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Abstract

Clozapine is licenced for treatment-resistant schizophrenia and psychosis in Parkin-
son's disease. In the United Kingdom, there is a mandatory requirement for absolute
neutrophil count (ANC) and white blood cell count (WBC) monitoring to safeguard
against agranulocytosis. Some people have naturally low ANCs without increased
infection risk, caused by a homozygous T > C variant in ACKR1, commonly called the
Duffy-null genotype. This condition is known as ADAN (ACKR1/DARC-associated
neutropenia) and synonyms include DANC (Duffy-null associated neutrophil count)
and BEN (benign ethnic neutropenia). It is usual UK practice to lower WBC/ANC
thresholds for people confirmed to have ADAN. However, ADAN often remains
undetected, resulting in unnecessary discontinuation and exclusion from clozapine.
This CERSI-PGx guideline provides a framework to offer ACKR1 genotype testing
within the existing clinical pathway. We recommend three eligibility criteria, including
pre-emptive testing for all people starting clozapine, testing for people registered in
the Central Non-Rechallenge Database and reactive testing following a below-
threshold blood result (defined as ‘amber’ or ‘red’). We recommend that people with
the Duffy-null genotype should be monitored using revised WBC/ANC thresholds
for ADAN. Regardless of ACKR1 genotype, haematology input is required for people
returning a WBC < 2.0 x 10”/L and/or ANC < 1.0 x 10?/L who present with a key
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1 | BACKGROUND AND OVERVIEW

Clozapine is the only licenced medicinal product for treatment-
resistant schizophrenia.!™® This refers to people who have not
responded to two or more antipsychotic drugs (including at least one
second-generation antipsychotic).¥*” Approximately 30% of people
with schizophrenia are treatment resistant® and they have an
increased risk of hospitalization and suicide.” When compared with
other antipsychotic drugs, clozapine is the most effective therapy for
treatment-resistant schizophrenia,'® with a response rate of 50-
60%.1* Additionally, clozapine is licenced for psychosis in Parkinson's

1,4-6

disease (see Section 2), although it is underused for this indication

due to requirements for blood monitoring and few established cloza-

pine services in neurology settings.*%3

1.1 | The UK monitoring system for clozapine

For some people, clozapine can cause serious adverse drug reactions,
including neutropenia (absolute neutrophil count [ANC] < 1.5 x 10?/L)
and agranulocytosis (ANC < 0.5 x 10°/L),2 with prevalence rates of
3.8% and 0.4%, respectively.* Agranulocytosis can be fatal due to the
high risk of infection.X®> Consequently, most countries recommend or
mandate routine blood monitoring for people taking clozapine.*®

In the United Kingdom, routine monitoring of a person's ANC and
white blood cell count (WBC) is a mandatory requirement for people
taking clozapine. This is mandated by the Medicines and Healthcare
products Regulatory Agency (MHRA) and is regulated and managed
by the UK clozapine registries (Clozaril® Patient Monitoring Service,
CPMS; Denzapine® Monitoring System, DMS; and Zaponex® Treat-
ment Access System, ZTAS).

Clozapine blood monitoring in the United Kingdom follows a traf-
fic light system (Table 1).17*8 A person must return a ‘green’ result to
start clozapine. Continuation of clozapine depends on weekly ‘green’
results in the first 18 weeks of treatment. After the first 18 weeks,
monitoring occurs every 2 weeks for the remainder of the first year
and then monthly for the duration of treatment. If an ‘amber’ result is
returned, monitoring increases to twice per week until the person's
WBC/ANC returns to ‘green’. A ‘red’ result requires immediate dis-
continuation of clozapine, followed by a management ‘red alert’ pro-

tocol (described in Table 1). If two ‘red’ results are recorded on two

clinical feature, such as sustained temperature >38°C. Finally, we summarize health
economic evidence, estimating in the first year of testing, 129 people with the Duffy-
null genotype could be identified, resulting in savings ranging from £42 732 to
£727 990. We propose ACKR1 testing as a cost-effective approach for facilitating
access to clozapine, the optimal therapy for treatment-resistant schizophrenia.

ACKR1, ACKR1/DARC-associated neutropenia, clozapine, Duffy-null associated neutrophil
count, Parkinson's disease, pharmacogenomics, treatment-resistant schizophrenia

consecutive days, clozapine must not be restarted, and the person
must be registered with the Central Non-Rechallenge Database. This
database is shared across all UK clozapine registries and exists to pre-
vent people with suspected clozapine-induced agranulocytosis from
being re-exposed to clozapine.

The guidance provided in the MHRA-approved summary of prod-
uct characteristics (SmPC) for all UK-licenced clozapine products, Clo-
zaril®, Zaponex® and Denzapine®, is the same. However, the SmPCs
do not mention revised thresholds for people with ACKR1/DARC-
associated neutropenia (described in Section 1.2) or the traffic light
system that is used throughout the United Kingdom for WBC/ANC
monitoring for people taking clozapine. After reviewing the SmPCs
and, where available the literature published by the registries, we have
identified differences, which are highlighted in Table S2.

12 |
(ADAN)

ACKR1/DARC-associated neutropenia

Some terms used throughout this guideline are similar and sometimes
interchangeable, and these are described in Table 2.

Clozapine prescribers should consider whether a person has
ADAN (Table 2).17:182° people with ADAN have an ANC below the
normal range, but they do not have an increased risk of infection or
clozapine-induced agranulocytosis.?° =24 In the United Kingdom, when
ADAN is confirmed by a haematologist, reduced WBC/ANC monitor-
ing thresholds are applied (DANC/ADAN thresholds; Table 1) to help
avoid unnecessary clozapine discontinuation and exclusion.*”*® How-
ever, we note that revised thresholds are not included in the clozapine
product SmPCs but instead have been agreed by the clozapine pro-
viders and are equivalent across the United Kingdom.

ADAN is caused by a homozygous variant in ACKR1 (Atypical
Chemokine Receptor 1; c.-67 T > C, rs2814778).247%7 This is known
as the Duffy-null genotype, and the T > C variant at rs2814778 can
be referred to as the Duffy-null variant. The Duffy-null genotype is
prevalent in people of African and Middle Eastern ancestry (approxi-
mately 80% and 25%, respectively) but is much less common in peo-
ple with other ancestries, such as European and East Asian (both
around 1%).20212829 Frequency rates for the Duffy-null variant
across different ancestries and datasets are shown in Table 3. The

global frequency pattern of the Duffy-null variant can potentially be
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TABLE 1 Clozapine blood monitoring in UK practice.1”18

All people taking clozapine are required to undergo WBC and ANC monitoring, as follows

e Before initiating clozapine (pre-treatment baseline blood test).

e At least every week for the first 18 weeks of treatment (~4 months).

e Then, at least at 2-week intervals until the first year of treatment (between Weeks 18 and 52).

e After 1 year of treatment with stable WBC/ANC, people taking clozapine are monitored at least at 4-week intervals.

e Monitoring must continue throughout treatment and for at least 4 weeks after discontinuation.

e People taking clozapine and their carers should be warned to contact a doctor if infection develops, especially a fever (238°C) or sore throat or flu-
like symptoms. If any occur throughout clozapine treatment, an urgent WBC/ANC should be arranged.

Thresholds for routine blood monitoring for people taking clozapine

Standard thresholds® DANC/ADAN thresholds®
(x10°/L) (x10°/L)

Green WBC 2 35and ANC220 WBC=230and ANC 2 1.5 Continue clozapine treatment and blood monitoring at the standard frequency.

Clinical actions

WBC = 3.0 and <3.5 WBC = 2.5 and <3.0
and/or ANC 2 1.5 and and/or ANC 2 1.0 and
<20 <1.5

Red WBC < 3.0 and/or WBC < 2.5 and/or
ANC < 1.5 ANC < 1.0

Continue clozapine treatment with caution. Increase blood monitoring
frequency to at least twice per week until results return to ‘green’ status.

1. Stop clozapine immediately.

2. Monitor for fever or other signs of infection.

3. Follow the ‘red alert’ protocol (as below). If a second blood test on the next
day confirms the ‘red’ result, clozapine should not be restarted.

Existing protocol to manage a ‘red alert’:

e Immediate discontinuation of clozapine is mandatory if a person develops a ‘red’ result, as defined above, and the relevant clozapine monitoring
service (e.g., CPMS, DMS or ZTAS) should be informed as soon as possible.

e People should be monitored for fever, flu-like symptoms (e.g., sore throat) or other signs of infection. Patients should be reminded to inform their
prescriber if any symptoms develop.

e Daily follow-up blood samples should continue until counts are in the ‘green’ range. If a second consecutive ‘red’ result (on the following day)
occurs, this confirms the red alert, and the person should not be restarted on clozapine.

e In people with a confirmed ‘red’ result, clozapine should not be restarted. All people with a confirmed ‘red’ should be registered with the Central
Non-Rechallenge Database (CNRD UK or CNRD Ireland) to ensure they are not inadvertently re-exposed to clozapine from alternative suppliers.
Prescribers are encouraged to keep a record of all blood results and to take any steps necessary to prevent the person from being rechallenged
with clozapine in error in the future.

o If the consecutive sample (on the following day) is not ‘red’, the red alert is unconfirmed. Treatment may only be resumed after two ‘green’ results
have been obtained. Treatment may be restarted at the normal dose if the break in treatment is less than 48 h; otherwise, the dose may be re-
titrated according to an appropriate dosing schedule. The person must remain off clozapine until the second follow-up result is received. Following
an unconfirmed ‘red’, additional monitoring is needed as a precaution if the follow-up results are either ‘amber’ or ‘green’ but still low for that
person, irrespective of whether clozapine is restarted or not.

o If the person's ANC falls below 1.0 x 107 /L and/or WBC falls below 2.0 x 10°/L, management must be guided by a haematologist. If neutropenic
sepsis is suspected, urgent escalation is required including immediate referral to secondary or tertiary care.*’

e All other medications should be reviewed. Consider stopping any drugs that may reduce WBC and/or ANC. If an antipsychotic medication is
required, choose a drug with low potential to cause neutropenia, and avoid depot preparations.

3Standard WBC/ANC thresholds are approved by the MHRA, and these are described in the product SmPCs.*~® There are minor differences in the
thresholds used to initiate clozapine (i.e., for the pre-treatment blood test) and monitoring advice between the clozapine registries, CPMS and ZTAS,
according to their manuals and factsheets (Table S2). The authors advise that clozapine thresholds and monitoring processes should be harmonized across
the SmPC and all registries operating in the United Kingdom.

