane2@northwell.edu
http://www.psychopharmacology.com


Supplement Journal of Clinical Psychopharmacology • Volume 42, Number 5, September/October Supplement 2022
to use them to optimize patient outcomes. We also briefly review
other emerging therapies in late-stage development for the treat-
ment of schizophrenia.

UNMETNEEDS IN SCHIZOPHRENIA: LIMITATIONS
OF CURRENT ANTIPSYCHOTIC MEDICATIONS
The first antipsychotic, chlorpromazine, was introduced in

1952.25 Although antipsychotics revolutionized the treatment of
schizophrenia, the limitations of this class of medications were
evident as early as the 1960s.25 Schizophrenia is a multifaceted disor-
der that consists of positive, negative, and cognitive symptoms
(Fig. 1).26,27 Whereas the intensity of positive symptoms tends to
come and go over a patient's life course, negative and cognitive symp-
toms tend to be ever present (Fig. 2).26,28 Recovery from schizophre-
nia necessitates control of all 3 types of symptoms. However, avail-
able antipsychotics tend to control only positive symptoms.25

Positive Symptoms
Positive schizophrenia symptoms can be considered an ex-

cess or distortion of normal functions.26 Examples include delu-
sions, hallucinations, and disorganized behavior. Although anti-
psychotics offer substantial relief from positive symptoms for
many patients with schizophrenia, up to one third of individuals
exhibit treatment resistance, typically defined as the persistence
of symptoms despite 2 or more trials of antipsychotics of adequate
dose and duration, with documented adherence.10,29

Multiple hypotheses have been proposed to explain why
some individuals experience treatment resistance.10,30 One hypoth-
esis is that these patients develop dopamine supersensitivity, caused
by the upregulation of dopamine receptors, from past antipsychotic
treatment. This supersensitivity would prevent the dopamine recep-
tor blockade by which antipsychotics work. Another hypothesis is
that patients with treatment-resistant schizophrenia have normal do-
paminergic function, and alterations in other neurotransmitter
systems—such as the glutamatergic system—are responsible for
their disorder. The dopamine-focused mechanism of action of an-
tipsychotics would not help control symptoms in these patients.
Such hypotheses are not mutually exclusive; treatment resistance
may be caused by different mechanisms in different patients.10,30

Currently, clozapine is the only evidence-based therapy for
treatment-resistant schizophrenia that is approved by the Food
and Drug Administration (FDA). Despite its well-established effi-
cacy for managing positive symptoms in treatment-resistant
schizophrenia,30 as well as improving quality of life and function-
ing,31 its association with cardiometabolic, hematologic, and other
adverse effects limits its use.25,32 Although research suggests that
FIGURE 1. Patients with schizophrenia experience 3 core types of symp
antipsychotics primarily control positive symptoms. Adapted from Corre
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clozapine can be used safely when dietary, clinical, and therapeutic
monitoring is in place,33 it can be challenging for clinicians to pro-
vide such monitoring in everyday practice.34 Many healthcare
providers also remain wary of using this agent because of the risk
of severe adverse effects.34,35 Finally, some patients with
treatment-resistant schizophrenia fail to respond to clozapine, or
are unwilling to take it.30 As a result, clozapine is underused, al-
though many patients have a favorable experience taking it.36–38

For these reasons, agents with attractive safety profiles that could
be used to treat patients who do not respond to existing antipsy-
chotics would represent a major advance for the field.

In addition to failing to control positive symptoms in patients
with treatment-resistant schizophrenia, available antipsychotics
fail to prevent relapse for a sizable proportion of patients. One
study found that 1 in 5 patients with first-episode schizophrenia
who initially responded well to antipsychotic treatment experi-
enced breakthrough psychotic symptoms over a 2-year period,
even when a long-acting injectable (LAI) antipsychotic was used
to ensure adherence.39 Although the breakthrough symptoms
tended to be less severe than first-episode symptoms, the patients'
treatment response was poorer. Similarly, a meta-analysis of 19
LAI trials found that 1 of 5 patients relapsed over a period of
roughly 9 months.40 Among patients who did not initially achieve
symptom remission while taking their LAI, this figure was 1 in 3.
Because every relapse makes remission harder to achieve,41 fail-
ure to prevent relapse has serious ramifications for a patient's
life-long disease trajectory.

