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Abstract: Despite its severe adverse effects, such as agranulocytosis, clozapine is the primary treatment
for treatment-resistant schizophrenia. The established clozapine monitoring system has contributed
to reducing agranulocytosis incidence and mortality rates. However, the pandemic coronavirus
disease 2019 (COVID-19) has caused changes in the monitoring system. This review aimed to assess
the current evidence on the neutrophil changes in the patient on clozapine treatment and infected
with COVID-19. Individual cases reported various absolute neutrophil count (ANC) levels, normal,
reduced, or elevated. No agranulocytosis case was reported. One case had a borderline moderate-
severe ANC level, but the patient was in the 18-week period of clozapine treatment. A cumulative
analysis of case the series initially reported inconclusive results. However, a more recent study
with a larger sample size reported a significant reduction in the ANC during COVID-19 infection.
Nevertheless, this effect is transient as no significant difference was found between the baseline and
the post-infection period in ANC levels. In conclusion, COVID-19 is associated with a temporary
reduction in ANC levels. The results supported the recommendation to reduce the frequency of
clozapine monitoring in the eligible candidates. However, more data are required to confirm the
current findings given the limitations, including study design, sample size, and statistical analysis.

Keywords: clozapine; coronavirus; schizophrenia

1. Introduction

Clozapine is the gold standard for treatment-resistant schizophrenia [1]. It was dis-
covered over a half-century ago by researchers at Wander AG, a Swiss pharmaceutical
company [2,3]. After a decade, the use of clozapine began to fade away due to its alarming
side effect but was re-introduced in the year 1989 for the treatment of refractory psy-
chosis [3]. Numerous comparative studies between clozapine and other antipsychotics
have reported superior efficacy of clozapine in treatment-resistant schizophrenia [4,5].

Albeit its robust efficacy, clozapine is underutilized, with less than one-fifth of clozapine-
eligible candidates receiving the treatment [2]. The use is limited due to various adverse
effects, including agranulocytosis, a severe form of neutropenia characterized by neu-
trophil counts of less than 0.5 × 109/L [6]. The incidence of agranulocytosis varies across
countries, ranging from 0.21 to 0.8% [6]. The mechanisms of clozapine-induced neutrope-
nia and agranulocytosis are not well-understood but may be partly attributable to the
selective effect of clozapine on stromal cells and neutrophils. When clozapine is bioacti-
vated to cytotoxic metabolites, cell death is promoted secondary to oxidative stress and
haptenation [7–9].
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The establishment of a clozapine monitoring system allows for early detection of
severe agranulocytosis [10], enabling timely intervention to be administered and thus
reducing agranulocytosis incidence and mortality rates [11]. Although the established
monitoring system has been successfully conducted for many years, the global pandemic of
coronavirus disease 2019 (COVID-19) has forced significant adjustments to ensure clozapine
treatment continuation while reducing COVID-19 exposure to patients. A consensus
on clozapine was published to guide clinicians with focus on the frequency of ANC
monitoring, clinical assessment, and dose changes [12]. In terms of ANC monitoring,
the ANC frequency can be reduced to three monthly if the patient has been on clozapine
treatment for more than a year with no history of ANC of less than 2000/µL (or less than
1500/µL if the patient has history of benign ethnic neutropenia), and no practical or safe
access to ANC testing [12].

At the time this consensus was published, limited data were available regarding the ef-
fects of COVID-19 in patients receiving clozapine. In the general population, COVID-19 has
been reported to exert a significant effect on hematological parameters. Asghar, et al. [13]
reported a significantly lower white blood cell count in COVID-19 patients than healthy
people. Evidence from various studies demonstrated that lymphopenia is a more com-
mon finding in COVID-19 patients than other hematological parameters [14]. Moreover,
neutrophilia is an essential predictor for poor prognosis in severe COVID-19-infected
patients [15,16]. The release of pro-inflammatory mediators, such as interleukin (IL-6,
IL-10) following neutrophil infiltration, contributes to ‘cytokine storms’ with the subse-
quent hyperinflammation state [15,16]. The infiltration of inflammatory cells in the lung
causes massive injury that might attribute to acute respiratory distress syndrome [15]. On
the contrary, growing evidence has reported a reduction in ANC in COVID-19 patients
receiving clozapine [17–19]. The magnitude of ANC reduction is unclear during COVID-19
in patients receiving clozapine. Moreover, the association of COVID-19 infection with
neutropenia and agranulocytosis incidence in this population is unknown.

