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Clozapine is the most effective antipsychotic for patients with treatment-resistant schizophrenia. However, response is highly
variable and possible genetic underpinnings of this variability remain unknown. Here, we performed polygenic risk score (PRS)
analyses to estimate the amount of variance in symptom severity among clozapine-treated patients explained by PRSs (R2) and
examined the association between symptom severity and genotype-predicted CYP1A2, CYP2D6, and CYP2C19 enzyme activity.
Genome-wide association (GWA) analyses were performed to explore loci associated with symptom severity. A multicenter cohort
of 804 patients (after quality control N = 684) with schizophrenia spectrum disorder treated with clozapine were cross-sectionally
assessed using the Positive and Negative Syndrome Scale and/or the Clinical Global Impression-Severity (CGI-S) scale. GWA and PRS
regression analyses were conducted. Genotype-predicted CYP1A2, CYP2D6, and CYP2C19 enzyme activities were calculated.
Schizophrenia-PRS was most signiﬁcantly and positively associated with low symptom severity (p = 1.03 × 10−3; R2 = 1.85). Crossdisorder-PRS was also positively associated with lower CGI-S score (p = 0.01; R2 = 0.81). Compared to the lowest tertile, patients in
the highest schizophrenia-PRS tertile had 1.94 times (p = 6.84×10−4) increased probability of low symptom severity. Higher
genotype-predicted CYP2C19 enzyme activity was independently associated with lower symptom severity (p = 8.44×10−3). While
no locus surpassed the genome-wide signiﬁcance threshold, rs1923778 within NFIB showed a suggestive association (p =
3.78×10−7) with symptom severity. We show that high schizophrenia-PRS and genotype-predicted CYP2C19 enzyme activity are
independently associated with lower symptom severity among individuals treated with clozapine. Our ﬁndings open avenues for
future pharmacogenomic projects investigating the potential of PRS and genotype-predicted CYP-activity in schizophrenia.
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INTRODUCTION
About one-third of patients with schizophrenia is considered to
have treatment-resistant schizophrenia (TRS) [1]. TRS has been
deﬁned as the persistence of symptoms despite at least two trials
of antipsychotic medications of adequate dose and duration with
documented adherence [2–4]. For patients with TRS, clozapine is
the most effective antipsychotic drug [5, 6]. However, 40% of TRSpatients achieve no sufﬁcient response to clozapine, suggesting
that up to 20% of schizophrenia patients are ultra-resistant
(deﬁned as failure to respond to adequate trials of two
antipsychotics and clozapine) [7]. Despite its efﬁcacy, the mean
delay in clozapine prescription reaches up to 9 years [8–10], which
in turn is associated with poor treatment outcomes and less
functional recovery [11, 12]. Elucidating determinants of symptom
severity while on clozapine may contribute to early identiﬁcation
of those more likely to be responsive to clozapine, enabling
patients to start clozapine earlier in their disease course, resulting
in a better quality of life, increased life expectancy, and lower
economic burden [13, 14]. This is all the more important given the
evidence that clozapine as ﬁrst- or second-line therapy is more
effective than other antipsychotics [11, 15, 16]. In addition,
patients who are less likely to be responsive to clozapine may
delay clozapine treatment, avoiding unnecessary potential side
effects and blood monitoring.
A promising strategy for the identiﬁcation of genetic variation
associated with symptom severity among clozapine users, is the
genome-wide association study (GWAS) that also allows to
generate data for polygenic risk scoring (PRS). Several GWASs
have identiﬁed candidate loci for clozapine blood concentrations
and severe adverse drug reactions associated with clozapine, but
limited focus has been given to symptomatic outcomes in patients
using clozapine [17–21]. To our knowledge, there has only been
one study that used a genome-wide approach to examine
clozapine treatment outcome [22]. In that study of 123
clozapine-treated individuals, no statistically signiﬁcant differences
in schizophrenia-PRS between responders and nonresponders
were detected (N = 123, p = 0.06) [22]. PRS analyses performed to
uncover differences between responders and nonresponders of
other antipsychotics have yielded inconsistent results [23–26].