To treat patients experiencing treatment-resistant schizophre-
nia or breakthrough symptoms, clinicians may try increasing the
dose of their antipsychotic or augmenting it with another antipsy-
chotic.30 Unfortunately, although increasing the dose of an antipsy-
chotic may improve its effectiveness, it also makes a patient more
likely to experience a range of adverse effects, including weight
gain, parkinsonism, hyperprolactinemia, and neurocognitive im-
pairment.42 Similarly, with regard to treatment-resistant schizophre-
nia, there is little evidence that 2 antipsychotics are more beneficial
than one antipsychotic, and adding another antipsychotic to a
patient's treatment plan increases the chance they will experience
adverse effects.30,41 Clearly, the limited tools available hamper cli-
nicians' ability to manage patients' positive symptoms.
Negative Symptoms
Negative schizophrenia symptoms involve a reduction in or

absence of normal behaviors related to motivation, interest, and
expression.26 Examples include avolition, anhedonia, asociality,
blunted affect, and alogia. Negative symptoms are not typically
toms: positive, negative, and cognitive. However, currently available
ll and Schooler26 (2020) and Bowie and Harvey27 (2006).
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FIGURE 2. Schematic of different types of symptoms over the life course of a typical patient with schizophrenia. Adapted from Correll and
Schooler26 (2020) and Millan et al28 (2014).
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the reason that patients with schizophrenia receive clinical care,
and patients often lack insight into their negative symptoms.26

As a result, it is easy for clinicians to give patients' negative symp-
toms less attention than their positive symptoms. However, nega-
tive symptoms are extremely common and have an outsized im-
pact on patients' lives.

Among patients experiencing a first psychotic episode, 90%
experience at least 1 negative symptom.26 Negative symptoms se-
vere enough to require treatment occur in up to 60% of patients
with schizophrenia.26 Research shows that negative symptoms
are a better predictor of quality of life and functional outcomes
than are positive symptoms.43

As mentioned previously, negative symptoms do not respond
well to currently available antipsychotics.26 In some cases, clini-
cians try to address negative symptoms by prescribing antidepres-
sants in addition to antipsychotics. However, the evidence
supporting this practice is lacking, and adding another medication
makes a patient's regimen more complex—and potentially prob-
lematic.41 Therapies that address schizophrenia's negative symp-
toms are sorely needed.
FIGURE3. Bothersomeness of the adverse effects of antipsychotics, as rat
and Adherence 2020;14:2043–2054. Originally published by and used w

© 2022 Wolters Kluwer Health, Inc. All rights reserved.
Cognitive Impairment
Cognitive symptoms of schizophrenia include impaired at-

tention, working memory, verbal fluency, and executive func-
tioning.27 Like negative symptoms, cognitive symptoms are ex-
tremely common in schizophrenia, occurring in roughly 80% of
patients.44 They too are a better predictor of functional outcomes
than positive symptoms.45 In fact, neurocognitive ability has
been found to be the best predictor of everyday life skills among
patients with schizophrenia.46 Because currently available anti-
psychotics fail to meaningfully address the cognitive impairment
present in schizophrenia, it remains difficult for patients to
achieve recovery.

Adverse Effects
The adverse effects associated with antipsychotics are well

known and includeweight gain, prolactin elevation, and extrapyrami-
dal symptoms (EPS), among others. Many of these adverse effects
are associated with excessive D2 receptor occupancy, so they are di-
rectly related to available antipsychotics' mechanisms of action.47 In
ed in a survey of 200 patients with schizophrenia.11 Patient Preference
ith permission from Dove Medical Press Ltd.
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a recent survey of 200 individuals with schizophrenia who were tak-
ing antipsychotics, the adverse effects considered most bothersome
were weight gain, sexual dysfunction, and trouble concentrating
(Fig. 3).11 Although 92% of patients surveyed said that antipsy-
chotics improved their symptoms, more than one quarter (27%)
reported that antipsychotics did more harm than good.

Given the prevalence of adverse effects, it is not surprising
that many patients stop taking their antipsychotics (Fig. 4).41 In
the survey mentioned previously, of the 56% of respondents who
reported stopping their medication at some point, 65% reported
doing so because of adverse effects.11 The adverse effects that
most often led to treatment discontinuation were also among
those most frequently rated “extremely bothersome”: feeling
like a zombie, feeling drowsy/tired, and weight gain. The single
biggest risk factor for relapse in schizophrenia is medication
nonadherence, and with every successive relapse, remission be-
comes harder to achieve.41 The adverse effect profile of current
antipsychotics is a major contributor to both treatment discontin-
uation and failure to achieve remission.