PDANC/ADAN WBC/ANC thresholds are provided by the United Kingdom's clozapine registries and are not included in the product SmPCs. Please note
these may be referred to as BEN (benign ethnic neutropenia) thresholds. Currently, people with confirmed ADAN (also known as BEN/DANC) can have
the colour-coded ranges for blood monitoring decreased by 0.5 x 10°/L, relative to standard thresholds (see above DANC/ADAN thresholds). These
people should be managed following the normal clozapine protocol but under the DANC/ADAN-revised thresholds. Some monitoring registries require the
agreement of a haematologist to apply the DANC/ADAN-revised thresholds. The authors of this guideline recommend that all people confirmed to have
the Duffy-null genotype (see Table 2 and Sections 6 and 7 for more detail) should be monitored using DANC/ADAN-revised thresholds without delay,
although we note that this differs with existing UK practice for clozapine prescribing.

explained by selective pressures, as people homozygous for the
Duffy-null variant (i.e., the Duffy-null genotype) have partial resis-
tance to Plasmodium vivax malarial parasite infection.®? In 2011,
Howes et al.2? integrated serological and genetics data to map the
global distribution of Duffy blood groups, which confirmed that
regions with high prevalence of the Duffy-null genotype map to his-

torical areas of malaria transmission.>®

The Duffy-null genotype is strongly associated with low ANC;
however, people with the Duffy-null genotype can present with an
ANC in the normal range. For these people, their ANC is likely to be
at the lower end of the normal range, with a study reporting the
median ANC for Duffy-null individuals to be 2.8 x 10°/L.2* Addition-
ally, people with the Duffy-null genotype are at risk of transient neu-

tropenia, occurring in 33% of Duffy-null clozapine users over a
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TABLE 2 Summary of guideline terminology.

Term type Term used in this guideline Equivalent terms
Phenotype e DANC (Duffy-null associated neutrophil count). BEN (benign ethnic
e ADAN (ACKR1/DARC-associated neutropenia). neutropenia).

Gene symbol ACKR1 (Atypical Chemokine Receptor 1). e CCBP1

e CD234

e DARC

e DFY

o FY

e GPD

e WBCQ1
Causal variantand e rs2814778 (c.-67 T > C). e FY*02 N.O1
genotype e Duffy-null genotype® is used when referring to people homozygous for the T > C variant e hg38:

(genotype C/C at rs2814778).

chr1:159204893 T > C

o Duffy-null variant is used when referring to the T > C variant, rather than the combination of o NG_011626.3:

alleles at rs2814778 (i.e., a person's genotype).

g.5881T>C

o Duffy-positive or wild type refers to carriers of a copy of the functional T allele (C/T or T/T at o NM_002036.3

rs2814778).

(ACKR1):c.-67 T > C

Where ‘Duffy-null genotype’ is used throughout this guideline, this refers to people who are homozygous for the T > C variant at rs2814778 (genotype
C/C). The Duffy-null genotype at rs2814778 produces a Duffy-null phenotype exclusively in erythrocytes. Therefore, Duffy antigens (protein products of
the ACKR1 gene) can be expressed in other tissues and cell types in people who are homozygous for the rs2814778 T > C variant. Other variants in the
ACKR1 gene can produce a global Duffy-null phenotype; however, these are rare and are not explored further in this guideline.

TABLE 3 Frequency of the rs2814778 T > C Duffy-null variant in different ancestries and datasets.
Population frequencies of rs2814778 Duffy-null variant in ACKR1 (c.-67 T > C)
Ancestry All of Us*° gnomAD??
African 84% 84%
Americas 8% 6%
East Asian 0.05% 0.0%
European 0.5% 0.2%
Middle Eastern 29% 21%
South Asian 0.2% 0.6%

Note: Data reported in this table refer to genomic studies and population databases that have been used to provide estimates of variant frequencies. These
data are consistent with figures reported in the publication by Howes et al.,?? which mapped rates of the Duffy-null variant and Duffy-null genotype
across global populations. These data?’ show that the prevalence of the Duffy-null variant (and Duffy-null genotype) varies across Africa, with highest
rates in Sub-Saharan Africa. Indeed, in western, central and south-eastern regions of Sub-Saharan Africa, ranging from The Gambia to Mozambique, Duffy-
null variant frequencies are estimated to reach fixation at 100%. In All of Us data, the Americas ancestry group includes ‘people who can trace some of
their distant ancestors to North, Central, or South America. Many of these people may also have some ancestors who came from other places, like Europe
and Africa. People with combinations of Indigenous American genetic ancestry with European and/or African genetic ancestry are included in this
category’.%° In gnomAD data, the Americas ancestry group is defined as Admixed American ancestry.3! We note that people identifying as African
American—who predominantly have African ancestry—are likely to have a much higher Duffy-null variant frequency than reported for the Americas

group.27’34

6-month period (65/199), compared with 6% of people with a copy of
the functional allele (3/50).22 We note that people with a copy of the
functional allele (including people heterozygous for the Duffy-null var-
iant) are unaffected and not at risk of benign neutropenia related to
their ACKR1 genotype. 234

The Duffy-null variant (rs2814778) disrupts the erythroid GATA1
transcription factor binding site in the promoter region of the ACKR1

gene.?%21 Therefore, people with the Duffy-null genotype do not

express ACKR1 protein in erythrocytes (although other tissues are
unaffected).?®?* A mechanistic mouse study found that absence of
ACKR1 protein in erythrocytes interferes with haematopoiesis, giving
rise to neutrophils that preferentially leave peripheral circulation,
resulting in apparent neutropenia.> This may explain why people with
the Duffy-null genotype do not have increased risk of infection or
morbidity, as their total neutrophil count (when considering neutro-

phils in both tissues and blood) may be normal.
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2 | LICENCED INDICATIONS

Licenced indications for clozapine in the United Kingdom

Treatment-resistant schizophrenia

Clozapine is indicated in treatment-resistant schizophrenia and in
people with schizophrenia who have severe, untreatable neurological
adverse reactions to other antipsychotic agents, including atypical
antipsychotics.

Treatment resistance is defined as a lack of satisfactory clinical
improvement despite the use of adequate doses of at least two
different antipsychotic agents, including an atypical antipsychotic
agent, prescribed for adequate duration.

Psychosis during the course of Parkinson's disease

Clozapine is also indicated in psychotic symptoms occurring during
the course of Parkinson's disease, in cases where standard treatment
has failed.

Note: The exact wording for the currently licenced indications has been
extracted from the Summary of Product Characteristics for Clozaril®,
approved by the Medicines and Healthcare products Regulatory Agency
(MHRA, text revised in 29 August 2023).*

3 | EVIDENCE OVERVIEW

We recently reviewed the evidence for offering ACKR1/Duffy-null
genotype testing to people taking clozapine.®® Here, we provide a
summary.

It is standard UK practice for ADAN to be diagnosed by a haema-
tologist, and this is typically based on clinical criteria after exclusion of
other causes of neutropenia.>?° Referral pathways and collaborative
links between psychiatry and haematology services vary widely across
the United Kingdom, and studies show that ADAN goes frequently
undetected in clozapine users.'”182437-41 These people—often from
ethnic minority backgrounds—are at risk of unnecessary disruption
and discontinuation of their clozapine therapy.

It is well recognized that clozapine is underused and its initiation
delayed with studies citing an average of 8 years to treatment com-
mencement, which does not align with NICE guidelines.*?*® Addition-
ally, ADAN diagnoses are also delayed, with one study from a large
London-based mental health service reporting an average of 8.8 years.'®
For people with the Duffy-null genotype, prompt application of revised
monitoring thresholds can substantially reduce treatment disruption
and help to avoid unnecessary clozapine discontinuation.>’

For people who need clozapine, treatment discontinuation and/or
exclusion is linked to adverse outcomes, including hospitalization,

44-4¢ and reinitiating clozapine after a period of

|.47

relapse and suicide,
discontinuation can in some cases require higher doses than usua
In the United Kingdom, if a person is registered with the Central Non-
Rechallenge Database, restarting clozapine can only be performed
off-license.*®838 Moreover, operational processes differ between
clozapine registries/suppliers, and decisions about clozapine rechal-
lenge are case-specific and subject to regulatory and product informa-
tion constraints. These factors can jeopardize restarting of clozapine,

even when it is appropriately indicated (such as following a diagnosis

of ADAN). It is therefore crucial that clozapine discontinuation—unless
clinically necessary—is avoided wherever possible.

ACKR1/Duffy-null genotype testing provides an opportunity to
promptly identify people with the Duffy-null genotype (and, therefore,
people who have or are at risk of ADAN), who should be monitored
with revised DANC/ADAN thresholds (Table 1). The Royal College of
Psychiatrists has highlighted the potential benefits of ACKR1/Duffy-
null genotype testing in a report reviewing genetic testing in mental
health,*® and the Maudsley Prescribing Guidelines in Psychiatry,
widely used in the United Kingdom and internationally, recommend
ACKR1/Duffy-null genotype testing as part of standard clozapine
therapy.*>*? Currently, ACKR1/Duffy-null genotype testing for people
taking clozapine is not routinely offered within the United Kingdom's
National Health Service (NHS), though the test is available via com-
mercial providers.®

In this CERSI-PGx guideline, we provide the first evidence-based
framework to deliver ACKR1/Duffy-null genotype testing at scale for
clozapine users in the United Kingdom's NHS. We propose a model for
equitable access and integration of the test within the existing UK care
pathway. Following evaluations, ACKR1/Duffy-null genotype testing for

people taking clozapine may be considered in other countries.

4 | RECOMMENDED INDICATIONS FOR
PHARMACOGENETIC TESTING

These recommendations apply to all people taking clozapine for any
indication in the United Kingdom. They are appropriate for people of
all ages, although the UK clozapine licence is for people 16 years and
older.

ACKR1/Duffy-null genotype testing only needs to be conducted

once. We recommend three eligibility criteria for testing.

Criterion 1: pre-emptive testing for people starting clozapine
o All people starting clozapine should be offered ACKR1/Duffy-
null genotype testing. Testing should not be restricted to groups
based on self-reported ethnicity, as this can be an unreliable
measure of genetic ancestry.so'51
o Pre-emptive testing ensures revised thresholds for ADAN/
DANC are applied as early as possible.
o People who have discontinued clozapine and are re-starting it
should be offered the ACKR1/Duffy-null genotype test, unless

they have been tested before.

Criterion 2: testing for people registered in the Central Non-
Rechallenge Database

o People with ADAN can be unnecessarily registered in the Cen-
tral Non-Rechallenge Database after being incorrectly classified

with clozapine-induced neutropenia or agranulocytosis. 183841
o This criterion will identify people with the Duffy-null genotype
(and, therefore, people who have or are at risk of ADAN) in the
Central Non-Rechallenge Database, who may be considered for

clozapine rechallenge.
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Criterion 3: reactive testing for people returning an ‘amber’ or ‘red’
blood result
o People who develop ‘amber’ or ‘red’ blood results (Table 1) are
at risk of disruption to/discontinuation of clozapine therapy.
o These people should be considered for testing unless tested via
the other two criteria.

The availability of ACKR1/Duffy-null genotype testing may vary
in time, indication and geography. In the absence of available informa-
tion or testing, current best practice guidelines should be followed. In
the longer term, the most important route to this test will be under
Criterion 1. Over time, testing under Criteria 2 and 3 may become less
frequent as people starting clozapine are tested pre-emptively.