Another promising approach that complements GWAS and
PRS, is the examination of known haplotype variation in genes
associated with clozapine metabolism. CYP1A2 is considered the
primary metabolism pathway for clozapine with secondary minor
contributions from CYP3A4/5, CYP2D6, and CYP2C19 that
collectively produce two metabolites, norclozapine (active) and
clozapine n-oxide (inactive) [27]. Although norclozapine possesses the hallmark characteristics of an atypical antipsychotic
[28], it is thought to have little antipsychotic activity and may be
responsible for side effects [29]. The role CYP enzymes play in
clozapine metabolism can be exempliﬁed by the comparison of
clozapine blood concentrations of smokers and nonsmokers. The
polycyclic aromatic hydrocarbons produced by smoking are
established inducers of CYP1A2 enzymatic activity and smokers
have consistently been shown to have lower clozapine and
higher norclozapine blood concentrations compared to nonsmokers [30, 31]. Thus, the relationship between CYP enzyme activity
and clozapine metabolism is notable, can differ between persons,
and as a result, clozapine blood concentrations among individuals
prescribed the same dose may vary. Because of this variation,
therapeutic drug monitoring of clozapine blood concentrations is
routinely applied. Previous studies have suggested that clozapine
blood concentrations ≥350 ng/mL are associated with superior
symptomatic outcome [32]. However, determining the required
dose for an individual to achieve this target blood concentration
and symptomatic relief can be challenging. As such, several
studies have used haplotype variation in CYP1A2, CYP2C19, and
CYP2D6 as markers of an individual’s capacity to metabolize
clozapine and their probability of receiving symptomatic relief

[33–36]. Although results of these studies have been inconsistent,
recent ﬁndings suggest these inconsistencies could be a result of
phenoconversion, a phenomenon in which an individual’s
genotype-predicted drug metabolism does not reﬂect their
observed metabolism, due to the presence of nongenetic factors
such as concomitant medications (e.g., (es)citalopram) and
smoking behavior [37]. Thus, we hypothesized that genotypepredicted drug metabolism corrected for phenoconversion would
be associated with clozapine blood concentrations and symptom
severity.
Given the lack of established knowledge about genetic
mechanisms underlying clozapine treatment outcome, this is the
ﬁrst study in patients with severe schizophrenia that dissects
associations between symptom severity and genome-wide data.
An international team with a range of different backgrounds
joined forces several years ago, resulting in a unique and the
largest dataset of clozapine users with genome-wide and
symptom severity data available. The aims of the study were to
analyze the amount of variance in symptom severity among
clozapine-treated patients explained by PRSs, to examine the
association between symptom severity and genotype-predicted
CYP1A2, CYP2D6, and CYP2C19 enzyme activity, and explore loci
associated with symptom severity using GWA analyses.

PARTICIPANTS AND METHODS
Participants

Participants (N = 804) came from ﬁve independent cohorts: 470 participants
were recruited by the Clozapine International (CLOZIN) [38–41] consortium in
the Netherlands, Germany, Austria, and Finland; 174 participants by the
Genetic Risk and Outcome of Psychosis (GROUP) consortium in the
Netherlands; 80 participants by the Cooperative Research Centre (CRC) in
Australia; 50 participants by Hacettepe University in Turkey; and 30
participants by Mental Health Services Rivierduinen in the Netherlands. All
studies were approved by their respective local Institutional Review Boards
and all participants provided written informed consent prior to participation.
The studies were compliant with the Declaration of Helsinki (2013) [42].
Participants were included if they: (1) were aged 18 years or older, (2) had a
primary diagnosis of schizophrenia spectrum disorder (SSD), and (3) were
using clozapine (no minimum duration of treatment). The eligibility criteria
were not strict to represent ‘real world’ patients, as this is valuable for clinical
value and applicability. Clozapine blood levels were measured in local
accredited laboratories, ~12 h after the last clozapine dose intake. More
information about each cohort is provided in the Supplementary Methods.