Even among patients who are able to take their antipsy-
chotics consistently, concerns about serious adverse effects such
as tardive dyskinesia and cardiometabolic disease remain. Indeed,
cardiovascular disorder and diabetes are among the leading causes
of morbidity and mortality in individuals with schizophrenia48,49

and are major drivers of the lifetime costs associated with the
disorder.50

In individuals with schizophrenia, long-term treatment with
antipsychotics is associated with lower overall mortality rates than
no long-term treatment,14 even from cardiovascular disease.51

This may be because individuals with schizophrenia experience
a higher risk of cardiovascular mortality independent of antipsy-
chotic use,52 and antipsychotics improve their ability to manage
comorbidities. Comorbidities are quite common; for example, in
a study of 404 patients with first-episode psychosis, 57% had dys-
lipidemia, 15% had prediabetes, 13% had metabolic syndrome,
10% had high blood pressure, 3% had diabetes, and many were
overweight and smoked.41 By stabilizing patients' schizophrenia
symptoms with medication, clinicians can help lay the foundation
for treatment of their other chronic health conditions. However,
schizophrenia therapies with a more favorable cardiometabolic
profile would further improve patients' health.

Currently, clinicians are limited in their ability to satisfacto-
rily manage antipsychotics' adverse effects. One obvious response
to an adverse effect is to reduce the dose of a patient's antipsy-
chotic, especially once their symptoms have been stabilized. How-
ever, a recent meta-analysis showed that reducing the dose below
the standard range recommended for acute stabilization is associ-
ated with an increased risk of relapse and medication discontinu-
ation.53 Relative to a standard dose, a low dose (50%–99% of the
standard dose) increases the risk of relapse by 44%, and a very low
dose (<50% of the standard dose) increases the risk by 72%.
Moreover, in this study, adverse effect outcomes—including
intolerability-related discontinuations—differed little among the
FIGURE 4. Risks associated with the adverse events caused by antipsych
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dose groups. Thus, dose reductions below the standard range do
not seem to be a safe or effectiveway to respond to adverse effects.

Older adults (those 65 years and older) seem to be especially
vulnerable to elevated mortality rates and cardiopulmonary arrest
when taking antipsychotics.54 As the proportion of older adults in
the United States andmany other countries rises over time,55 the toll
that antipsychotics take on cardiopulmonary health will increase at
the population level. This makes the search for new, safer schizo-
phrenia therapies urgent.

Recovery
The criteria for functional recovery from schizophrenia typi-

cally include symptom remission, vocational function, indepen-
dent living, and meaningful peer relationships for more than
2 years.41 The adverse effect profiles and limited effectiveness
of current antipsychotics have contributed to the relatively low
percentage of patients who achieve recovery. Long-term treatment
for schizophrenia is characterized by recurrent cycles in which an-
tipsychotics are interrupted and then reintroduced, which is not
conducive to recovery.56 Patients and clinicians report that the
top 2 reasons for discontinuing antipsychotics are lack of effec-
tiveness and adverse effects.57 Even in Finland, where issues of in-
surance coverage and treatment access are less problematic than in
the United States, participants in a national cohort study experi-
enced a median of 6 treatment interruptions during 8 years of
follow-up.56 More effective, tolerable, and safe treatment options
could help increase the proportion of patients with schizophrenia
who are able to achieve recovery.
THE NEW BIOLOGY OF TAAR1 AGONISTS:
EMERGING AGENTS FOR THE TREATMENT

OF SCHIZOPHRENIA
Schizophrenia is a multifaceted disorder that affects multiple

interconnected brain pathways, including the dopaminergic, glu-
tamatergic, and serotoninergic systems.58 Despite the nuanced
neurobiology underlying schizophrenia, as well as the wide spec-
trum of symptoms, available antipsychotics work almost exclu-
sively by antagonizing D2 receptors, which results in dopamine
blockade.59 Many atypical antipsychotics also possess serotonin
5-hydroxytryptamine 2A receptor (5-HT2A) activity.

59

The limited effectiveness of current antipsychotics suggests
that some cases of schizophrenia are caused by dysfunction out-
side the D2 dopaminergic system.60 It is notable that some patients
with treatment-resistant schizophrenia respond to clozapine,
which is unique among typical antipsychotics for its affinity for
the D4 dopamine receptor, aswell as its action at serotonergic, nor-
adrenergic, and glutamatergic receptors.61,62 Given the inability of
currently available antipsychotics to control symptoms for many
patients with schizophrenia, agents with entirely novel mecha-
nisms of action are likely required, especially to control negative
and cognitive symptoms.
otics. Adapted from Harvey and Kane41 (2021).
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FIGURE 5. Key regions of TAAR1 expression in the brain that are associated with schizophrenia pathophysiology. Trace amine–associated
receptor 1 is found in dopamine-rich regions, such as the ventral tegmental area and substantia nigra, and serotonin-rich regions, such as
the dorsal raphe nucleus. Adapted from Nair et al63 (2022).
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Trace amine–associated receptor 1 agonists have emerged as
a novel class of potential schizophrenia therapies. Trace amine–
associated receptor 1 is a G-protein–coupled receptor expressed
in various dopamine-rich regions of the brain that are associated
with schizophrenia (Fig. 5.)63,64 Initial evidence suggests both in-
tracellular and membrane localization for TAAR1.64 Preclinical
data show that TAAR1 affects central nervous system function
and behavior, possibly through its influence on the monoamine sys-
tem, which encompasses dopamine, noradrenaline, and serotonin
signaling; it also has effects on the glutamatergic system.64 Trace
amine–associated receptor 1 seems to act as an internal rheostat,
maintaining neurotransmission within healthy physiologic limits.65