This review aimed to assess the current evidence on the neutrophil changes in patients
on clozapine treatment who were infected with COVID-19. The findings are essential to
inform the clinicians regarding the risk or incidence of neutropenia and agranulocytosis
in clozapine-treated patients as the new recommendation has changed the monitoring
procedure in order to reduce exposure to COVID-19. We also revisited the mechanism of
clozapine-induced neutropenia in the initial section.

2. The Mechanisms of Clozapine-Induced Neutropenia

Clozapine has been reported to exert initial bone marrow stimulation with subse-
quent risk of neutropenia, particularly between 6–18 weeks of treatment [20,21]. A neu-
trophil kinetic study demonstrated a gradual, but significant increase in blood neutrophil
levels [21,22] with a concurrent increase in the granulocyte colony-stimulating factor (G-
CSF) at three and six hours following clozapine administration [21]. These findings indicate
kinetics of neutrophils are G-CSF-dependent. Interestingly, the clozapine effect is only re-
stricted to neutrophils but not lymphocytes [21,22]. These findings were further supported
by clinical findings that showed a transient elevation of neutrophil levels in a cohort of
100 patients in the first few weeks of clozapine treatment [17]. This transient elevation in
the neutrophil count subsequently normalizes, however in a smaller cohort of patients,
clozapine eventually induced neutropenia or agranulocytosis. The exact pathology under-
lying to this phenomenon is not fully elucidated, nonetheless several mechanisms have
been proposed and a significant genetic predisposition has been observed.

One of the mechanisms that was initially proposed is related to the direct toxicity
of clozapine metabolites to the bone marrow stromal cells, in particular the immature
neutrophil subpopulation. It is worth noting that, clozapine in its natural form itself is
cytotoxic, but only at supratherapeutic levels [9]. The metabolism of clozapine forms at
least three different metabolites with distinct cytotoxicity levels (Figure 1). Clozapine
N-oxide is a non-toxic metabolite, while N-desmethylclozapine is a less toxic metabolite
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than clozapine. Both are the products of a cytochrome P450 enzyme (CYP) metabolism,
particularly CYP3A4 and CYP1A2 [23].
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Figure 1. Metabolism of clozapine into metabolites and its cytotoxicity levels. Clozapine is pri-
marily metabolized by cytochrome P450 (CYP) into desmethylclozapine. Another product of CYP
metabolism is clozapine N-oxide, a non-toxic and inactive metabolite. Some clozapine is converted
into nitrenium ions by hypochlorous acid (HOCI), the oxidant found in the activated neutrophils.
The arrows with colors indicate the cytotoxicity levels of each compound in increasing order.

Nitrenium ion is a reactive and toxic metabolite of clozapine produced by the in-
teraction of clozapine with hypochlorous acid (HOCI), a primary oxidant found in the
activated neutrophils (Figure 2) [24]. The formation of nitrenium ion (Figure 3) can also be
catalyzed by a combination of horseradish peroxidase and hydrogen peroxide (H2O2), as
well as a combination of myeloperoxidase, H2O2, and chloride ion [8,9,24,25]. Interestingly,
nitrenium ion formation is specific to clozapine. Utilizing the same metabolizing system
(horseradish peroxidase and hydrogen peroxide) for other antipsychotics such as olanzap-
ine and risperidone did not produce toxic metabolites [7]. Nitrenium ion has the ability to
form a covalent bond with neutrophils, forming neutrophil haptenation which promotes
apoptosis via tyrosine kinase activation [9,25].