5 | INTEGRATING PHARMACOGENETIC
TESTING INTO EXISTING CLINICAL
PATHWAYS

People taking clozapine in the United Kingdom (for any indication)
must be registered with a clozapine registry: Clozaril® Patient Moni-
toring Service, CPMS; Denzapine® Monitoring System, DMS; or Zapo-
nex® Treatment Access System, ZTAS. The registries should adhere to
information provided in the SmPCs for clozapine-containing medicinal
products (Table 1). Therefore, recommendations in this guideline
should be generalisable across the United Kingdom.

The clozapine prescriber (usually a psychiatrist) should request
the ACKR1/Duffy-null genotyping test. Provision of the test should
not change or hinder the clozapine treatment pathway. While waiting
for the test result, clozapine therapy should continue (or be stopped
or withheld) according to standard protocol. The test should be volun-
tary and should not delay the initiation of clozapine therapy.

Under pre-emptive testing (Criterion 1), the sample for the test
may be obtained during the standard pre-treatment blood test, or as
soon as possible thereafter as part of routine monitoring. Under Crite-
rion 2 (people registered with the Central Non-Rechallenge Database),
an additional blood sample may be required as eligible people may not
be undergoing routine blood monitoring. Under Criterion 3 (reactive
testing following an ‘amber’ or ‘red’ blood result), a sample should be
obtained as soon as possible at the next scheduled blood test.

ACKR1/Duffy-null genotyping test results should be recorded in
the electronic health record using a relevant SNOMED CT ID
(Systematized Nomenclature of Medicine—Clinical Terms ldentifier),
and we suggest new SNOMED CT IDs should be created to accurately
record test results with respect to the rs2814778 variant. Ideally, test
results should be recorded by the clozapine registry using identical
SNOMED CT ID codes. However, we are aware this may require
adaptations to existing registry systems, and we recommend that
delays to system changes should not hinder the use of the test or
application of revised thresholds. In the immediate future, test results
may be recorded in line with existing system requirements (such as
being captured in free text fields), to ensure quick application of

revised thresholds for people with the Duffy-null genotype.

Additionally, when the NHS Unified Genomic Record becomes widely
available, as described in the NHS 10-year Health Plan for England,52
genotyping results may be stored for every person in a standardized
and easily accessible format. When the test result is ready, the person
should be informed, and educational materials should be developed to
support these conversations.

To realize the benefits of ACKR1/Duffy-null genotype testing, the
existing UK clozapine monitoring pathway should be amended for
people with the Duffy-null genotype. Pre-emptive testing (Criterion 1)
will identify people with the Duffy-null genotype who have a
WBC/ANC in the normal range. These people should be monitored
using DANC/ADAN-revised thresholds, currently reserved for people
with a clinical diagnosis of ADAN (Table 1). Evidence shows that peo-
ple with the Duffy-null genotype are significantly more likely to have
a lower ANC than those with a copy of the functional allele (T/T or
T/C at rs2814778), although they may initially present with an ANC
in the normal range (>2.0 x 10°/L).222% Moreover, people with the
Duffy-null genotype are more likely to develop transient neutropenia,
meaning they may experience disruption to (and, ultimately, discontin-
uation of) their clozapine treatment.?>?® Therefore, we recommend
that all people with the Duffy-null genotype should be monitored
using revised thresholds for ADAN and DANC as soon as possible to
support fair access to clozapine.

6 | WHICH GENE(S), VARIANTS,
TURNAROUND TIME

The genotyping test is for the rs2814778 variant (c.-67 T > C) in the
ACKR1 gene. Homozygous carriers of the variant (C/C at rs2814778)
have the Duffy-null genotype, which is the causal genotype for ADAN
and DANC.

People who have a copy of the functional allele (genotype C/T or
T/T at rs2814778 in the ACKR1 gene; also known as Duffy-positive
or wild type) are not affected and do not need to be assessed
for ADAN.

The recommended laboratory turnaround time is 1 week. This is
the optimal turnaround time given the existing clinical pathway, which
requires weekly full blood counts during the first 18 weeks of cloza-

pine therapy, when neutropenia is more likely.

7 | CLINICAL ACTIONS BASED ON
GENOTYPE

Clinical actions are described below and summarized in Figure 1.
7.1 | Actions when the ACKR1 homozygous C/C
variant at rs2814778 (Duffy-null genotype) is detected

e Record the test result in the person's electronic health record and

inform the clozapine registry to prevent unnecessary repetition of
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1) Due to start clozapine, or
2) Registered with the Central Non-Rechallenge Database, or
3) Returns an ‘amber’ or ‘red’ blood result

Offer ACKR1 genotype test if a person meets ANY of the following criteria:

4

While waiting for the test result,
start / continue / withhold / stop
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KEY CLINICAL FEATURES

O Fever with single measurement 238.5°C
0 Sustained temperature 238°C for more than 1 hour
Q Signs of inflammation or infection

(e.g. flu-like symptoms, pharyngitis, sinusitis, otitis,

pneumonia, gastroenteritis, periodontitis, cellulitis)

O Additional blood count abnormality or cytopenia

| clozapine according to protocol I

ACKR1 homozygous variant is not detected
(T/T or T/C at rs2814778)

ACKR1 homozygous variant is detected
(C/C at rs2814778, Duffy-null genotype)

¥

'

Record ACKR1 test result in electronic health
record and with the clozapine monitoring
registry and inform the person about their

test result.

Record ACKR1 test result in electronic health
record and with the clozapine monitoring
registry and inform the person about their

test result.

(e.g. platelets <100 x 10%L)

0 Repeated courses of antibiotics in the past 12 months

O Abnormal growth and development

NICE ADVICE ON NEUTROPENIC SEPSIS
= cks.nice.org.uk/topics/neutropenic-sepsis

If the person is registered with the
Central Non-Rechallenge Database,
DO NOT rechallenge with clozapine.*

If the person is registered with the
Central Non-Rechallenge Database,
CONSIDER clozapine rechallenge.*

Temperature >38°C or any symptoms
and/or signs of sepsis, in a person with

|
|
I
!
Definition of neutropenic sepsis E
!
an ANC <0.5 x 10%/L i

¥

Continue to follow protocol using standard
WBC/ANC thresholds.

Continue to follow protocol using revised
WBC/ANC thresholds for DANC/ADAN.**

ANC = Absolute neutrophil count

FIGURE 1

¥

WBC = White blood cell count

(see box to the right).

If neutropenic sepsis is suspected, refer immediately for
urgent assessment in secondary or tertiary care
(see information to the right for links to NICE guidance).

Regardless of the ACKR1 test result, START consultation with haematologist if:

WBC <2.0 x 10%L and/or ANC <1.0 x 10%L AND patient presents with any key clinical feature

DANC/ADAN = Duffy-null associated neutrophil count /
ACKR1/DARC-associated neutropenia (also known as BEN)

* Clozapine rechallenge for people registered with the Central
Non-Rechallenge Database can only be performed off-licence.

** Some UK clozapine registries require haematologist approval
to apply revised thresholds for DANC/ADAN. We propose that
thresholds should be revised by the prescriber based on the
genetic test result.

the test. At present, SCTID: 115835008 is available to record the
Duffy-null phenotype (Fy[a-b-]). New SNOMED CT IDs are
required to record the Duffy-null genotype with respect to the
rs2814778 variant.

Apply revised WBC/ANC thresholds for DANC/ADAN (see
Table 1) as soon as possible. Some UK clozapine registries require
haematology authorization to apply the DANC/ADAN-revised
thresholds. We recommend that a test result confirming the Duffy-
null genotype is sufficient to apply DANC/ADAN-revised thresh-
olds without delay. This is supported by the European Guidelines
on Diagnosis and Management of Neutropenia in Adults and Chil-
dren, which advise that extensive work-up is not required for peo-
ple with the Duffy-null genotype.*®

For people registered with the Central Non-Rechallenge Database
(i.e., tested under Criterion 2), clozapine rechallenge under DANC/
ADAN-revised thresholds should be considered by the treating
physician and clinical team. At present, it is not possible to remove
a person from the Central Non-Rechallenge Database; however, a
note may be added to the database system stating that the person
has been rechallenged.

Communicate the result of the test to the patient (i.e., the Duffy-
null genotype), as well as the rationale for changes to their moni-
toring thresholds and clozapine treatment.

Follow standard UK protocol for clozapine while applying revised
monitoring thresholds for DANC/ADAN (Table 1).

Integrating ACKR1/Duffy-null genotype testing into the existing UK clinical pathway for clozapine.

e If the WBC < 2.0 x 10°/L
ANC < 1.0 x 10°/L and if they present with any key clinical fea-
ture (Figure 1), start a consultation with a haematologist who can

person returns a and/or

advise about appropriate management and treatment. If neutrope-
nic sepsis is suspected (defined as a temperature of greater than
38°C or any symptoms and/or signs of sepsis, in a person with an
ANC < 0.5 x 10%/L), refer immediately for urgent assessment in
secondary or tertiary care. A QR code and hyperlink to further
NICE information about neutropenic sepsis are provided in
Figure 1.17

e If for any reason (regardless of their ACKR1 test result), the person
is unable to take/continue clozapine, follow local or national guide-

lines for treatment with an alternative medication.*’

7.2 | Actions when the ACKR1 homozygous C/C
variant is NOT detected (carriers of a copy of the
functional allele, C/T or T/T at rs2814778)

e Record the test result in the person's electronic health record (as
noted above, new SNOMED CT IDs are required to capture
genetic variation at rs2814778) and inform the clozapine registry
to prevent unnecessary repetition of the test.

e For people registered with the Central Non-Rechallenge Database,

clozapine rechallenge should not be considered based on the test
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result (as these people are not at risk of benign neutropenia with
respect to their ACKR1 genotype). If clozapine rechallenge is con-
sidered appropriate for another clinical reason, then a note may be
added to the database system stating that the person has been
rechallenged.

e |f the person is starting or already taking clozapine, continue to
apply standard monitoring thresholds and follow the standard UK
protocol for clozapine (see Table 1).

e Communicate the result of the ACKR1 genotype test to the
patient.

o If the person returns a WBC < 2.0 x 10%/L and/or ANC < 1.0 x
10%/L and if they present with any key clinical feature (Figure 1),
start a consultation with a haematologist who can advise about
appropriate management and treatment. If neutropenic sepsis is
suspected (defined as a temperature of greater than 38°C or any
symptoms and/or signs of sepsis, in a person with an
ANC < 0.5 x 10%/L), refer immediately for urgent assessment in
secondary or tertiary care. A QR code and hyperlink to further
NICE information about neutropenic sepsis are provided in
Figure 1.7

e If for any reason (regardless of their ACKR1 test result), the person
is unable to take/continue clozapine, follow local or national guide-

lines for treatment with an alternative medication.*’

Although this guideline is grounded in the latest evidence in the
field, it cannot account for all individual factors relevant to patient
care. Therefore, prescribers must conduct a thorough assessment of
each patient's risk-benefit profile, ensuring that therapy is optimized

to maximize benefits and minimize potential harms.