Specifically, it is believed to function in regulating reward circuits,
cognitive processes, mood states, glucose levels, and body
weight,65 all of which are disrupted in schizophrenia.
FIGURE 6. Effects of TAAR1 on the dopaminergic system. Figure reprint

© 2022 Wolters Kluwer Health, Inc. All rights reserved.
The rationale for investigating TAAR1 agonists as schizo-
phrenia therapies is supported by several lines of evidence. First,
by activating TAAR1, TAAR1 agonists seem to modulate the sig-
naling of multiple neurotransmitter systems, including the dopami-
nergic, serotonergic, and glutamatergic systems, that are dysregu-
lated in schizophrenia.59,64,66 Second, genetic variants in the TAAR
genes, including TAAR1, have been linked to schizophrenia.67 This
suggests that targeting TAAR1 could modify the symptoms of
schizophrenia. Finally, agents that do not block postsynaptic D2 re-
ceptors are unlikely to contribute to the development of important
adverse effects associated with current antipsychotics, such as
hyperprolactinemia and EPS.68

Although TAAR1 agonists do not directly antagonize D2 re-
ceptors, as current antipsychotics do, they do act at multiple points
in the dopaminergic signaling system. Preclinical research shows
ed from Rutigliano et al64 (2018, CC-BY 4.0).
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that when bound by an agonist, TAAR1 forms heterodimers with
D2 dopamine receptors on presynaptic and postsynaptic neurons, al-
tering theway that these receptors function (Fig. 6).64,69,70 Dopamine
efflux then occurs through the D2 receptors, reducing dopamine
levels within presynaptic neurons.71 Simultaneously, dopamine trans-
porters are internalized, decreasing dopamine uptake and the rate at
which dopaminergic neurons fire.64,69,71 This action of TAAR1 ago-
nists at the presynaptic level represents a novel approach tomanaging
schizophrenia, given that current antipsychotics function primarily at
the postsynaptic level by blocking dopamine receptors from binding
dopamine released into the synaptic cleft.

Trace amine–associated receptor 1 agonists do more than al-
ter dopamine release by presynaptic neurons. They also decrease
postsynaptic dopamine activity via the β-arrestin-2–dependent
Akt/glycogen synthase kinase-3 pathway (Fig. 6).69 This pathway
governs dopamine-mediated behaviors and is implicated in
schizophrenia.69 Furthermore, TAAR1 agonists reduce the firing
of serotonergic neurons and increase transmission through gluta-
matergic neurons66—all potentially important processes for con-
trolling schizophrenia symptoms.

Ulotaront (SEP-363856)
Ulotaront is a TAAR1 agonist with serotonin 5-HT1A agonist ac-

tivity, and it is the first TAAR1 agonist to enter phase 3 trials. As such,
it has been granted breakthrough therapy designation by the FDA.72

Pharmacology
Ulotaront was discovered during a screen for agents that

lackedD2 or serotonin 5-HT2A antagonist activity while demonstrating
an antipsychotic-like profile in vivo.59 Specifically, researchers used
SmartCube, an artificial intelligence–based phenotypic discovery
FIGURE 7. Screening a compound library in mice revealed that ulotaron
antidepressant activity, despite lacking D2 and serotonin 5-HT2A antagon
Adapted from Dedic et al 59 (2019) with permission from American Soci
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platform, to identify ulotaront.59,73 In the SmartCube system, after
an agent is administered to a mouse, supervised machine learning
algorithms assess the animal's phenotype, including locomotion,
trajectory complexity, body posture and shape, and behaviors.
On the basis of this automated assessment, the agent being studied
is assigned a label, such as antipsychotic or antidepressant, based
on the similarity of its profile to that of known drugs. This
high-throughput approach allows investigators to efficiently
screen large compound libraries.