Antioxidants play a pivotal role in the detoxification of toxic metabolites. Glutathione
(GSH), an antioxidant, detoxifies nitrenium ions via conjugation [25]. Other exogenous
antioxidants such as ascorbic acid, catalase, and N-acetylcysteine can also reduce clozapine-
mediated cytotoxicity in stromal cells and neutrophils, further supported by the mechanism
of neutropenia of the drug via oxidative stress [7,8].

Although the neutropenic effect of clozapine is consistently observed in in vitro stud-
ies, the prevalence of neutropenia and agranulocytosis in patients receiving clozapine
is considerably low globally. The advancement of pharmacogenomics technologies has
allowed the determination of genetic factors at molecular levels. Studies from few popula-
tions have reported significant associations of genetic polymorphisms in human leukocyte
antigen (HLA), ABCB1 drug transporter, and glutathione S-transferase with clozapine-
induced neutropenia [26,27]. Moreover, genetic polymorphisms in HLA, ABCB1, and
NRH-quinone oxidoreductase 2 have been found to demonstrate significant associations
with clozapine-induced agranulocytosis [26–28]. Additionally, another recent study also
identified the STARD9 and UBAP2 gene variants in a cohort of patients with clozapine-
induced neutropenia. STARD9 is a mitotic kinesin, essential for pericentriolar matrix
cohesion in mitosis. Depletion of STARD9 promotes mitotic arrest secondary to fragmenta-
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tion and dissociation of pericentriolar material, resulting in apoptosis in various cancer
cells [29]. The UBAP2 gene regulates ubiquitination, an essential process involved in cell
proliferation and survival [30]. The combined effect of the gene variants and the direct toxic
effect by the clozapine’s metabolites promotes neutrophil toxicity [31]. However, given the
statistical and methodological limitations, further studies are required to justify the role of
genetic variants in clozapine-induced neutropenia and agranulocytosis.
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Figure 2. Mechanism of clozapine-induced neutrophil toxicity. Clozapine is metabolized by cy-
tochrome P450 (CYP) into clozapine N-oxide and N-desmethylclozapine in the liver. Moreover,
clozapine can react with hypochlorous acid in the neutrophils to form nitrenium ions, which later can
form haptenation on the membrane surface, promoting apoptosis. Nitrenium ions can be detoxified
by antioxidants such as glutathione (GSH) to form non-toxic GSH conjugates. Excessive use of GSH
can lead to depletion, increasing cellular oxidative stress, resulting in cell death.
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3. COVID-19 Infection and Neutrophil Count in Patients on Clozapine Treatment
3.1. Evidence from Case Series

Initial data from the case series demonstrated inconclusive findings from two centers.
Gee and Taylor [18] reported a case series of 13 patients on clozapine that were infected with
COVID-19 with various underlying conditions, including diabetes mellitus, hypertension,
and anemia (Table 1). A cumulative analysis of patients revealed a declining trend in
ANC during the infection but an increasing trend in the post-infection period. However,
negligible differences were reported between baseline and during infection, and infection
and post-infection. Interestingly, there was no significant difference in ANC between
baseline and post-infection. Moreover, out of 13 patients, only one patient had ANC of
less than 1.5 × 109/L, and no agranulocytosis case was reported. Unfortunately, two
patients died from COVID-19, while another patient died from myocardial infarction.
These patients were reported to have multiple comorbidities.

On the other hand, Bonaccorso, et al. [17] found a significant reduction and improve-
ment during and post-COVID-19 infection, respectively, among ten patients infected with
COVID-19. In this cohort, no mortality was reported, and only one patient was admitted to
the intensive care unit due to complications. Another case series [33] is described in the
following subtopic as the authors did not analyze the cases cumulatively but described
them individually.

The different findings between the case series might be attributable to several factors.
The definitions of the pre-, during, and post-COVID-19 periods are different between the
two case series. Gee and Taylor [18] defined 14 days before the positive swab test, 0–7 days,
and 8–14 days as the pre-, during, and post-COVID-19 infection period, respectively. On
the contrary, Bonaccorso, et al. [17] defined the period based on the average ANC in the
previous three years, around three days (±2.83 days) after the onset of the symptoms,
and approximately one month after the COVID-19 infection, as pre-, during, and post-
COVID-19, respectively. Another reason is probably the difference in the statistical analysis
used between studies, with one study utilized a paired t-test [18], while another used the
linear regression method [17]. However, none of the studies used a multiple regression
model to control for specific confounding factors. Other factors may be related to different
proportions and types of comorbidities between the case series.