8 | OTHER PHARMACOGENETICS
GUIDELINES

In this section, we have summarized prescribing recommendations
provided by international pharmacogenomics consortia.

To the best of our knowledge, existing pharmacogenomics guide-
lines do not cover the gene-drug pair, ACKR1-clozapine. We propose
that ACKR1 should be considered by relevant guideline-making bodies

due to its clear relevance for clozapine prescribing.

8.1 | Clinical Pharmacogenetics Implementation
Consortium guidelines

At the time of writing, the Clinical Pharmacogenetics Implementation
Consortium (CPIC) does not cover the ACKR1 gene for clozapine in
any of their guidelines.

CPIC has given provisional status for potential clinically relevant
interactions with clozapine to several genes, including CYP2Dé,
HTR2C, MC4R and ANKK1.>® However, the level of evidence at pre-

sent is not high for these gene-drug pairs in relation to clozapine.

8.2 | Dutch Pharmacogenetics Working Group
guidelines

At the time of writing, the Dutch Pharmacogenetics Working Group
(DPWG) does not cover the ACKR1 gene for clozapine in any of their
guidelines.

The DPWG highlights that clozapine is mainly metabolized by
CYP1A2 to N-desmethylclozapine (norclozapine), which is an active
metabolite.>* The contribution of other CYP450 enzymes, including
CYP2Dé, to clozapine metabolism is considered minor.>> Most avail-
able studies show no increase in adverse effects, including the devel-
opment of agranulocytosis, in CYP2Dé6 poor metabolizers,
intermediate metabolizers, and ultra-rapid metabolizers. Therefore,
the DPWG does not recommend dose-adjustment based on CYP2Dé
genetic variation. Similar conclusions have also been reached for
CYP1A2, and at present, no actionable gene-drug interactions for clo-
zapine are reported.>* It is also important to note that since late 2024,
the CYP1A2*1C allele has been retired due to evidence not meeting

PharmVar minimum standards.>%>”

8.3 | Other guidelines

Spain's national healthcare system recently approved a pharmacoge-
nomics testing catalogue.>® The catalogue includes 12 genes that
relate to the prescribing of 22 drugs; however, clozapine and ACKR1
are not included at present.

The US Food and Drug Administration (FDA) clozapine drug label
contains a recommendation that dose reduction may be required in
people who are CYP2Dé poor metabolizers, as well as dose adjust-
ment recommendations for people also taking CYP1A2 inducers
and/or inhibitors.>” However, the US FDA does not provide recom-
mendations for ACKR1/Duffy-null genotype testing in relation to
clozapine.>®

9 | HEALTH ECONOMIC EVALUATION

The health economic evidence for ACKR1/Duffy-null genotype testing
is summarized from our previous analysis.>¢ No other economic evalu-
ations have been identified.

For the management of treatment-resistant schizophrenia, cloza-
pine is economically dominant (i.e., more effective and less costly)
compared with other antipsychotic drugs.°=%? Therefore, the eco-
nomic case for ACKR1/Duffy-null genotype testing depends on net
costs of treatment and genotyping. From the perspective of the NHS
(for the whole of the United Kingdom), we provide estimates for the
economic impact during the first year of testing, including conserva-
tive and anti-conservative calculations of savings and costs associated
with clozapine treatment and the price of testing.3® These value
ranges (conservative and anti-conservative) take into consideration

the uncertainty surrounding the true cost saving associated with
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TABLE 4 Health economic evaluation of ACKR1/Duffy-null genotype testing for people taking clozapine in the UK (summarized from

Murtough et al.®%).

Criteria

Criterion 1: Pre-emptive testing for

Parameters included in the analysis

o A UK population estimate for 16 to 64-year-olds of 43 295 000 people.®
people starting clozapine e Annual schizophrenia incidence rate for 16 to 64-year-olds in England
(which was assumed to be representative of the United Kingdom) of 15.2
per 100 000 person-years.®*

Annual costs/savings
across the United
Kingdom

Conservative:

—£46 108 (a cost)
Anti-conservative:
£403 269 (saving)

e An estimated test detection rate (i.e., proportion of people returning the
Duffy-null genotype) of ~3.85% for the UK population.®® Figure
estimated from 2021 UK four nations' censuses self-reported ethnicity
data®>~¢” and published Duffy-null variant frequencies in diverse world

populations.?®

e Accounting for 30% of people with schizophrenia are treatment

resistant.®

Criterion 2: Testing for people registered e Assumption that people registered in the past 3 years may be tested
during the first year of available ACKR1 testing, totalling 588 people.3®

o A test detection rate (i.e., proportion of people returning the Duffy-null
genotype) of 8.54% for people registered in the Central Non-Rechallenge

in the Central Non-Rechallenge Database

Conservative:

£90 592 (saving)
Anti-conservative:
£309 397 (saving)

Database, given the over-representation of people with Black, African,
and/or Caribbean ethnicity in the database, and calculated from published

data.®®
Criterion 3: Reactive testing for people e Using UK population figures, schizophrenia incidence rate and test Conservative:
returning an ‘amber’ or ‘red’ blood result detection rate as described for Criterion 1. —£1752 (a cost)

e Assumption that neutropenia (defined as a UK ‘red’ result,
ANC < 1.5 x 10%/L) occurs in 3.8% of people taking clozapine.**

All Criteria Combined

clozapine treatment to the UK healthcare system, as well as the vari-
able price of the genetic test.

Annual savings associated with clozapine therapy were £3783
(conservative)®® and £6864 (anti-conservative),%? and genetic test
prices were £169 (conservative, based on the price of a targeted
sequencing approach) and £60 (anti-conservative, based on the
price of a similar assay for single nucleotide variants in the DPYD
gene). Data were derived from published sources and NHS labora-
tories and were inflated to 2025 prices. The analysis estimated the
financial implications related to each of the three eligibility criteria
(Table 4). Considering all criteria combined, total cost savings
across the United Kingdom in the first year of testing were esti-
mated to lie between £42 732 (conservative) and £727 990 (anti-
conservative).>®

In subsequent years of testing, it is likely that testing costs will
decrease whereas savings for people already tested will continue to
accrue. As new clozapine starters are gradually tested under Criterion
1, the proportion of people requiring reactive testing under Criteria
2 and 3 will decrease over time. Genetic testing costs may also
decrease as the demand for testing increases. An additional opportu-
nity could be to incorporate the ACKR1 test into a pharmacogenomics
testing panel, where a person would need to be tested once to inform

prescribing across multiple health specialties over a lifetime.

These figures report the net saving (or cost) during the first year of testing
for all eligible people taking clozapine across the United Kingdom. In
subsequent years, it is likely that costs will decrease while savings for people
already tested will continue to accrue each year.

Anti-conservative:
£15 324 (saving)

Conservative:

£42 732 (saving)
Anti-conservative:
£727 990 (saving)

10 | REGULATORY CONSIDERATIONS
10.1 | Summary of product characteristics (SmPC)
and the UK monitoring system

The SmPC of licenced medicinal products containing clozapine,* ¢ in
line with European regulatory documents, states that blood monitor-
ing should be carried out in accordance with national specific official
recommendations. UK regulations mandate ANC and WBC monitor-
ing as described in Table 1.

In the United Kingdom, there are three mandatory national
patient monitoring services (also referred to as the clozapine regis-
tries) for the management of agranulocytosis risk associated with clo-
zapine use. These services are managed by the companies that
manufacture and supply the clozapine. The monitoring services are
available 24 h a day and provide centralized WBC/ANC monitoring.
For further guidance and information, contact details for the monitor-

ing services can be found here:

o Clozaril® Patient Monitoring Service (CPMS; https://www.clozaril.
co.uk/scrLogon.asp)
¢ Denzapine® Monitoring System (DMS; https://www.denzapine.ie/)

o Zaponex® Treatment Access System (ZTAS; https://www.ztas.co.uk/)
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People taking clozapine, prescribing physicians and nominated
pharmacists should be registered with the relevant national patient
monitoring service. Drug supply is restricted to hospital and commu-
nity pharmacies registered with these services.

To ensure safety, at any one-time people should be prescribed
one brand of clozapine and registered with the monitoring service
connected to that brand. Prescribers and pharmacists should adhere
to brand prescribing and dispensing of clozapine to prevent disruption
to blood monitoring that may be caused following brand switching.
The SmPCs for all clozapine containing medicinal products licenced in
the United Kingdom recommends special consideration for people
with BEN (i.e., ADAN or DANC), in whom clozapine may only be
started with the agreement of a haematologist. The current SmPCs do
not include any information on ACKR1/Duffy-null genotype testing.

The SmPC also includes warnings about potential risk of cardio-
toxicity (myocarditis and fatal cardiomyopathy).*~¢ However, we note
there is no relationship between risk of cardiac adverse events with
clozapine and ACKR1.

10.2 | MHRA drug safety updates

On 26 August 2020, the MHRA issued a drug safety update recommend-
ing therapeutic drug monitoring (measuring clozapine and norclozapine in
blood) in certain clinical situations.®® These situations include when a per-
son ceases smoking or switches to e-cigarettes; when concomitant medi-
cines may interact to increase clozapine blood levels; where poor or
reduced clozapine metabolism is suspected; when a person has pneumo-

nia or other serious infection; and when toxicity is suspected.®®

10.3 | NICE guidance

The National Institute for Health and Care Excellence (NICE)
guidance on ‘psychosis and schizophrenia in adults’ recommends clo-
zapine use after failure of two antipsychotic drugs.? It remarks that
service providers, including general practitioners, community health
services, mental health services and hospitals should have in place
procedures and protocols to monitor the prescribing of clozapine.
However, it does not mention the potential for adverse drug reactions
associated with clozapine use nor genetic predictors such as the
rs2814778 T > C variant in ACKR1. In subsequent guidance on Parkin-
son's disease, NICE recommends clozapine use (at lower doses than
for treatment-resistant schizophrenia) together with adequate moni-
toring in people with Parkinson's disease affected by hallucinations
and delusions.®” However, as above, there is no mention of potential

adverse drug reactions nor genetic predictors.

10.4 | International regulations and guidance

The European Guidelines on Diagnosis and Management of Neutro-

penia in Adults and Children'® underlines that the definition of

neutropenia varies in relation to ancestry and age. It reminds that peo-
ple with African and Middle Eastern ancestry can have ANCs in a
lower range (0.5 to 1.5 x 10°/L) in comparison to people with
European ancestry. Their guideline states that this is due to the
Duffy-null genotype/homozygous variant at rs2814778 in ACKR1.