In this case, screening a compound library with the SmartCube
system showed a dose-dependent relationship between ulotaront
treatment and antipsychotic activity in mice (Fig. 7).59 Ulotaront also
showed modest antidepressant properties. Next, receptor panel
screening and functional tests showed that this agent is a TAAR1
and serotonin 5-HT1A agonist. Subsequent experiments in mice,
rats, and monkeys demonstrated that orally administered ulotaront
has good systemic bioavailability and high brain penetrance. Fi-
nally, follow-up experiments in mice showed that ulotaront exhibits
antipsychotic- and antidepressant-like activity without inducing
catalepsy, indicating low potential for causing EPS in humans.
These preclinical findings set the stage for studies in humans.
Clinical Trial Data
Findings from a 4-week phase 2 randomized trial comparing

ulotaront to placebo in acutely ill patients with schizophrenia have
been reported,22 as well as the results of a 26-week open-label ex-
tension of this trial.23 A total of 193 patients completed the 4-week
trial, of whom 157 continued in the extension study.23 Figure 8
shows how these studies were designed.22,23

With regard to efficacy, ulotaront was found to have a medium
effect size (0.45,P = 0.001) on the Positive and Negative Syndrome
t exhibits dose-dependent antipsychotic properties, as well as
ist activity. ADHD, attention-deficit/hyperactivity disorder.
ety for Pharmacology and Experimental Therapeutics.
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FIGURE 8. Study design for the 4-week phase 2 trial comparing ulotaront to placebo in acutely ill patients with schizophrenia, as well as its
26-week extension study. Adapted from Koblan et al22 (2020) and Correll et al23 (2021).
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Scale (PANSS), with improvement seen for both positive and neg-
ative symptoms (Table 1).22 Further improvement in symptomswas
documented in the extension study, as measured by both PANSS
score and Clinical Global Impressions Scale–severity, including
for cognitive symptoms (Fig. 9).23,24 The extension study also con-
firmed the effect of ulotaront on negative symptoms: significant im-
provements from baseline were noted using the PANSS negative
subscale, Brief Negative Symptom Scale (BNSS) total score, and
uncorrelated PANSS score matrix Negative Apathy/Avolition Fac-
tor and Negative-Deficit of Expression Factor scores.23

With regard to safety, the incidence of adverse events in the
4-week trial was roughly the same for the ulotaront and placebo
groups.22 The most common adverse events associated with
ulotaront were somnolence, agitation, nausea, diarrhea, and dys-
pepsia. In both the 4-week trial and 26-week extension study, no
significant changes in metabolic laboratory parameters or prolac-
tin levels were found in participants taking ulotaront.22,23

Whereas modest weight gain was documented in the ulotaront
group in the 4-week trial, modest weight loss (-0.3 kg) was ob-
served in the extension study. The incidence of EPS in the
4-week trial was similar between the ulotaront and placebo groups
(3.3% and 3.2%, respectively),22 and it remained low (3.2%) in
the extension study.23 Finally, prolactin levels decreased slightly
in both the ulotaront and placebo groups in the 4-week trial, for
TABLE 1. Efficacy of Ulotaront vs Placebo* in a 4-Week, Phase 2 Ra
Schizophrenia22

Efficacy Measure
Le
F

Ulotaront

Primary end point
PANSS total score −17.2

Secondary end points†
CGI-S score −1.0
PANSS positive subscale score −5.5
PANSS negative subscale score −3.1
PANSS general psychopathology subscale score −9.0
BNSS total score −7.1
MADRS total score −3.3

Adapted from New England Journal of Medicine 2020;382(16):1497–1506.
Medical Society.

*Mean change from baseline ± standard error.

†No inferences can be made for the secondary end points because the study

CGI-S, Clinical Global Impressions Scale-Severity; MADRS, Montgomery

© 2022 Wolters Kluwer Health, Inc. All rights reserved.
both men and women,22 and only 4 cases of increased prolactin
(an incidence of 2.6%) were documented in the extension study.23

These safety data are compelling. In a comparison of ran-
domized controlled trials, the cumulative rate of adverse events
was substantially lower for ulotaront than for available antipsychotics:
23% for ulotaront versus 42% to 60% for lurasidone, quetiapine, and
olanzapine.74 To further compare the safety profiles of these agents,
researchers analyzed real-world data from the US FDA Adverse
Event Reporting System to identify which types of class-related
adverse events are disproportionately associated with 30 atypical
and typical antipsychotics. They then used clinical trial data for
ulotaront and the 3 comparison atypical antipsychotics to plot the pro-
portion of participants who experienced each type of adverse event
disproportionately associated with antipsychotics. For many key ad-
verse events associated with antipsychotics, including weight gain,
diabetes, elevated fasting glucose, extrapyramidal disorder, and
tardive dyskinesia, ulotaront had a superior profile (Fig. 10).74