Phenotyping
Symptom severity was assessed by treating physicians or trained study
raters using the Clinical Global Impression-Severity (CGI-S) scale and/or the
Positive and Negative Syndrome Scale (PANSS) [43, 44]. CGI-S scores were
available for participants from CLOZIN, Hacettepe University, and Mental
Health Services Rivierduinen, and PANSS scores for participants from
GROUP and CRC Australia. Previous studies have shown a correlation
between PANSS scores, Brief Psychiatric Rating Scale (BPRS) scores, and
CGI-scores and the authors of these studies provided us with a table to
convert PANSS scores to CGI-S scores (Supplementary Table 1) [45, 46]. Our
main outcome was symptom severity deﬁned as a quantitative measure
(CGI-S score) and our secondary outcome was symptom severity deﬁned as
a binary measure (low vs. high symptom severity). Low symptom severity
corresponded to a (converted) CGI-S score of 1 to 3 (‘normal’ to ‘mildly ill’)
and high symptom severity corresponded to a (converted) CGI-S score
of 4 to 7 (‘moderately ill’ to ‘among the most extremely ill patients’). See
Supplementary Methods for more detailed information.

Genotyping and quality control
Genotyping and quality control followed standard procedures and are
described in Supplementary Methods.

Statistical analysis
Genome-wide association analyses. Statistical analyses were conducted
using PLINK v1.90b3z 64-bit and R version 3.2.2 (14 Aug 2015; http://www.
Translational Psychiatry (2022)12:145
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r-project.org/) software packages. Explorative GWAS was conducted using
linear regression for quantitative outcome and logistic regression for
binary outcome. The quantitative outcome analysis was thus a quantitative
trait locus (QTL) analysis, conducted similarly to previously reported
[47, 48]. We performed GWA analyses of both outcomes, correcting for sex,
age, age-squared, and the ﬁrst 10 genetic-ancestry principal components
(PCs). These analyses were conducted in our entire multi-ethnic cohort to
assure diversity and inclusiveness of non-North Western European people
[49]. However, to evaluate the robustness of our ﬁndings, as sensitivity
analyses, we repeated all analyses after removing participants deviating
more than 3 standard deviations (SD) from the means of the ﬁrst four PCs,
based on the HapMap3 HRC r1.1 2016 (GRCh37/hg19) population (N =
1397; Supplementary Fig. 1). Genome-wide signiﬁcance was set at
p < 5×10−8 and suggestive signiﬁcance at p < 5×10−5.
Post-GWAS analysis was performed for identiﬁcation and annotation of
independent associations within our data, using Functional Mapping and
Annotation of genetic associations (FUMA) [50] and Hi-C coupled Multimarker Analysis of GenoMic Annotation (H-MAGMA v1.08; Supplementary
Methods) [51].
Polygenic risk score analyses. PRS is an estimate of an individual’s
polygenic liability to a certain trait [52]. PRSs were calculated for the
following three traits relevant for schizophrenia or clozapine metabolism,
using the most recent GWAS’ summary statistics: schizophrenia [53],
cross-disorder [54], and clozapine metabolism [17]. The PRSs were
corrected for sex, age, and 10 PCs, and the Bonferroni-corrected
signiﬁcance level was p < 0.017 (see Supplementary Methods and
Supplementary Table 2 for details).
Genotype-predicted enzyme activity score analysis. Multiple drug metabolizing enzymes contribute to the demethylation and oxidation of clozapine
(physiologically active compound) to N-desmethylclozapine (“norclozapine”; putatively active metabolite) and clozapine n-oxide (considered to
be an inactive metabolite) [27, 55, 56]. However, CYP1A2, and to a lesser
extent CYP2C19 and CYP2D6, are considered the primary clozapine
metabolizing enzymes in vivo [27]. Imputed genotype data (see
‘Genotyping—Genotyping and quality control’) was subjected to Stargazer
v1.08 [57] to call CYP-haplotypes (star alleles). Activity scores for CYP2D6
were based on translation tables maintained by the Pharmacogene
Variation (PharmVar) Consortium [58] and the Pharmacogenomics Knowledgebase (PharmGKB), whereas activity scores for CYP1A2 and CYP2C19
followed previously published scoring methods (Supplementary Methods
and Supplementary Table 4) [59–61].