Regulation of clozapine monitoring in the United States has
undergone several changes over the past 10 years. In October 2015,
the FDA lowered the minimum ANC threshold for clozapine discon-
tinuation by 0.5 x 10%/L, relative to the UK thresholds, and removed
the requirement for WBC monitoring.%® During this time, the FDA
released a Risk Evaluation and Mitigation Strategy (REMS) programme
to further improve monitoring and management.’®3%7% These
changes aimed to reduce unnecessary discontinuation of vital cloza-
pine treatment. Since then, the FDA label for clozapine has recom-
mended revised ANC thresholds for people with documented ‘benign
ethnic neutropenia’ (synonym for ADAN, Table 2), with the normal
ANC threshold being >1.0 x 10%/L.>? In the United States, monitoring
was performed more frequently than in the United Kingdom, requiring
ANC testing at least weekly for 6 months, at least fortnightly for the
next 6 months and at least at monthly intervals after 1 year.’? In
2022, Oloyede et al.*® produced a modelling study that investigated
what might happen if the United Kingdom followed similar policy
changes to the United States. They found that implementing FDA
monitoring criteria would significantly reduce clozapine discontinua-
tion in the United Kingdom and would improve mental and physical
health outcomes.®® In 2025, the FDA confirmed further changes with
the removal of the REMS mandatory monitoring system for cloza-
pine.”® Therefore, there is no longer a mandatory blood monitoring
requirement in the United States for people taking clozapine, although
monitoring according to the drug label is recommended. This means
that a person will not be prohibited from accessing a clozapine pre-
scription if they do not have a recent ANC result.

In September 2025, the European Medicines Agency (EMA)
issued revised monitoring recommendations for clozapine.”* The EMA
removed the WBC monitoring requirement, indicating it is sufficient
to measure ANC only. The ANC thresholds were revised as follows:
mild (ANC: 1000-1500/mmq), moderate (ANC: 500-999/mm?) and
severe neutropenia (ANC < 500/mm°). Initiation of clozapine is
recommended for people with an ANC 2 1.5 x 107/L, and for people
with confirmed ‘benign ethnic neutropenia’ (i.e., ADAN; Table 2), the
ANC must be 21.0 x 10%/L. Clozapine must be stopped (and rechal-
lenge not attempted) in people with an ANC < 1.0 x 10°/L
(or <0.5 x 10%/L in people with confirmed ‘benign ethnic neutrope-
nia’). The EMA have also provided new recommendations that blood
monitoring should take place weekly during the first 18 weeks of
treatment, then monthly over the following 34 weeks (i.e., until com-
pletion of the first year of treatment). In absence of any history of
neutropenia during the first year of treatment, ANC monitoring can
be reduced to once every 12 weeks. In the absence of any history of
neutropenia during the first 2 years of treatment, ANC may be tested
once a year.”!

Finally, in 2025, it was announced that the MHRA is planning to

review blood monitoring requirements for clozapine.”? If clozapine
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monitoring guidelines change in the United Kingdom, this guideline
will be adapted to map to new monitoring thresholds and protocols.
As with recommendations in the United States and Europe, monitor-
ing thresholds for ADAN should be revised so that they are lower
than standard thresholds.

11 | OTHER CONSIDERATIONS

A genotyping test for the rs2814778 variant in ACKR1 is the preferred
method for identifying people with ADAN. However, there may be
instances when genotype testing is unavailable. Here, serological test-
ing for a person's Duffy blood group may be considered as an alterna-
tive testing method. People who are negative for Duffy antigens
(protein products of the ACKR1 gene) on the surface of their erythro-
cytes may be assumed to be at risk of ADAN, and the clozapine pre-
scriber may consider monitoring using DANC/ADAN-revised
thresholds if the person is confirmed to have ADAN. If serological
testing is used (in lieu of genotype testing), haematology input should
be sought to aid with interpretation of a person's neutrophil count in
light of the serological test result. This is important because it is only
the T > C variant at rs2814778 in ACKR1 that has been robustly asso-
ciated with low neutrophil counts and ADAN (to date in the

24-27 rather than other variants that may also cause a

literature),
Duffy-null phenotype.

We previously estimated the prevalence rate of the Duffy-null
genotype in the United Kingdom to be 3.85%.¢ In the absence of real-
world genetic testing data, we approximated overall prevalence using
ethnicity data self-reported in the 2021 Censuses of the four UK
nations alongside Duffy-null variant frequencies. In reality, Duffy-null
prevalence will vary across the United Kingdom depending on the
genetic ancestry of a given local population. For instance, in areas with
a higher proportion of people with African or Middle Eastern genetic
ancestry, there will be more people with the Duffy-null genotype. If the
ACKR1 genotyping test is not nationally adopted in the
United Kingdom but is instead offered locally by individual NHS Inte-
grated Care Boards, local leaders may attempt to determine the need
for ACKR1 testing by considering the ethnicity make-up of their local
population. We stress that self-reported ethnicity is not an accurate or
suitable way to decide who should be offered ACKR1 genetic test-
ing.>%°! Indeed, evidence shows that people identifying as ‘White’
(who may be assumed to have European genetic ancestry) can have the
Duffy-null genotype.2>4° Therefore, we advise that genetic testing
should be offered irrespective of the ethnicity make-up of a given local

population, even if the test is considered for approval on a local basis.

12 | RESEARCH RECOMMENDATIONS
Although ACKR1/Duffy-null genotype testing for the rs2814778 vari-
ant has a strong evidence base, future research is needed to ensure

continued progress and improvement in the testing programme.

Research into mechanisms underpinning clozapine's effectiveness
for treatment-resistant schizophrenia, compared to other antipsy-
chotics, is needed. Moreover, research into alternative therapies for
people who cannot be rechallenged with clozapine would lead to a
more effective treatment pathway.

To increase access to clozapine, research into mechanisms of
clozapine-induced neutropenia and agranulocytosis is needed. If these
can be understood, targeted interventions may be used to predict
and/or reduce the incidence and severity of these events during cloza-
pine therapy. For instance, some HLA genotypes have been associated
with risk of clozapine-induced neutropenia and agranulocytosis.”>”4
These findings are promising, though their predictive accuracy requires
future validation.

To clarify conflicting pharmacogenomic recommendations for clo-
zapine by the FDA, CPIC and DPWG, larger and more detailed studies
are needed. In particular, studies should seek to clarify the effects of
genomic variation in CYP2D6, CYP1A2 and CYP3A4 (as enzymes
known to be involved in clozapine metabolism), as well as less studied
genes such as CYP3A5 or NFIB that may also contribute to clozapine
metabolism and drug exposure.”>”7

ACKR1/Duffy-null genotype testing may support prescribing of
other drugs associated with neutropenia and agranulocytosis. This
type of testing could also facilitate access to oncology clinical trials
where remaining above a minimum ANC threshold is often part of the
eligibility criteria.”® Moreover, further research is needed to charac-
terize other ACKR1 genetic variants (including rare variants) that may
be associated with benign neutropenia.

Lastly, we have drafted these guidelines based on best available
evidence and informed by expert opinion. If our recommendations are
implemented in UK NHS services, we anticipate adjustments may be
required after testing is rolled out. Close attention should be made
towards the costs and savings of the testing programme, diagnostic
and test eligibility parameters, and the blood monitoring programme

for people with the Duffy-null genotype.

AUTHOR CONTRIBUTIONS

Elvira Bramon chaired the writing committee. Conceptualization:
Stephen Murtough, Cinzia Dello Russo, Munir Pirmohamed and Elvira
Bramon. Methodology: Stephen Murtough, Cinzia Dello Russo, Munir
Pirmohamed and Elvira Bramon. Investigation: Stephen Murtough,
Oriella Stellakis, Daisy Mills, Lauren Varney, Cinzia Dello Russo, Elvira
Bramon contributed to Sections 1 and 3. All authors contributed to
Sections 4, 5 and 7. Stephen Murtough, Oriella Stellakis, Huajie Jin,
Elvira Bramon and Dyfrig A. Hughes contributed to Section 9. Cinzia
Dello Russo contributed to Sections 8 and 10. Stephen Murtough,
Cinzia Dello Russo, Munir Pirmohamed and Elvira Bramon contributed
to Section 12. Resources and funding acquisition: Elvira Bramon and
Munir Pirmohamed. Writing—original draft: Stephen Murtough, Oriella
Stellakis, Cinzia Dello Russo, Dyfrig A. Hughes, Munir Pirmohamed
and Elvira Bramon. Writing—review and editing: All authors. Stephen
Murtough, Cinzia Dello Russo, Munir Pirmohamed and Elvira Bramon

revised the guideline according to feedback received after the

85US0| 7 SUOWILLIOD 8ATeRD 3|qedljdde sy Aq peusenob ae ssppiiie YO ‘8sn JO Sa|nu 4oy Arq1 aUIUQ A8]1/M UO (SUONIPUOD-pUR-SWIR) WY A8 |IM"AeIq 1 U1 UO//SANY) SUONIPUOD pue Swis | 8y} 8eS *[9202/90/.2] Uo Areiqiqauluo AB|IM ‘ ezuedeld ‘edljoned AIsieAlun - ossny opd elzuld Aq 950, doq/Z00T OT/I0p/wod A8 1M Akeiq1 puljuo'sgndsday/:sdny wouy pepeojumoq ‘. ‘9202 ‘SZTZSIET



MURTOUGH ET AL

1988 BRITISH
p PHARMACOLOGICAL:
N SOCIETY
(>

consultation process. All authors approved the revised version of the

guideline and comments provided in Table S3.

AFFILIATIONS

Division of Psychiatry, University College London, London, UK
2Belfast Health and Social Care Trust, Belfast, UK

3Genomics Unit, National Health Service England, London, UK
“North Thames Genomic Medicine Service Alliance, London, UK
SThe Side-By-Side Network, London, UK

4The Royal College of Psychiatrists, London, UK

“High Secure Intellectual Disability Service for Scotland and Northern
Ireland, Carstairs, UK

8Pharmacy Department, South London and Maudsley NHS
Foundation Trust, London, UK

?Institute of Pharmaceutical Science, King's College London, London,
UK

1050uth East Genomic Medicine Service Alliance, London, UK

1 Cardiff and Vale University Health Board, Cardiff, UK
2Department of Haematology, King's College Hospital NHS
Foundation Trust, London, UK

13Centre for Health Economics and Medicines Evaluation, North
Wales Medical School, Bangor University, Bangor, UK

14King's Health Economics, Institute of Psychiatry, Psychology and
Neuroscience, King's College London, London, UK

15Birmingham Women's and Children's NHS Foundation Trust,
Birmingham, UK

1%Research Department of Epilepsy, Queen Square Institute of
Neurology, University College London, London, UK

17Specialist Community Forensic Team for People With Learning
Disability and Autism, Hollins Park Hospital, Warrington, UK
18North West Genomic Laboratory Hub, Manchester University NHS
Foundation Trust, Manchester, UK

19NHS Blood and Transplant, Bristol, UK

29Centre for Neuropsychiatric Genetics and Genomics, Division of
Psychological Medicine and Clinical Neurosciences, Cardiff University,
Cardiff, UK

211l Wales Medical Genomics Service, Cardiff, UK

22Department of Pharmacology and Therapeutics, Institute of
Systems, Molecular and Integrative Biology, University of Liverpool,
Liverpool, UK

23Department of Translational Medicine and Surgery, Section of
Pharmacology, Universita Cattolica del Sacro Cuore - Fondazione
Policlinico Universitario A. Gemelli, IRCCS, Rome, Italy

24The Wolfson Centre for Personalised Medicine, Centre for Drug
Safety Science, University of Liverpool, Liverpool, UK

25North London NHS Foundation Trust, London, UK

ACKNOWLEDGMENTS

The Centre of Excellence in Regulatory Science and Innovation in
Pharmacogenomics (CERSI-PGx) is funded by Innovate UK, part of
UKRI. We thank Angela Cucchi for her help with developing these
guidelines; the experts by lived experience from the Side-By-Side

Network who co-wrote the plain language summary (see the

supporting information); and the external stakeholders who provided
feedback for the guideline as part of the consultation process (all

responses to this consultation are shown in Table S3).