Ulotaront is currently being investigated in the DIAMOND
program, a collection of 4 clinical studies conducted in patients
with schizophrenia. This program consists of a 6-week phase 3
placebo-controlled trial of ulotaront in adult patients with acute
psychosis (NCT04092686),75 a 6-week phase 3 placebo-controlled
trial of ulotaront in adult and adolescent patients with acute psychosis
(NCT04072354),76 an open-label extension study for participants in
ndomized Trial Conducted in Acutely Ill Patients with

ast-Square Mean Change
rom Baseline at Week 4

Least-Square Mean
Difference (95% CI)

50 or 75 mg Placebo

± 1.7 −9.7 ± 1.6 −7.5 (−11.9 to −3.0)

± 0.1 −0.5 ± 0.1 −0.05 (−0.7 to −0.2)
± 0.5 −3.9 ± 0.5 −1.7 (−3.1 to −0.3)
± 0.4 −1.6 ± 0.4 −1.5 (2.6 to −0.4)
± 0.9 −4.7 ± 0.8 −4.3 (−6.6 to −2.0)
± 1.0 −2.7 ± 0.9 −4.3 (−6.8 to −1.8)
± 0.6 −1.6 ± 0.6 −1.8 (−3.2 to −0.3)

Originally published by and used with permission from the Massachusetts

did not include a plan to control for multiple comparisons.

-Åsberg Depression Rating Scale.
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FIGURE 9. Mean change in positive and negative schizophrenia symptoms during 4 weeks of double-blind treatment with ulotaront or
placebo (left portion of plots) and 26 weeks of open-label treatment with ulotaront (right portion). A, Change in PANSS total score. B,
Change in PANSS subscale scores: negative, positive, and general. DB, double blind; OL, open label; PBO, placebo; ULOT, ulotaront. Adapted
from Correll et al23 (2021, CC-BY 4.0).

Supplement Journal of Clinical Psychopharmacology • Volume 42, Number 5, September/October Supplement 2022
either 6-week trial, and a 57-week phase 3 trial comparing ulotaront
to quetiapine in adults with schizophrenia (NCT04115319).77 In
addition, phase 1 trials are investigating ulotaront treatment in
conjunction with an antipsychotic (NCT04038957)78 and the ef-
fect of ulotaront on metformin transit in the body of patients with
schizophrenia (NCT04865835).79
Ralmitaront (RO6889450)
Ralmitaront is a TAAR1 partial agonist being investigated as

a potential treatment for schizophrenia and schizoaffective disor-
der.70 It is currently being studied in 2 phase 2 clinical trials.

The first trial is comparing ralmitaront to placebo in patients
with stable schizophrenia or schizoaffective disorder who have
negative symptoms, and its primary outcome is change from base-
line on the BNSS Avolition/Apathy subscore at 12 weeks
(NCT03669640).80 It also includes an arm studying ralmitaront
as an add-on therapy to a patient's current antipsychotic. This
trial's estimated completion date is in May 2023 (Fig. 11).80

The second trial is comparing ralmitaront to risperidone and
placebo in patients with schizophrenia or schizoaffective disorder
who are experiencing an acute exacerbation of symptoms
(NCT04512066).81 Its primary outcome is the change from base-
S8 www.psychopharmacology.com
line on the PANSS total score at week 4, and its estimated comple-
tion date is in April 2023 (Fig. 12).81
Potential Place of TAAR1 Agonists in Clinical Practice
Because TAAR1 agonists are only now being characterized, it

remains to be seen how theymight eventually be used in clinical prac-
tice. However, available data suggest that they may represent a valu-
able alternative to traditional antipsychotics in treating schizophrenia
because they seem to target negative and cognitive symptoms as
well as positive symptoms.22–24 Because negative and cognitive
symptoms are such important predictors of patients' quality of life
and ability to function,43,46 agents that can help ameliorate these
symptoms could help many individuals with schizophrenia achieve
recovery. In addition, because ulotaront affects 5-HT1A receptors,
it may have beneficial effects on mood and anxiety.82

Trace amine–associated receptor 1 agonists may also offer
relief to patients experiencing tolerability or safety issues when
taking antipsychotics. The low incidence of EPS and the lack of
significant changes in weight or lipid profiles in the phase 2
ulotaront clinical trial22,23 bolster the long-held hope that schizo-
phrenia drugs with novel mechanisms of action would lack the ad-
verse effect profile of antipsychotics. Researchers also hypothesize
© 2022 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 10. Comparison of adverse event frequency in clinical trials of ulotaront and 3 atypical antipsychotics. Cumulative percentage of
individuals with schizophrenia who experienced an adverse event (y-axis) is shown in relation to disproportional reporting of that adverse
event in postmarketing pharmacovigilance data reported via the US FDA Adverse Event Reporting System. Preferred terms were ranked by
disproportionality analysis using the Empirical Bayes Geometric Mean (EBGM). The insets show the cumulative percentage of individuals
with adverse events of 3-fold or greater disproportional reporting (left) and the EGBM50 for individual studies (below). Adapted from Hopkins
et al74 (2021, CC-NC 4.0).