Prior to analysis, CYP-activity scores were corrected for concomitant
inhibitors or inducers of each of the corresponding genes using previously
employed phenoconversion methodology (Supplementary Methods and
Supplementary Table 5) [37]. To determine if CYP-activity scores were
associated with symptom severity outcomes, logistic and linear regression
models were ﬁtted, with age, sex, dose-adjusted clozapine levels (i.e.,
concentration-to-dose ratio, one measurement per participant), and
duration of clozapine therapy included as covariates [37]. In addition,
linear regression models were ﬁtted to estimate the amount of variance in
dose-adjusted clozapine levels that was explained by CYP2C19, CYP1A2,
and CYP2D6. Levels of N-desmethylclozapine were unavailable. The
Bonferroni-corrected signiﬁcance level was p < 0.017, as we corrected for
three independent regression analyses performed.
In the event of detection of signiﬁcant associations between symptom
severity on the one and PRS as well as CYP genotypes on the other hand,
we hypothesized these were independent and therefore tested whether
this was indeed the case by adding the signiﬁcant PRS(s) to the model.

RESULTS
Genome-wide association analysis
Six hundred and eight-four individuals and 5,506,411 SNPs
passed the QC and were included in the GWAS. There were 330
participants with low and 354 with high symptom severity (see
Supplementary Table 6 for demographic and clinical characteristics). Linkage disequilibrium (LD)-intercept scores and genomic
inﬂation correction factors (λGC) pre- and postimputation were
all <1.02, suggesting no inﬂation of the test statistics (Supplementary Fig. 2).
No genome-wide signiﬁcant hits were identiﬁed. The most
signiﬁcantly associated locus was detected between quantitative
outcome and intronic rs1923778 on chromosome 9 (p =
3.78×10−7; Fig. 1A, Supplementary Fig. 3A & Supplementary Table
7), within nuclear factor 1 B-type (NFIB). We did not detect doseadjusted clozapine level differences between genotype groups at
this locus, rendering it unlikely that the association we found is
merely a proxy for association with dose-adjusted clozapine levels
(Supplementary Fig. 4 & Supplementary Table 8). The most
signiﬁcant locus for binary outcome was intronic rs4742565 on
chromosome 9 (p = 1.64 x 10−6; Fig. 1B, Supplementary Fig. 3B

Fig. 1 Genome-wide association analysis of symptom severity while on clozapine. A, B Manhattan plots depicting the genome-wide
association results of symptom severity while on clozapine for quantitative and binary outcome. The X-axis shows the chromosomal positions.
The Y-axis shows –log10 (p values). The red line illustrates the genome-wide signiﬁcance level of p = 5 × 10−8, and the blue line illustrates the
suggestive level of signiﬁcance of p = 5 × 10−5. The arrows indicate the top loci and the closest genes.
Translational Psychiatry (2022)12:145
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Fig. 2 Association between symptom severity while on clozapine and polygenic risk scores for schizophrenia. A, B. Bar plot illustrating the
explained variance for the association of schizophrenia-PRS with binary outcome at several pt, adjusted for sex, age, and 10 PCs. pt are
displayed on the X-axis, where the number of included SNPs increases with more lenient pt. Δ Explained variance represents the Nagelkerke
R2 (shown as %). The red dots represent the signiﬁcance of the association results (-Log 10 p value). The dashed line represents a nominal
signiﬁcance-level of p < 0.05 (A). Individual risk prediction: higher schizophrenia-PRS was associated with higher positive predictive value
for low symptom severity. Whiskers represent conﬁdence intervals (±1.96 × standard error) around the central positive predictive value
estimate (B).

and Supplementary Table 7), within protein tyrosine phosphatase
receptor type D (PTPRD). In sensitivity analyses, results remained
similar (Supplementary Results). LD between the top quantitative
locus and the top binary locus was R2 = 0.0010, D’ = 0.092 and the
loci were 5 Mb apart.