A more recent study that combined datasets from both studies [17,18] with additional
samples reported a significant reduction in the ANC level during COVID-19 infection [19].
Furthermore, the post-COVID-19 ANC values were not significantly different from the
baseline. In this more extensive study, the statistical analysis method used was similar
to those described by Gee and Taylor [18] that initially only found specific trends but no
significant results.
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Table 1. Characteristics of case series and case reports included in the article.

References Population/Patient Characteristics Duration and Dose of
Clozapine Location

ANC
RemarksBaseline During Infection Post Infection

Case series

Gee [18]

Thirteen patients with a mean of
48 years of age. The majority were

women (69%), non-Caucasian (69%)
and had comorbidities (85%).

Duration:
Less than

18 weeks–more than
1 year (range)

Dose:
NA

South London and the
Maudsley NHS

Foundation Trust.
4.83 × 109/L 4.24 × 109/L 5.70 × 109/L

Bonaccorso [17]

Ten patients with the median of
45.4 years of age. The majority were
male (70%), of African descent (50%),

and had some comorbidities.

Duration:
726.1 days (mean)

Dose:
200–600 mg/day

(range)

Highgate Mental Health
Centre, Camden and

Islington NHS
Foundation Trust.

5.20 × 109/L 4.13 × 109/L ↓ * 5.28 × 109/L ↑ **

The clozapine dose from
one patient was reduced

while another
was stopped.

Gee [19]

Fifty-three patients with the age
range between less than 20 years of
age and more than 80 years of age.

The majority were male (64%),
non-Caucasian (64%), and had
schizophrenia diagnoses (64%).

Duration:
4.6 years (mean)

12 days–28 years (range)
Dose:

342 mg/day (mean)
50–800 mg/day (range)

Five centers under the
London Mental Health

Trusts.
4.72 × 109/L 3.83 × 109/L ↓* 4.73 × 109/L

This datasets comprises
Gee and Taylor [18] and
Bonaccorso, et al. [17]

with additional samples.
A total of 36% of patients
had their clozapine dose
changed/stopped due to

various reasons.

Case report

Butler [33]

A 62-year-old man (African descent)
with schizoaffective disorder

presented with delirium, fever,
respiratory symptoms, and signs.

However, the patient had a
worsening respiratory condition and

died of COVID-19 pneumonia.

Duration:
Since late 2018

Dose:
600 mg daily

A university teaching
hospital in London,

16 March–1 May 2020.
NA 1.64 × 109/L

(N)
NA (patient died)

Clozapine was withheld
for less than 24 h then

restarted at 400 mg ON.

Butler [33]

A 57-year-old woman (Caucasian)
with treatment-resistant

schizophrenia presented with
hypoxia and hemodynamic
instability. The patient was

supported with a mechanical
ventilator. Subsequently, the patient
was in slow recovery at the time the

article was written.

Duration:
NA

Dose:
350 mg daily

A university teaching
hospital in London,

16 March–1 May 2020.
NA 10.3 × 109/L

↑ NA Clozapine was stopped
but retitrated on day 19.
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Table 1. Cont.

References Population/Patient Characteristics Duration and Dose of
Clozapine Location

ANC
RemarksBaseline During Infection Post Infection

Case series

Cranshaw [34]

A 38-year-old man with organic
psychosis presented with respiratory
signs and symptoms and clozapine
toxicity signs (hypersalivation and

myoclonus). The patient had
elevated clozapine (0.73 mg/l) and

norclozapine (0.31 mg/l) levels.

Duration:
NA

Dose:
325 mg daily

NA (UK) NA 1.26 × 109/L
↓ NA

Clozapine was
temporarily stopped

due to significant
lymphopenia.

Uncomplicated
recovery.