Journal of Clinical Psychopharmacology • Volume 42, Number 5, September/October Supplement 2022 A New Treatment Paradigm
that TAAR1 agonism could be a novel strategy for managing type
2 diabetes, thanks to TAAR1's role in modulating energy metabo-
lism and nutrient intake.65 Trace amine–associated receptor 1 is
expressed on the insulin-producing β cells of the pancreas and
in the stomach and intestines.63 Future research should clarify
whether TAAR1 agonists have benefits for managing type 2 dia-
betes, over and beyond preventing the unfavorable weight and
lipid changes associated with antipsychotics.
FIGURE 11. Study design for a 12-week phase 2 trial comparing ralmitaro
disorder (NCT03669640). Created based on information from ClinicalTr

© 2022 Wolters Kluwer Health, Inc. All rights reserved.
Finally, because TAAR1 agonists work via a novel mecha-
nism, it is possible that they may control symptoms in patients
with treatment-resistant schizophrenia. As described previously,
some cases of treatment resistance may be caused by dopamine
supersensitivity due to prior antipsychotic use.10,30 Because
TAAR1 agonists do not directly engage dopamine D2 receptors,
they are predicted to be less likely to cause dopamine supersensi-
tivity.63 Trace amine–associated receptor 1 agonists also modulate
nt to placebo in stable patients with schizophrenia or schizoaffective
ials.gov.80
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FIGURE 12. Study design for 4-week phase 2 trial comparing ralmitaront to placebo and risperidone in acutely ill patients with schizophrenia
or schizoaffective disorder, as well as its 8-week extension study (NCT04512066).81 Created based on information from ClinicalTrials.gov.
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signaling of the serotonergic and glutamatergic systems,59,66 so
they may work in patients whose schizophrenia is caused by alter-
ations outside the dopaminergic system.
ADDITIONAL EMERGING THERAPIES FOR THE
TREATMENT OF SCHIZOPHRENIA

In addition to TAAR1 agonists, several other types of agents
with novel mechanisms of action are being investigated for the
treatment of schizophrenia. Here, we provide a brief overview of
each class of emerging therapies.

Muscarinic Receptors
A variety of evidence suggests that the muscarinic cholinergic

system is involved in schizophrenia.83 Currently, a combination ther-
apy called KarXT that targets the muscarinic system is being investi-
gated as a schizophrenia treatment. One agent in the combination,
xanomeline, is a muscarinic receptor agonist, and the other agent,
trospium, is a muscarinic receptor antagonist that reduces the un-
wanted peripheral cholinergic effects of xanomeline.84 A recent
5-week phase 2 trial among patients with schizophrenia showed
that this combination significantly improved the PANSS total
score relative to placebo, as well as the Positive Symptom and
Negative Symptom subscores.84 Treatment-emergent adverse
events included constipation, nausea, dry mouth, dyspepsia, and
vomiting. Phase 3 trials are currently underway to test the efficacy
and safety of KarXT monotherapy in patients with stable schizo-
phrenia (NCT04820309)85 and in acutely psychotic hospitalized
patients with schizophrenia (NCT04659161, NCT04738123).86,87

In addition, KarXT is being investigated as an adjunct treatment
to conventional antipsychotics in a phase 3 trial conducted among
patients with inadequately controlled symptoms of schizophrenia
(NCT05145413).88

Glycine Transporter 1
Blockade of glutamate neurotransmission by NMDA receptor

antagonists can produce a state resembling schizophrenia; therefore,
researchers have investigated whether facilitating glutamate transmis-
sion via the NMDA receptor may improve schizophrenia symp-
toms.26 One strategy for enhancing glutamatergic transmission is to
inhibit glycine transporter 1 and thus increase synaptic levels of gly-
cine, a coagonist required for NMDA receptor–mediated signaling.89

Recently, a 12-week phase 2 trial conducted among patients with
schizophrenia on stable treatment found that an add-on oral gly-
cine transporter–1 inhibitor, BI 425809, improved cognition rela-
tive to placebo, as assessed by the MATRICS Consensus Cogni-
S10 www.psychopharmacology.com
tive Battery overall composite T score.89 The number of patients
with adverse events was similar between the treatment and pla-
cebo groups, and treatment-emergent adverse events associated
with BI 425809 included headache, somnolence, and gastrointesti-
nal disorders. Phase 3 trials are now investigating the effect of ad-
junct treatment with BI 425809 on cognition and functional capac-
ity in patients with schizophrenia (NCT04846868, NCT04846881,
NCT04860830),90–92 and this agent has been granted breakthrough
therapy status by the FDA for the treatment of cognitive impairment
associated with schizophrenia.