Post-GWAS analyses using FUMA indicated signiﬁcantly
enriched differentially expressed gene sets for the hypothalamus
and hippocampus for quantitative outcome (Supplementary
Results, Supplementary Fig. 5A) and expression in the brain of
the prioritized genes for binary outcome (Supplementary Fig. 5B).
We did not ﬁnd any signiﬁcantly associated target genes using
H-MAGMA (Supplementary Fig. 6A, B).
Polygenic risk score analysis
The same 684 individuals were included in PRS-analyses.
Schizophrenia-PRS was signiﬁcantly associated with binary outcome (p = 1.03x10−3, R2 = 1.85, pt = 0.4, Figs. 2A and 3A). Patients
in the highest schizophrenia-PRS tertile had 1.94 times (p =
6.84x10−4, 95% conﬁdence interval (CI) = 1.33–2.81) increased
chances of low symptom severity while on clozapine compared to
patients in the lowest schizophrenia-PRS tertile (Fig. 2B, Supplementary Table 9 and Supplementary Table 10). Similarly, patients
in the highest schizophrenia-PRS decile had 2.26 times (p =
3.96x10−3, 95% CI = 1.30–3.91) increased chances of low symptom severity while on clozapine compared to patients in the
lowest schizophrenia-PRS decile (Fig. 2B, Supplementary Table 9
and Supplementary Table 10). Cross-disorder-PRS was signiﬁcantly
associated with quantitative outcome (p = 0.01, R2 = 0.81, pt = 0.3,
Fig. 3B). Other PRS association results were not signiﬁcant
(Supplementary Results, Supplementary Fig. 7A–F). In sensitivity
analyses results remained similar (Supplementary Results).
Genotype-predicted enzyme activity score analyses
Higher CYP2C19 activity score was signiﬁcantly associated with
greater probability of low symptom severity (i.e., symptom
improvement) (odds ratio (OR) = 1.59, 95% CI = 1.13–2.24, p =
8.44x10−3, N = 291, Supplementary Table 11, Fig. 4A) and
quantitatively lower symptom severity scores (beta = −0.10, p =
0.10; Supplementary Table 12 and Fig. 4B) but was not associated
with dose-adjusted clozapine levels (Supplementary Table 13,
Fig. 4C). The association between CYP2C19 activity score and the
probability of low symptom severity did not change when
including schizophrenia-PRS (OR = 1.59, 95% CI = 1.13–2.24,

p = 8.51x10−3, Supplementary Table 14), schizophrenia-PRS and
the ﬁrst 10 PCs (OR = 1.63, 95% CI = 1.97–2.43, p = 0.02,
Supplementary Table 15), or the top two GWAS hits (NFIB
rs1923778, PTPRD rs4742565) (OR = 1.60, 95% CI = 1.06–2.42,
p = 0.02, Supplementary Table 16).
CYP1A2 activity score was not associated with our binary
(Fig. 4D) or quantitative (Fig. 4E) outcomes but was inversely
correlated with dose-adjusted clozapine levels (beta = −0.35, p =
2.71x10−10; Supplementary Table 13, Fig. 4F). CYP2D6 activity
score was not associated with either symptom severity or doseadjusted clozapine levels (Fig. 4G–I). Neither NFIB rs1923778
(beta = −0.08, p = 0.47) nor PTPRD rs4742565 (beta = 0.07, p =
0.26) were associated with dose-adjusted clozapine levels. No
interaction between CYP2C19 and schizophrenia-PRS was found
for binary outcome (beta = 0.04, p = 0.17). It is important to note
that the C/D ratios were signiﬁcantly higher in the Hacettepe
cohort, compared to the other cohorts (Supplementary Table 8). In
sensitivity analyses results remained similar, indicating that
ancestry does not inﬂuence the results and conclusions (Supplementary Results). Furthermore, there was no difference in the
dose-adjusted clozapine concentrations between people with low
symptom severity (mean = 1.37, SD = 0.86) and high symptom
severity (mean = 1.42, SD = 0.91; t = 0.57, p = 0.57; Supplementary Results, Supplementary Table 17&18, Supplementary Fig. 13)
or in absolute clozapine concentrations between people with low
symptom severity (mean = 426.35, SD = 261.12) and high symptom severity (mean = 421.67, SD = 239.30; t = −0.17, p = 0.88;
Supplementary Fig. 13).