Dotson [35]

A 76-year-old man with
schizoaffective disorder

(bipolar-type) with recurrent
catatonia on clozapine 300 mg ON

and monthly ECT. The patient
presented with catatonia. High
clozapine levels on admission
(1360 ng/mL). Concurrent use

with tocilizumab.

Several years NA NA 1.10 × 109/L
↓ 4.00 × 109/L

Dotson [35]

A 63-year-old woman with
schizoaffective disorder

(bipolar-type) on clozapine 50 mg
OM/350mg ON, olanzapine 20 mg

ON, citalopram 20 mg OD. The
patient presented with confusion,

nausea, ileus, severe hyponatremia
with high clozapine levels on

admission (1060 ng/mL).

NA NA NA 14.97 × 109/L
↑ NA

Clozapine was withheld
for a week and was

retitrated as her bowel
function normalized.

Dotson [35]

A 53-year-old woman with
schizophrenia on clozapine 250 mg

ON. The patient presented with
delirium, fever, and vomiting. She

had high clozapine levels on
admission (2154 ng/mL). Her ANC
level was stable during her stay. The
patient was eventually discharged.

Several years NA NA 2.20 × 109/L
(N)

NA Clozapine dose was
reduced.
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Table 1. Cont.

References Population/Patient Characteristics Duration and Dose of
Clozapine Location

ANC
RemarksBaseline During Infection Post Infection

Case series

Boland [36]

A 21-year-old man with
treatment-resistant schizoaffective
disorder on clozapine 850 mg ON

and lithium 1.2 g ON for 18 months.
He presented with fever, coryzal
symptoms, high blood pressure,

tachycardia, deranged renal profile.
The patient eventually became well

and was discharged.

18 months NA 6.94 × 109/L
(N)

NA

Clozapine was withheld
for three days and then
retitrated over five days

to 600 mg daily.

Gee [19]

A non-Caucasian woman in a
21–30 age group was diagnosed

with COVID-19 infection (no further
information provided).

Duration: 231 days
Dose: NA

One of five centers
under the London

Mental Health Trusts.

>2.50 × 109/L
1.2–1.4 × 109/L

(Day 8–9)
↓

NA (reported as
resolved)

Clozapine was withheld
for 24 h.

Gee [19]

An African descent man in the
51–60 age group with a history of

moderate neutropenia (0.7 × 109/L
ANC) when he was under critical

care due to a motor vehicle accident.

Duration: 520 days
Dose: NA NA

0.9 × 109/L (Day 5),
1.2–2.1 × 109/L

(Day 6–8)
↓

>2.0 × 109/L

Clozapine was withheld
(no specific duration

reported) but then
restarted.

Gee [19] A Caucasian man in a
31–40 age group.

Duration: 339 days
Dose: NA NA

>2.5 × 109/L (until
day 5)

1.2 × 109/L (Day 6)
↓

2.7 × 109/L (Day 8)
Clozapine was withheld
but restarted on day 10.

Gee [19] A non-Caucasian man in a
21–30 age group.

Duration: 67 days
Dose: NA ≥2.9 × 109/L 0.5–0.9 × 109/L

↓
NA (but resolved

on day 38)
Clozapine treatment

stopped.

* Significantly different between during infection vs. baseline; ** significantly different between post-infection vs. during infection; ↓ decrease; ↑ increase; ANC: absolute neutrophil count; COVID-19: coronavirus
disease 2019; ECT: electroconvulsive therapy; BD: twice daily; NA: not available; NS: not significant; OM: on morning; OD: once daily; ON: on night.
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3.2. Evidence from Case Report

Evidence from numerous cases reported various ANC levels (normal, reduced, or
elevated) in patients on clozapine infected with COVID-19. Butler, et al. [33] reported a
patient with a normal ANC value during the infection. This patient had been on clozapine
treatment for more than a year and was maintained on 600 mg daily. Unfortunately,
the patient did not survive as he was complicated with COVID-19 pneumonia. Boland
and Dratcu [36] reported a case of normal ANC in a patient who has been on clozapine
treatment for 18 months. Initially, the patient presented with abnormal vitals (hyperpyrexia,
tachycardia, and hypertension) with a deranged renal profile. Eventually, the patient
condition improved and they were discharged. Moreover, Dotson, et al. [35] reported a
patient maintained on clozapine for many years with a normal ANC level during COVID-19.
This patient had stable ANC levels during her stay and was eventually discharged.