5-Hydroxytryptamine 2A Receptor
In addition to blocking dopamine receptors, atypical antipsy-

chotics have a tendency to block serotonin 5-HT2A receptors.45

This has led to interest in developing agents that specifically target
5-HT2A receptors, which regulate glutamatergic and dopaminer-
gic transmission.93 One such agent, roluperidone, is an antagonist
at 5-HT2A, σ2, and α1A-adrenergic receptors.

94 In a 12-week phase
3 trial conducted in patients with stable schizophrenia who had
moderate-to-severe negative symptoms, roluperidone monotherapy
versus placebo marginally missed statistically significant improve-
ment for the primary end point, the PANSS-derived Negative
Symptom Factor Score, in the intent-to-treat data set.94 However,
the improvement associated with roluperidone did reach statistical
significance in a modified intent-to-treat data set that excluded par-
ticipants from one site that had reported implausible behavioral and
physiologic data. Roluperidone also displayed significant improve-
ment relative to placebo for the secondary end point, the Personal
and Social Performance Scale total score, for both the intent-to-
treat and modified intent-to-treat data sets. The most common
treatment-emergent adverse events associated with roluperidone
were insomnia, worsening of schizophrenia symptoms, headache,
anxiety, and agitation.

Another 5-HT2A–targeting agent, pimavanserin, has been
studied as an adjunct therapy to conventional antipsychotics. This
agent is a highly selective 5-HT2A inverse agonist/antagonist with
no affinity for adrenergic, dopaminergic, histaminergic, or musca-
rinic receptors.95 In a 6-week phase 3 trial conducted in patients
with schizophrenia who displayed an inadequate response to their
current antipsychotic, adding pimavanserin versus placebo did not
result in statistically significant improvement for the primary end
point, the PANSS total score. However, exploratory analyses re-
vealed significant improvements in the PANSS Negative Symp-
toms subscale and the Marder Negative Symptom Factor score.
The most common treatment-emergent adverse events associated
with pimavanserin were somnolence, nausea, insomnia, headache,
© 2022 Wolters Kluwer Health, Inc. All rights reserved.
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and anxiety. Additional phase 3 trials are investigating the efficacy
of adjunct treatment with pimavanserin on the negative symptoms
of schizophrenia over 26 weeks (NCT04531982)96 and its safety
and tolerability over 52 weeks (NCT03121586).97

CONCLUSIONS
Since the inception of pharmacotherapy for schizophrenia,

patients and clinicians have had to rely on antipsychotics that work
by antagonizing the dopamine D2 receptor. Many patients treated
with antipsychotics continue to experience residual positive, neg-
ative, and/or cognitive symptoms. In addition, many patients who
take antipsychotics are forced to choose between managing their
schizophrenia and preserving their health and quality of life, with
predictable consequences for medication adherence and relapse.

Recovery is a complex process, and it is unlikely that med-
ication alone will be enough to allow most patients to achieve it.
Although medication can help stabilize patients' symptoms,
multimodal psychosocial treatments, such as cognitive behav-
ioral therapy and family education, will probably be needed to
help most patients achieve their goals.14 However, the stability
offered by medication provides the foundation that allows these
complementary treatment approaches towork. Even with the lim-
itations of available antipsychotics and psychosocial interven-
tions, early intervention services for patientswith early-phase psy-
chosis result in significantly better outcomes, including fewer
hospitalizations, lower risk of medication discontinuation, better
quality of life, greater involvement in school or work, and im-
proved symptoms and functioning.98 Imagine how much more
effective schizophrenia treatment would be if early intervention
could draw on multiple therapy options, offering an unprece-
dented opportunity to provide personalized care.

There is reason to be optimistic that patients with schizophre-
nia may soon have a truly novel treatment option. Based on the
clinical trial data for ulotaront,22–24 it seems TAAR1 agonists have
the potential to be both tolerable and effective, including for ame-
liorating negative and cognitive symptoms. Other emerging thera-
pies include agents targeting muscarinic receptors, oral glycine
transporter–1 inhibitors, and medications blocking serotonin
5-HT2A receptors. The ultimate test of any novel class of treat-
ments for schizophrenia will be its ability to prevent relapse and
improve patients' disease trajectory. An agent capable of preserv-
ing patients' brain health and protecting their quality of life better
than existing antipsychotics do—or even one that can manage
symptoms in patients who are currently experiencing treatment
resistance—would represent a true revolution in the field. Results
from the phase 2 and 3 clinical trials of TAAR1 agonists that are
currently underway are eagerly awaited.
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