DISCUSSION
To our knowledge, this is the ﬁrst study using a comprehensive,
genome-wide approach to examine the genomic underpinnings
of symptom severity among individuals with SSD treated with
clozapine (N = 804 before and N = 684 after QC). Using a novel
approach of integrating genome-wide, PRS, and CYP analyses, we
demonstrate that higher schizophrenia-PRS and higher genotypepredicted CYP2C19 enzyme activity are independently associated
with lower symptom severity while on clozapine.
Although no signiﬁcant genome-wide hit was discovered, the
loci on NFIB (rs1923778, p = 3.78x10−7) and PTPRD (rs4742565,
p = 1.64x10−6) are of interest given previous literature. NFIB is a
protein-coding gene associated with embryonic development,
Translational Psychiatry (2022)12:145
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Fig. 3 Violin plots displaying the distribution in symptom severity while on clozapine by polygenic risk score subgroups. A, B Violin plots
of schizophrenia-PRS (PRS-SCZ) comparison for binary outcome, and cross-disorder-PRS (PRS-CDG) tertile comparison for quantitative
outcome. For both analyses the best ﬁtting p was used. The dashed line illustrates the mean PRS-SCZ (A) and the mean residual CGI-S score (B)
in all participants. Differences were determined by linear regression of quantitative outcome on PRS tertile and using a T-test for binary
outcome, corrected for sex, age, and 10 PCs (Supplementary Methods). **p < 5.0 × 10−3. ns nonsigniﬁcant.

Fig. 4 Association between CYP-activity scores, symptom severity while on clozapine and dose-adjusted clozapine levels. A–I. Association
of corrected CYP2C19, CYP1A2, and CYP2D6 genotype-predicted activity scores with symptom severity while on clozapine and dose-adjusted
clozapine levels.
Translational Psychiatry (2022)12:145
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tumor growth, and brain development [62]. A recent GWAS of
clozapine levels found a different locus on NFIB (rs28379954;
Supplementary Table 19) to be associated with clozapine levels
(p = 1.68×10−8) and risk of subtherapeutic serum concentrations
[17]. Moreover, NFIB expression is correlated with clinical improvement in depressed patients treated with citalopram, suggesting it
could be of interest for pharmacogenomic studies in psychiatry
more broadly than merely for antidepressants [63]. PTPRD is a
protein-coding gene that is highly expressed in the brain and that
plays a role in synaptic adhesion and organization and has been
shown to regulate neurogenesis in mice [64]. Several studies have
shown that PTPRD has both an oligogenic and a polygenic
contribution of common and rare variations in neurological,
behavioral and neurodevelopmental disorders and was found to
be associated with schizophrenia spectrum disorder, obsessivecompulsive disorder, and substance use disorders [64–69]. No
previous association between PTPRD and clozapine has been
reported, but two recent GWASs found PTPRD to be associated
with antipsychotic-induced weight gain (p = 9.26 × 10-9) [70] and
suggestively associated with response to the atypical antipsychotic
lurasidone in European and African participants (p = 6.03 × 10-5
and p = 4.29 x 10−5, respectively) [23].