CONFLICT OF INTEREST STATEMENT
Conflict of interest statements for all authors are shown in Table S1.

DATA AVAILABILITY STATEMENT
The data that support this guideline are publicly available and fully

referenced.

ORCID

Stephen Murtough "= https://orcid.org/0000-0002-7440-7095
Katie Evans " https://orcid.org/0009-0006-7581-692X

Dyfrig A. Hughes
Cinzia Dello Russo

https://orcid.org/0000-0001-8247-7459
https://orcid.org/0000-0002-2538-3832
Munir Pirmohamed "> https://orcid.org/0000-0002-7534-7266

Elvira Bramon " https://orcid.org/0000-0003-1369-5983

REFERENCES

1. Joint Formulary Committee. British National Formulary (online). BMJ
and Pharmaceutical Press; 2024.

2. National Institute for Health and Care Excellence. Quality statement
4: treatment with clozapine [NICE QS80]. 2015. https://www.nice.
org.uk/guidance/qs80/chapter/quality-statement-4-treatment-with-
clozapine

3. Taylor DM. Clozapine for treatment-resistant schizophrenia: still the
gold standard? CNS Drugs. 2017;31(3):177-180. doi:10.1007/s40263-
017-0411-6

4. Clozaril Tablets SmPC. 2023. https://products.mhra.gov.uk/search/?
search=clozaril&page=1&doc=Spc&rerouteType=0

5. Denzapine Tablets SmPC. 2023. https://products.mhra.gov.uk/
search/?search=denzapine&page=1

6. Zaponex Tablets SmPC. 2024. https://products.mhra.gov.uk/search/?
search=zaponex&page=1

7. Howes OD, McCutcheon R, Agid O, et al. Treatment-resistant schizo-
phrenia: treatment response and resistance in psychosis (TRRIP) work-
ing group consensus guidelines on diagnosis and terminology.
Am J Psychiatry. 2017;174(3):216-229. doi:10.1176/appi.ajp.2016.
16050503

8. Meltzer HY. Treatment-resistant schizophrenia—the role of clozapine.
Curr Med Res Opin. 1997;14(1):1-20. doi:10.1185/03007999709113338

9. Kennedy JL, Altar CA, Taylor DL, Degtiar |, Hornberger JC. The social
and economic burden of treatment-resistant schizophrenia: a system-
atic literature review. Int Clin Psychopharmacol. 2014;29(2):63-76. doi:
10.1097/YIC.0b013e32836508e6

10. Stroup TS, Gerhard T, Crystal S, Huang C, Olfson M. Comparative
effectiveness of clozapine and standard antipsychotic treatment in
adults with schizophrenia. Am J Psychiatry. 2016;173(2):166-173. doi:
10.1176/appi.ajp.2015.15030332

11. Flanagan RJ, Lally J, Gee S, Lyon R, Every-Palmer S. Clozapine in the
treatment of refractory schizophrenia: a practical guide for healthcare
professionals. Br Med Bull. 2020;135(1):73-89. doi:10.1093/bmb/
Idaa024

12. Taylor C, Marsh-Davies A, Skelly R, Archibald N, Jackson S. Setting
up a clozapine service for Parkinson's psychosis. BJPsych Advances.
2022;28(2):90-98. doi:10.1192/bja.2021.24

13. Friedman JH. Clozapine is severely underused in Parkinson's disease
patients. Mov Disord Clin Pract. 2022;9(8):1021-1024. doi:10.1002/
mdc3.13582

85US0| 7 SUOWILLIOD 8ATeRD 3|qedljdde sy Aq peusenob ae ssppiiie YO ‘8sn JO Sa|nu 4oy Arq1 aUIUQ A8]1/M UO (SUONIPUOD-pUR-SWIR) WY A8 |IM"AeIq 1 U1 UO//SANY) SUONIPUOD pue Swis | 8y} 8eS *[9202/90/.2] Uo Areiqiqauluo AB|IM ‘ ezuedeld ‘edljoned AIsieAlun - ossny opd elzuld Aq 950, doq/Z00T OT/I0p/wod A8 1M Akeiq1 puljuo'sgndsday/:sdny wouy pepeojumoq ‘. ‘9202 ‘SZTZSIET


https://orcid.org/0000-0002-7440-7095
https://orcid.org/0000-0002-7440-7095
https://orcid.org/0009-0006-7581-692X
https://orcid.org/0009-0006-7581-692X
https://orcid.org/0000-0001-8247-7459
https://orcid.org/0000-0001-8247-7459
https://orcid.org/0000-0002-2538-3832
https://orcid.org/0000-0002-2538-3832
https://orcid.org/0000-0002-7534-7266
https://orcid.org/0000-0002-7534-7266
https://orcid.org/0000-0003-1369-5983
https://orcid.org/0000-0003-1369-5983
https://www.nice.org.uk/guidance/qs80/chapter/quality-statement-4-treatment-with-clozapine
https://www.nice.org.uk/guidance/qs80/chapter/quality-statement-4-treatment-with-clozapine
https://www.nice.org.uk/guidance/qs80/chapter/quality-statement-4-treatment-with-clozapine
info:doi/10.1007/s40263-017-0411-6
info:doi/10.1007/s40263-017-0411-6
https://products.mhra.gov.uk/search/?search=clozaril&page=1&doc=Spc&rerouteType=0
https://products.mhra.gov.uk/search/?search=clozaril&page=1&doc=Spc&rerouteType=0
https://products.mhra.gov.uk/search/?search=denzapine&page=1
https://products.mhra.gov.uk/search/?search=denzapine&page=1
https://products.mhra.gov.uk/search/?search=zaponex&page=1
https://products.mhra.gov.uk/search/?search=zaponex&page=1
info:doi/10.1176/appi.ajp.2016.16050503
info:doi/10.1176/appi.ajp.2016.16050503
info:doi/10.1185/03007999709113338
info:doi/10.1097/YIC.0b013e32836508e6
info:doi/10.1176/appi.ajp.2015.15030332
info:doi/10.1093/bmb/ldaa024
info:doi/10.1093/bmb/ldaa024
info:doi/10.1192/bja.2021.24
info:doi/10.1002/mdc3.13582
info:doi/10.1002/mdc3.13582

MURTOUGH et AL

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.
33.

34.

Myles N, Myles H, Xia S, et al. Meta-analysis examining the epidemi-
ology of clozapine-associated neutropenia. Acta Psychiatr Scand.
2018;138(2):101-109. doi:10.1111/acps.12898

Fioredda F, Skokowa J, Tamary H, et al. The European guidelines on
diagnosis and Management of Neutropenia in adults and children: a
consensus between the European Hematology Association and the
EuNet-INNOCHRON COST action. Hema. 2023;7(4):e872. doi:10.
1097/HS9.0000000000000872

Oloyede E, Blackman G, Whiskey E, et al. Clozapine haematological
monitoring for neutropenia: a global perspective. Epidemiol Psychiatr
Sci. 2022;31:€83. doi:10.1017/5204579602200066X

Oloyede E, Dzahini O, Barnes N, et al. Benign ethnic neutropenia: an
analysis of prevalence, timing and identification accuracy in two large
inner-city NHS hospitals. BMC Psychiatry. 2021;21(1):502. doi:10.
1186/512888-021-03514-6

Oloyede E, Casetta C, Dzahini O, et al. There is life after the UK clo-
zapine Central Non-Rechallenge Database. Schizophr Bull. 2021;47(4):
1088-1098. doi:10.1093/schbul/shab006

Neutropenic sepsis. Nice CKS. 2024. https://cks.nice.org.uk/topics/
neutropenic-sepsis/

ACKR1/DARC-Associated Neutropenia. GeNotes knowlegde hub. 2025.
https://www.genomicseducation.hee.nhs.uk/genotes/knowledge-hub/
ackr1-darc-associated-neutropenia/

Atallah-Yunes SA, Ready A, Newburger PE. Benign ethnic neutrope-
nia. Blood Rev. 2019;37:100586. doi:10.1016/j.blre.2019.06.003
Kelly DL, Glassman M, Wonodi |, et al. Clozapine and neutrophil
response in patients of African descent: a six-month, multinational, pro-
spective, open-label clinical trial. Schizophr Res. 2023;268:312-322.
Legge SE, Christensen RH, Petersen L, et al. The Duffy-null genotype
and risk of infection. Hum Mol Genet. 2020;29(20):3341-3349. doi:
10.1093/hmg/ddaa208

Legge SE, Pardinas AF, Helthuis M, et al. A genome-wide association
study in individuals of African ancestry reveals the importance of the
Duffy-null genotype in the assessment of clozapine-related neutrope-
nia. Mol Psychiatry. 2019;24(3):328-337. doi:10.1038/541380-018-
0335-7

Reiner AP, Lettre G, Nalls MA, et al. Genome-wide association study
of white blood cell count in 16,388 African Americans: the continen-
tal origins and genetic epidemiology network (COGENT). PLoS Genet.
2011;7(6):e1002108. doi:10.1371/journal.pgen.1002108

Reich D, Nalls MA, Kao WH, et al. Reduced neutrophil count in peo-
ple of African descent is due to a regulatory variant in the Duffy anti-
gen receptor for chemokines gene. PLoS Genet. 2009;5(1):e1000360.
doi:10.1371/journal.pgen.1000360

Charles BA, Hsieh MM, Adeyemo AA, et al. Analyses of genome wide
association data, cytokines, and gene expression in African-Americans
with benign ethnic neutropenia. PLoS ONE. 2018;13(3):e0194400.
doi:10.1371/journal.pone.0194400

Genomic data in the All of Us Research Program. Nature. 2024;
627(8003):340-346. doi:10.1038/s41586-023-06957-x

Howes RE, Patil AP, Piel FB, et al. The global distribution of the Duffy
blood group. Nat Commun. 2011;2(1):266. doi:10.1038/ncomms1265
All of Us Research Hub Genomic. Variants data browser.
1-159204893-T-C. 2025. https://databrowser.researchallofus.org/
snvsindels/1-159204893-T-C

gnomAD Data Browser Version 4. SNV 1-159204893. 2025.
https://gnomad.broadinstitute.org/variant/1-159204893-T-C?
dataset=gnomad_r4

Maheshwari A, Killeen RB. Duffy blood group system. StatPearls; 2024.
Piel FB, Patil AP, Howes RE, et al. Global distribution of the sickle cell
gene and geographical confirmation of the malaria hypothesis. Nat
Commun. 2010;1(1):104. doi:10.1038/ncomms1104