On the other hand, Dotson, et al. [35] reported a decline in ANC level below the
normal range with an elevated level of clozapine. In this case, the authors hypothe-
sized that tocilizumab, a medication for COVID-19, might partly explain ANC reduction.
Tocilizumab works through the inhibition of interleukin-6, an essential cytokine in neu-
trophil kinetics [37]. The mechanism of tocilizumab-induced neutropenia is attributable
to the inhibition of neutrophil recruitment into peripheral blood and possibly apoptosis
induction [37].

Similarly, Cranshaw and Harikumar [34] reported a mild reduction in ANC levels.
However, no COVID-19 treatment was started in this case, but the patient was noted to
have a significant lymphopenia and signs of clozapine toxicity, leading to a temporary
cessation of clozapine. Serum clozapine and norclozapine levels taken reported a notable
increase from the baseline values. The possible mechanism for elevated clozapine levels
in infection or inflammation is the inhibition of CYP1A2, one of the primary clozapine
metabolizing enzymes [38]. Cytokines released during infection can downregulate CYP
activity, which in turn reduces the clozapine metabolism [39]. The patient was reported to
have an uncomplicated COVID-19 recovery.

Moreover, Gee and Taylor [19] reported four cases of reduced ANC value. Two had
episodes of mild neutropenia, one had an episode of moderated neutropenia, while another
had a borderline episode of moderate-severe neutropenia (ANC value of 0.5 × 109/L). Cloza-
pine treatment was temporarily withheld in all but one, in which clozapine treatment was
discontinued permanently. In this case, the patient just started on clozapine (67 days). The
follow-up post-COVID-19 infection in all four cases reported that all ANC were normalized.

In contrast, Butler, et al. [33] demonstrated another case of an elevated ANC level.
However, no other ANC level was reported, probably because the patient was complicated
with a urinary tract infection and still under-recovery. The reason for the elevated ANC
might be partly explained by cytokines released during the infection. This fact is supported
by the finding from a study in the general population that reported a significant increment
of cytokines, such as interleukin-6 and tumor necrosis factor-α in COVID-19 patients
compared with controls [40].

3.3. Perspectives

The results from the current studies demonstrated ANC might be maintained within
normal values, elevated, or reduced during COVID-19 infection. However, the cumulative
findings reported a transient but significant reduction during COVID-19 infection. No
agranulocytosis case was reported but one patient was borderline. This case is unique
as the patient was in the period of 18 weeks of clozapine treatment, when the risk of
agranulocytosis is the highest [11]. In the majority of the reports, the ANC value rebounded
to baseline post-COVID-19 infection. The data supported the recommendation to reduce the
frequency of ANC monitoring for the patients who have been stabilized on clozapine for
more than a year without history of low ANC levels (<2000/µL or <1500/µL in patient with
BEN) and no practical access to test the ANC levels. This evidence can potentially change
the clozapine monitoring system as a whole, even when the pandemic is over in the future.
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However, the nature of the current evidence (case report and case series) hinders
the assessment of a causal relationship between neutropenia and COVID-19 infection.
Moreover, a small sample size prevents more a comprehensive assessment of the association
of neutropenia and COVID-19 infection. Moreover, most of the studies are reported
from the United Kingdom. The authors only analyzed the data using a univariate test
due to a limited sample size. As a result, various confounding factors could not be
controlled. Distinct characteristics between individuals in terms of demographic and
clinical backgrounds, including age, race, gender, comorbidities, and medications, have
the potential to confound the correlation between ANC and COVID-19 infection. The
most extensive study (n = 53) included in this review reported a higher proportion of
patients aged ≥ 40 years, non-Caucasian group, male predominance, and a wide range
of clozapine treatment duration (12 days–28 years) [19]. The risk of clozapine-induced
neutropenia is higher in the younger population, Black population, lower WBC baseline,
and within 6–18 weeks of clozapine treatment [20]. Other than that, the combination
of clozapine and other antipsychotic medication may alter the risk of neutropenia. A
recent meta-analysis study reported no significant difference in the risk of neutropenia
between clozapine and other antipsychotics, including risperidone and olanzapine [41].
The finding may indicate that other antipsychotics have the potential to cause neutropenia.
However, no data are available on the effect or association of other antipsychotics on
ANC levels in COVID-19 patients. Future studies should be conducted to investigate
the association or temporal relationship between other antipsychotics and ANC in this
population. Comparing clozapine and other antipsychotics on the impact of ANC can
provide more insights on the risk of neutrophil levels reduction in COVID-19. Moreover,
the direction of the future study should focus on the cohort or cross-sectional studies
with a larger sample size, controlling the confounding factors, and be replicated in other
countries. Despite numerous limitations, current evidence indicates that clozapine use
during COVID-19 infection did not result in significant reduction in ANC levels.