Our PRS analyses revealed that higher schizophrenia-PRS was
associated with lower symptom severity as a binary trait and
that higher cross-disorder-PRS was associated with lower
symptom severity as a quantitative trait. To our knowledge, no
previous study has examined the association between crossdisorder-PRS and antipsychotic treatment outcome. However,
several studies have evaluated the association between
schizophrenia-PRS and antipsychotic treatment outcome
[22–26], although only one of these studies examined clozapine
response [22]. In line with our results, that study reported higher
schizophrenia-PRS in clozapine responders compared to clozapine nonresponders, although this was not signiﬁcant (p = 0.06)
[22]. Differences in phenotyping (here we used PANSS and CGI-S
scales; in the previous study a nonvalidated, 4-level ordinal scale
was used) and power (N = 684 vs. N = 123) possibly explain
differences in statistical signiﬁcance (p = 1.03 × 10−3 vs. p =
0.06). The same direction of association was found in a GWAS of
lurasidone response (N = 429) [23] and a risperidone response
GWAS [24]. However, a study with ﬁrst-episode psychosis
patients using several antipsychotics (but not clozapine) found
that higher schizophrenia-PRS was associated with lower
response rates (i.e. higher symptom severity) [71]. Several
studies indicate that schizophrenia-PRS increases when comparing ﬁrst-episode psychosis to schizophrenia, and schizophrenia
to TRS [22, 71–73], although there is also conﬂicting evidence for
the latter [74, 75]. Bearing those former observations in mind,
higher schizophrenia-PRS may characterize a subset of TRSpatients more likely to respond well to clozapine. Speculatively,
people with low schizophrenia-PRS may thus have a better
prognosis with shorter duration of illness, whereas in advanced
stages of illness those with high schizophrenia-PRS may respond
better to clozapine [73]. Alternatively, it is also plausible that
people with higher schizophrenia-PRS are genetically more close
to schizophrenia and therefore more responsive to clozapine,
while people who are more genetically distant and/or where
other environmental factors exert an inﬂuence are less
responsive to clozapine.
Furthermore, we found a positive association between
genotype-predicted CYP2C19 enzyme activity and symptom
severity. This ﬁnding aligns with a previous study of 137
clozapine-treated patients that reported CYP2C19 ultrarapid
metabolizers (*17/*17) were ﬁve times more likely to show clinical
improvements [76], although smaller studies have shown no
association [37, 77] or an inverse association [78] between
CYP2C19*17 carriers and clozapine-related symptomatic outcomes. Although CYP2C19 is involved in the demethylation of

clozapine to N-desmethylclozapine, a pharmacologically active
metabolite that binds to an array of receptors including dopamine
D2 and D3 receptors, muscarinic receptors and serotonergic
receptors [27], current evidence suggests CYP2C19 genetic
variation has limited effect on clozapine metabolism [37, 79, 80].
As such, the association between CYP2C19 enzymatic activity and
improvement in clinical outcome is unlikely to be explained by
differential clozapine blood concentrations. In fact, we did not
detect an association between CYP2C19 enzyme activity and
clozapine concentrations. Alternatively, our ﬁndings may reﬂect
CYP2C19’s role in metabolizing endogenous compounds in the
brain [81]. Human studies have shown increased CYP2C19
genotype-predicted activity was associated with smaller hippocampi volumes and greater suicidality [82], although attempts to
replicate these associations have been unsuccessful [83]. A
weakness of our study is the lack of a replication cohort and
consequently our ﬁndings await replication in larger datasets with
diverse ancestries to more ﬁrmly guard against the risk of type-I
error that is inherent in research projects (such as ours) where
several statistical tests are performed. Therefore, future investigations of the relationships between genotype-predicted CYP2C19
enzyme activity and symptomatic outcomes are warranted. In
such future studies, norclozapine should also be taken into
account to allow a separate genetic study on such levels and
ratios with clozapine. Additionally, it is interesting that in the
current study no association between CYP1A2 and symptom
severity is found, as this was suggested from a previous study
[37]. Perhaps this difference in ﬁndings is explained by the use of
different measurements of symptom severity, as the previous
study used PANSS [37], while the current study used CGI-S which
is less speciﬁcally about psychotic symptoms. It is good to note,
there is still little understanding of the relationship between
CYP1A2 and symptom severity, and this should be investigated in
more detail.