Merz LE, Story CM, Osei MA, et al. Absolute neutrophil count by
Duffy status among healthy Black and African American adults. Blood
Adv. 2023;7(3):317-320. doi:10.1182/bloodadvances.2022007679

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

- BRITISH 1989
BICR) PHARMACOLOGICAL

.
K>

Duchene J, Novitzky-Basso |, Thiriot A, et al. Atypical chemokine
receptor 1 on nucleated erythroid cells regulates hematopoiesis. Nat
Immunol. 2017;18(7):753-761. doi:10.1038/ni.3763

Murtough S, Mills D, Khani NS, et al. ACKR1 genetic testing should
be offered before starting clozapine treatment. Nature Mental Health.
2026;4(1):30-41. doi:10.1038/s44220-025-00554-9

Whiskey E, Olofinjana O, Taylor D. The importance of the recognition
of benign ethnic neutropenia in black patients during treatment with
clozapine: case reports and database study. J Psychopharmacol. 2011;
25(6):842-845. doi:10.1177/0269881110364267

Oloyede E, Whiskey E, Casetta C, et al. Relaxation of the criteria for
entry to the UK clozapine Central Non-Rechallenge Database: a
modelling study. Lancet Psychiatry. 2022;9(8):636-644. doi:10.1016/
$2215-0366(22)00188-2

Wu S, Powell V, Chintoh A, Alarabi M, Agarwal SM, Remington G.
Safety of BEN guidelines in clozapine treatment: a Canadian perspec-
tive. Schizophr Res. 2024;264:451-456. doi:10.1016/j.schres.2024.
01.021

Aziri H, Vallianatou K, Balgobin B, Taylor D. Genetic identification of
undiagnosed benign ethnic neutropenia in patients receiving cloza-
pine treatment. Br J Psychiatry. 2024;227(2):1-5. doi:10.1192/bjp.
2024.236

Wallman P, Govind R, Casetta C, et al. Evaluation of 96 cases of
apparent clozapine-induced severe neutropenia. Br J Psychiatry.
2025;1-7. doi:10.1192/bjp.2025.10423

Munoz-Manchado LI, Perez-Revuelta JI, Banerjee A, et al. Influence
of time to clozapine prescription on the clinical outcome. Schizophr
Res. 2024;268:189-192. doi:10.1016/j.schres.2023.09.028

Jones R, Upthegrove R, Price MJ, et al. Duration of prior psychotic ill-
ness and clozapine response: a retrospective observational study
using electronic health records. Ther Adv Psychopharmacol. 2022;12:
20451253221103353. doi:10.1177/20451253221103353

Miura G, Tanaka K, Kemuriyama T, et al. Clinical outcomes after clozapine
discontinuation in patients with schizophrenia: a systematic review. Phar-
macopsychiatry. 2022;55(4):181-192. doi:10.1055/a-1811-7318

Masuda T, Misawa F, Takase M, Kane JM, Correll CU. Association
with hospitalization and all-cause discontinuation among patients with
schizophrenia on clozapine vs other oral second-generation antipsy-
chotics: a systematic review and meta-analysis of cohort studies. JAMA
Psychiatry. 2019;76(10):1052-1062. doi:10.1001/jamapsychiatry.2019.
1702

Masdrakis VG, Baldwin DS. Prevention of suicide by clozapine in
mental disorders: systematic review. Eur Neuropsychopharmacol.
2023;69:4-23. doi:10.1016/j.euroneuro.2022.12.011

Miodownik C, Lerner V, Kibari A, Toder D, Cohen H. The effect of
sudden clozapine discontinuation on management of schizophrenic
patients: a retrospective controlled study. J Clin Psychiatry. 2006;
67(1208):1204-1208.

Royal College of Psychiatrists. College Report CR237—the role of
genetic testing in mental health settings. 2023.

Taylor DM, Barnes TR, Young AH. The Maudsley prescribing guidelines
in psychiatry. 15th ed. John Wiley & Sons; 2025.

Shraga R, Yarnall S, Elango S, et al. Evaluating genetic ancestry and
self-reported ethnicity in the context of carrier screening. BMC Genet.
2017;18(1):99. doi:10.1186/s12863-017-0570-y

Mathieson |, Scally A. What is ancestry? PLoS Genet. 2020;16(3):
€1008624. doi:10.1371/journal.pgen.1008624

NHS and Department of Health & Social Care. Fit for the future: 10 year
health plan for England. 2025. https://www.gov.uk/government/
publications/10-year-health-plan-for-england-fit-for-the-future/fit-for-
the-future-10-year-health-plan-for-england-accessible-version

The Clinical Pharmacogenetics Implementation Consortium (CPIC).
Gene-Drugs Database. 2025. https://www.clinpgx.org/cpic/pairs
Beunk L, Nijenhuis M, Soree B, et al. Dutch Pharmacogenetics Work-
ing Group (DPWG) guideline for the gene-drug interaction between

85US0| 7 SUOWILLIOD 8ATeRD 3|qedljdde sy Aq peusenob ae ssppiiie YO ‘8sn JO Sa|nu 4oy Arq1 aUIUQ A8]1/M UO (SUONIPUOD-pUR-SWIR) WY A8 |IM"AeIq 1 U1 UO//SANY) SUONIPUOD pue Swis | 8y} 8eS *[9202/90/.2] Uo Areiqiqauluo AB|IM ‘ ezuedeld ‘edljoned AIsieAlun - ossny opd elzuld Aq 950, doq/Z00T OT/I0p/wod A8 1M Akeiq1 puljuo'sgndsday/:sdny wouy pepeojumoq ‘. ‘9202 ‘SZTZSIET


info:doi/10.1111/acps.12898
info:doi/10.1097/HS9.0000000000000872
info:doi/10.1097/HS9.0000000000000872
info:doi/10.1017/S204579602200066X
info:doi/10.1186/s12888-021-03514-6
info:doi/10.1186/s12888-021-03514-6
info:doi/10.1093/schbul/sbab006
https://cks.nice.org.uk/topics/neutropenic-sepsis/
https://cks.nice.org.uk/topics/neutropenic-sepsis/
https://www.genomicseducation.hee.nhs.uk/genotes/knowledge-hub/ackr1-darc-associated-neutropenia/
https://www.genomicseducation.hee.nhs.uk/genotes/knowledge-hub/ackr1-darc-associated-neutropenia/
info:doi/10.1016/j.blre.2019.06.003
info:doi/10.1093/hmg/ddaa208
info:doi/10.1038/s41380-018-0335-7
info:doi/10.1038/s41380-018-0335-7
info:doi/10.1371/journal.pgen.1002108
info:doi/10.1371/journal.pgen.1000360
info:doi/10.1371/journal.pone.0194400
info:doi/10.1038/s41586-023-06957-x
info:doi/10.1038/ncomms1265
https://databrowser.researchallofus.org/snvsindels/1-159204893-T-C
https://databrowser.researchallofus.org/snvsindels/1-159204893-T-C
https://gnomad.broadinstitute.org/variant/1-159204893-T-C?dataset=gnomad_r4
https://gnomad.broadinstitute.org/variant/1-159204893-T-C?dataset=gnomad_r4
info:doi/10.1038/ncomms1104
info:doi/10.1182/bloodadvances.2022007679
info:doi/10.1038/ni.3763
info:doi/10.1038/s44220-025-00554-9
info:doi/10.1177/0269881110364267
info:doi/10.1016/S2215-0366(22)00188-2
info:doi/10.1016/S2215-0366(22)00188-2
info:doi/10.1016/j.schres.2024.01.021
info:doi/10.1016/j.schres.2024.01.021
info:doi/10.1192/bjp.2024.236
info:doi/10.1192/bjp.2024.236
info:doi/10.1192/bjp.2025.10423
info:doi/10.1016/j.schres.2023.09.028
info:doi/10.1177/20451253221103353
info:doi/10.1055/a-1811-7318
info:doi/10.1001/jamapsychiatry.2019.1702
info:doi/10.1001/jamapsychiatry.2019.1702
info:doi/10.1016/j.euroneuro.2022.12.011
info:doi/10.1186/s12863-017-0570-y
info:doi/10.1371/journal.pgen.1008624
https://www.gov.uk/government/publications/10-year-health-plan-for-england-fit-for-the-future/fit-for-the-future-10-year-health-plan-for-england-accessible-version
https://www.gov.uk/government/publications/10-year-health-plan-for-england-fit-for-the-future/fit-for-the-future-10-year-health-plan-for-england-accessible-version
https://www.gov.uk/government/publications/10-year-health-plan-for-england-fit-for-the-future/fit-for-the-future-10-year-health-plan-for-england-accessible-version
https://www.clinpgx.org/cpic/pairs

1990

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

MURTOUGH ET AL

BRITISH
R PHARMACOLOGICAL:
i SOCIETY
{1\ >

CYP2D6, CYP3A4 and CYP1A2 and antipsychotics. Eur J Hum Genet.
2024;32(3):278-285. doi:10.1038/s41431-023-01347-3

Shnayder NA, Abdyrakhmanova AK, Nasyrova RF. Oxidation of
antipsychotics. Encyclopedia. 2022;2(2):974-989. doi:10.3390/
encyclopedia2020064

ClinPGx. CYP1A2*1. 2025. https://www.clinpgx.org/haplotype/
PA166363465

PharmVar. CYP1A2 gene. 2025. https://www.pharmvar.org/gene/
CYP1A2

Apellaniz-Ruiz M, Barrachina J, Castro-Sanchez P, et al. Status of the
implementation of pharmacogenetics in clinical practice in Spain: from
regional to national initiatives. Drug Metab Pers Ther. 2024;39(4):183-
199. doi:10.1515/dmpt-2024-0042

DailyMed NIH National Library of Medicine. Clozapine tablet. 2025.
Accord Healthcare Inc. https://dailymed.nlm.nih.gov/dailymed/
druglinfo.cfm?setid=25c0c6d5-f7b0-48e4-e054-00144ff8d46¢
Hayhurst KP, Brown P, Lewis SW. The cost-effectiveness of clozapine:
a controlled, population-based, mirror-image study. J Psychopharmacol.
2002;16(2):169-175. doi:10.1177/026988110201600208

Jin H, Tappenden P, MacCabe JH, Robinson S, McCrone P, Byford S.
Cost and health impacts of adherence to the National Institute for
Health and Care Excellence schizophrenia guideline recommendations.
Br J Psychiatry. 2021;218(4):224-229. doi:10.1192/bjp.2020.241

Jin H, Tappenden P, MacCabe JH, Robinson S, Byford S. Evaluation
of the cost-effectiveness of services for schizophrenia in the UK
across the entire care pathway in a single whole-disease model. JAMA
Netw Open. 2020;3(5):e205888. doi:10.1001/jamanetworkopen.
2020.5888