Strengths of our study include our unique sample of over 800
multiethnic patients with SSD using clozapine, and the use of a
very recent GWAS-platform, and genotype-predicted activity of
relevant metabolizing enzymes. Furthermore, although no longitudinal data on clozapine response rates was available for our
participants, the distribution of low and high symptom severity
while on clozapine in our cohort (N = 330 vs. N = 354, respectively) aligns with reported response rates to clozapine [7].
Nonetheless, several limitations should be considered when
interpreting our results. First, the main limitation is that our
phenotype, symptom severity, was assessed cross-sectionally and
therefore no distinction can be made between clozapine
response and individual variability in disease severity. In general,
patients starting clozapine have a fairly severe disease course
with high symptom severity prior to initiation of treatment.
However, there is a high degree of heterogeneity in symptom
severity in this population and data on symptom severity prior to
initiation of clozapine was lacking, so the results of the GWAS
should be interpreted in light of this limitation. Second,
participants were cross-sectionally ascertained using two symptom scales, which made the use of a conversion table necessary.
The lack of inﬂation of our GWAS test statistic as well as the
consistency between the results of the main and sensitivity
analyses’ nonetheless support the robustness of the results. Third,
our study population is derived from multiple cohorts and not all
covariate data was complete for all cohorts. For future GWASs, it
would be highly interesting to perform subgroup analyses on
patients stopping clozapine due to poor clinical effect, as this
could provide highly valuable genetic information on ultra-TRS,
and to examine the effects of possible gender differences,
previous antipsychotic medication, and concomitant therapies.
We are also currently working on a genome-wide meta-analysis of
clozapine blood levels to further elucidate possible genetic
underlying mechanisms of the interindividual variability in
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clozapine concentrations. In the meantime, the recruitment of
clozapine users for the CLOZIN study is still ongoing, so that we
can perform a more powerful GWAS in the near future. This larger
sample size is also needed to be able to detect associations
between single SNPs within CYP enzymes and clozapine
concentrations, as we lacked statistical power to do so. Fourth,
we estimate that about 3% of our cohort were incorrectly
classiﬁed as CYP2D6 normal metabolizers due to the absence of
copy number variation data required to detect CYP2D6 ultrarapid
metabolizers (Supplementary Methods). However, to our knowledge, there is no evidence suggesting this misclassiﬁcation error
would have a meaningful impact on our study ﬁndings. Fifth, as
the GROUP cohort is an older cohort, there might be sample
overlap between the current and the PGC-schizophrenia study
population and consequently the PGC-cross-disorder study
population. We therefore repeated our analyses excluding the
samples from GROUP: all PRS association patterns remained
similar with the same pt, albeit less signiﬁcant, as expected due to
loss of power (Supplementary Fig. 9A, B). Furthermore, there were
no clozapine concentrations available from GROUP. Therefore,
this cohort was not represented in the CYP analyses. Another
limitation is that we could not deﬁnitely determine for all cohorts
whether clozapine concentrations represented steady state and
trough levels nor could we verify adherence. Nonetheless, as our
observed clozapine C/D ratios follow the expected pattern of
steady-state and trough levels (Supplementary Fig. 14A–D), it is
likely that these levels are reliable approximations. Inﬂammation
(e.g., C-reactive protein) and caffeine consumption data, which
can inhibit CYP1A2 activity, were not available and could
therefore be over-estimated for some participants. Finally, caution
in the interpretation of our GWAS results is warranted given the
lack of a replication cohort.
In conclusion, we demonstrate for the ﬁrst time that higher
schizophrenia-PRS and CYP2C19 predicted activity are independently associated with low symptom severity among clozapinetreated schizophrenia patients. For future clinical translation, if
these ﬁndings are replicated, schizophrenia-PRS and genotypepredicted CYP2C19 activity may be used in conjunction with
nongenetic factors to help predict clozapine response, ultimately
allowing early identiﬁcation of individuals more likely responding
to clozapine. Such future studies should also incorporate deeper
phenotyping information collected (e.g., clinical symptomatology
in further detail, steady-state clozapine levels, adherence) in a
longitudinal design. Timely prescribing may improve patients’
prognosis, given clozapine’s superiority over other antipsychotics
in early disease stages [15].
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