Labour force survey: population aged 16-64: all: thousands. 2025.
https://www.ons.gov.uk/employmentandlabourmarket/
peopleinwork/employmentandemployeetypes/timeseries/If20/Ims
Kirkbride JB, Errazuriz A, Croudace TJ, et al. Incidence of schizophre-
nia and other psychoses in England, 1950-2009: a systematic review
and meta-analyses. PLoS ONE. 2012;7(3):e31660. doi:10.1371/
journal.pone.0031660

Office for National Statistics. Census 2021. Ethnic group, England
and Wales: Census 2021. 2022. https://www.ons.gov.uk/
peoplepopulationandcommunity/culturalidentity/ethnicity/bulletins/
ethnicgroupenglandandwales/census2021

Northern Ireland statistics and research agency. 2022 Census 2021.
Main statistics ethnicity tables, https://www.nisra.gov.uk/publications/
census-2021-main-statistics-ethnicity-tables

Scotland's Census 2022. Ethnic group, national identity, language and
religion. 2022. https://www.scotlandscensus.gov.uk/search-the-census#/
topics/list?topic=Ethnic%20group,%20national%20identity,%20language
%20and%20religion&categoryld=1

MHRA drug safety update. Clozapine and other antipsychotics: moni-
toring blood concentrations for toxicity. 2020. https://www.gov.uk/
drug-safety-update/clozapine-and-other-antipsychotics-monitoring-
blood-concentrations-for-toxicity

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

National Institute for Health and Care Excellence. Quality standard
QS164: Parkinson's disease [NICE QS164]. 2018. https://www.nice.
org.uk/guidance/qs164

Kelly DL, Kane JM, Love RC, Cotes RO. FDA eliminates the clozapine
REMS—what comes next? JAMA Psychiatry. 2025;82(8):751-752.
doi:10.1001/jamapsychiatry.2025.1155

European Medicines Agency. Clozapine: revised recommendations
for routine blood count monitoring for the risk of agranulocytosis. 2025.
https://www.ema.europa.eu/en/documents/dhpc/direct-healthcare-
professional-communication-dhpc-clozapine-revised-recommendations-
routine-blood-count-monitoring-risk-agranulocytosis_en.pdf

MHRA to review blood monitoring requirements for clozapine patients.
2025. https://pharmaceutical-journal.com/article/news/mhra-to-review-
blood-monitoring-requirements-for-clozapine-patients

Goldstein JI, Jarskog LF, Hilliard C, et al. Clozapine-induced agranulo-
cytosis is associated with rare HLA-DQB1 and HLA-B alleles. Nat
Commun. 2014;5(1):4757. doi:10.1038/ncomms5757

Legge SE, Walters JT. Genetics of clozapine-associated neutropenia:
recent advances, challenges and future perspective. Pharmacoge-
nomics. 2019;20(4):279-290. doi:10.2217/pgs-2018-0188
Okon-Rocha E, Ramudo-Cela L, Taylor D. Genetic analysis of clozapine
metabolism in a patient with subtherapeutic clozapine plasma
concentrations—the importance of CYP3AD5: a case report. J Clin Psycho-
pharmacol. 2022;42(6):604-606. doi:10.1097/JCP.0000000000001615
Lenk HC, Lovsletten Smith R, O'Connell KS, et al. Impact of NFIB and
CYP1A variants on clozapine serum concentration—a retrospective
naturalistic cohort study on 526 patients with known smoking habits.
Clin Transl Sci. 2023;16(1):62-72. doi:10.1111/cts.13422

Solbakk M, Smith RL, Wollmann BM, et al. Impact of the transcription
factor nuclear factor 1 B T > C polymorphism on clozapine metabo-
lism in vivo and expression of intestinal transporters in vitro. Drug
Metab Dispos. 2025;53(7):100100. doi:10.1016/j.dmd.2025.100100
Hantel A, Hibbs SP, Merz LE, Abel GA. The Duffy null phenotype—
addressing a source of discrimination in cancer care. N Engl J Med.
2024;391(21):1969-1972. doi:10.1056/NEJMp2409329

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Murtough S, Stellakis O, Mills D, et al.
ACKR1/Duffy-null genotype testing for clozapine: A guideline
developed by the UK Centre of Excellence in Regulatory
Science and Innovation in Pharmacogenomics (CERSI-PGx). Br
J Clin Pharmacol. 2026;92(7):1977-1990. doi:10.1002/bcp.
70576

35US017 SUOWILLIOD dAIR1D 3|ceal|dde ay Aq pausenob ake sajoie O ‘9N JO S3|NJ 10} ARelg 1T auluQ /8|1 UO (SUO T IPUOD-PUR-SWLR)LIOD AB[IM A Reiq U1 UO//SdNY) SUORIPUOD pue SWB | 3Y} 39S *[9202/90/.2] Uo AriqiTauluQ A|IM ‘ezuadeld edljoieD AISIBAIUN - 0ssny o]pd elzul) Aq 9250/ 'dod/z00T 0T/10p/wiod Ao [im Akeiq 1 puljuo'sgndsday/sdny woij pepeojumod */ ‘9202 ‘SZTZS9ET


info:doi/10.1038/s41431-023-01347-3
info:doi/10.3390/encyclopedia2020064
info:doi/10.3390/encyclopedia2020064
https://www.clinpgx.org/haplotype/PA166363465
https://www.clinpgx.org/haplotype/PA166363465
https://www.pharmvar.org/gene/CYP1A2
https://www.pharmvar.org/gene/CYP1A2
info:doi/10.1515/dmpt-2024-0042
https://dailymed.nlm.nih.gov/dailymed/drugInfo.cfm?setid=25c0c6d5-f7b0-48e4-e054-00144ff8d46c
https://dailymed.nlm.nih.gov/dailymed/drugInfo.cfm?setid=25c0c6d5-f7b0-48e4-e054-00144ff8d46c
info:doi/10.1177/026988110201600208
info:doi/10.1192/bjp.2020.241
info:doi/10.1001/jamanetworkopen.2020.5888
info:doi/10.1001/jamanetworkopen.2020.5888
https://www.ons.gov.uk/employmentandlabourmarket/peopleinwork/employmentandemployeetypes/timeseries/lf2o/lms
https://www.ons.gov.uk/employmentandlabourmarket/peopleinwork/employmentandemployeetypes/timeseries/lf2o/lms
info:doi/10.1371/journal.pone.0031660
info:doi/10.1371/journal.pone.0031660
https://www.ons.gov.uk/peoplepopulationandcommunity/culturalidentity/ethnicity/bulletins/ethnicgroupenglandandwales/census2021
https://www.ons.gov.uk/peoplepopulationandcommunity/culturalidentity/ethnicity/bulletins/ethnicgroupenglandandwales/census2021
https://www.ons.gov.uk/peoplepopulationandcommunity/culturalidentity/ethnicity/bulletins/ethnicgroupenglandandwales/census2021
https://www.nisra.gov.uk/publications/census-2021-main-statistics-ethnicity-tables
https://www.nisra.gov.uk/publications/census-2021-main-statistics-ethnicity-tables
https://www.scotlandscensus.gov.uk/search-the-census#/topics/list?topic=Ethnic%20group,%20national%20identity,%20language%20and%20religion&categoryId=1
https://www.scotlandscensus.gov.uk/search-the-census#/topics/list?topic=Ethnic%20group,%20national%20identity,%20language%20and%20religion&categoryId=1
https://www.scotlandscensus.gov.uk/search-the-census#/topics/list?topic=Ethnic%20group,%20national%20identity,%20language%20and%20religion&categoryId=1
https://www.gov.uk/drug-safety-update/clozapine-and-other-antipsychotics-monitoring-blood-concentrations-for-toxicity
https://www.gov.uk/drug-safety-update/clozapine-and-other-antipsychotics-monitoring-blood-concentrations-for-toxicity
https://www.gov.uk/drug-safety-update/clozapine-and-other-antipsychotics-monitoring-blood-concentrations-for-toxicity
https://www.nice.org.uk/guidance/qs164
https://www.nice.org.uk/guidance/qs164
info:doi/10.1001/jamapsychiatry.2025.1155
https://www.ema.europa.eu/en/documents/dhpc/direct-healthcare-professional-communication-dhpc-clozapine-revised-recommendations-routine-blood-count-monitoring-risk-agranulocytosis_en.pdf
https://www.ema.europa.eu/en/documents/dhpc/direct-healthcare-professional-communication-dhpc-clozapine-revised-recommendations-routine-blood-count-monitoring-risk-agranulocytosis_en.pdf
https://www.ema.europa.eu/en/documents/dhpc/direct-healthcare-professional-communication-dhpc-clozapine-revised-recommendations-routine-blood-count-monitoring-risk-agranulocytosis_en.pdf
https://pharmaceutical-journal.com/article/news/mhra-to-review-blood-monitoring-requirements-for-clozapine-patients
https://pharmaceutical-journal.com/article/news/mhra-to-review-blood-monitoring-requirements-for-clozapine-patients
info:doi/10.1038/ncomms5757
info:doi/10.2217/pgs-2018-0188
info:doi/10.1097/JCP.0000000000001615
info:doi/10.1111/cts.13422
info:doi/10.1016/j.dmd.2025.100100
info:doi/10.1056/NEJMp2409329
info:doi/10.1002/bcp.70576
info:doi/10.1002/bcp.70576

	ACKR1/Duffy‐null genotype testing for clozapine: A guideline developed by the UK Centre of Excellence in Regulatory Science...
	Abstract
	1  |  BACKGROUND AND OVERVIEW
	1.1  |  The UK monitoring system for clozapine
	1.2  |  ACKR1/DARC‐associated neutropenia (ADAN)

	2  |  LICENCED INDICATIONS
	3  |  EVIDENCE OVERVIEW
	4  |  RECOMMENDED INDICATIONS FOR PHARMACOGENETIC TESTING
	5  |  INTEGRATING PHARMACOGENETIC TESTING INTO EXISTING CLINICAL PATHWAYS
	6  |  WHICH GENE(S), VARIANTS, TURNAROUND TIME
	7  |  CLINICAL ACTIONS BASED ON GENOTYPE
	7.1  |  Actions when the ACKR1 homozygous C/C variant at rs2814778 (Duffy‐null genotype) is detected
	7.2  |  Actions when the ACKR1 homozygous C/C variant is NOT detected (carriers of a copy of the functional allele, C/T or ...

	8  |  OTHER PHARMACOGENETICS GUIDELINES
	8.1  |  Clinical Pharmacogenetics Implementation Consortium guidelines
	8.2  |  Dutch Pharmacogenetics Working Group guidelines
	8.3  |  Other guidelines

	9  |  HEALTH ECONOMIC EVALUATION
	10  |  REGULATORY CONSIDERATIONS
	10.1  |  Summary of product characteristics (SmPC) and the UK monitoring system
	10.2  |  MHRA drug safety updates
	10.3  |  NICE guidance
	10.4  |  International regulations and guidance

	11  |  OTHER CONSIDERATIONS
	12  |  RESEARCH RECOMMENDATIONS
	AUTHOR CONTRIBUTIONS
	AFFILIATIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