4. Conclusions

To summarize, COVID-19 is associated with a temporary reduction in ANC levels. The
results supported the recommendation to reduce the frequency of clozapine monitoring in
eligible candidates. However, more data are required to confirm current findings given the
limitations including study design, sample size, and statistical analysis.

Author Contributions: Conceptualization, F.F.R.; writing—original draft preparation, F.F.R.;
writing—review and editing, F.F.R., A.A., S.A.S.H., Y.K. and N.I.; funding acquisition, F.F.R. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Faculty of Medicine, Universiti Kebangsaan Malaysia,
grant number FF-2021-055.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Taylor, D.M. Clozapine for Treatment-Resistant Schizophrenia: Still the Gold Standard? CNS Drugs 2017, 31, 177–180. [CrossRef]

[PubMed]
2. Khokhar, J.Y.; Henricks, A.M.; Sullivan, E.D.; Green, A.I. Unique Effects of Clozapine: A Pharmacological Perspective. Adv.

Pharmacol. 2018, 82, 137–162. [CrossRef]
3. Crilly, J. The history of clozapine and its emergence in the US markett: A review and analysis. Hist. Psychiatry 2007, 18, 39–60.

[CrossRef] [PubMed]
4. Stroup, T.; 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, 166–173. [CrossRef]

http://doi.org/10.1007/s40263-017-0411-6
http://www.ncbi.nlm.nih.gov/pubmed/28258419
http://doi.org/10.1016/bs.apha.2017.09.009
http://doi.org/10.1177/0957154X07070335
http://www.ncbi.nlm.nih.gov/pubmed/17580753
http://doi.org/10.1176/appi.ajp.2015.15030332


Int. J. Environ. Res. Public Health 2021, 18, 11289 11 of 12

5. Kane, J.; Honigfeld, G.; Singer, J.; Meltzer, H. Clozapine for the Treatment-Resistant Schizophrenic. Arch. Gen. Psychiatry 1988, 45,
789–796. [CrossRef]

6. Mijovic, A.; MacCabe, J.H. Clozapine-induced agranulocytosis. Ann. Hematol. 2020, 99, 2477–2482. [CrossRef] [PubMed]
7. Pereira, A.; Dean, B. Clozapine bioactivation induces dose-dependent, drug-specific toxicity of human bone marrow stromal cells:

A potential in vitro system for the study of agranulocytosis. Biochem. Pharmacol. 2006, 72, 783–793. [CrossRef]
8. Williams, D.; Pirmohamed, M.; Naisbitt, D.J.; Maggs, J.L.; Park, B.K. Neutrophil cytotoxicity of the chemically reactive metabo-

lite(s) of clozapine: Possible role in agranulocytosis. J. Pharmacol. Exp. Ther. 1997, 283, 1375–1382.
9. Williams, D.; Pirmohamed, M.; Naisbitt, D.J.; Uetrecht, J.P.; Park, B.K. Induction of Metabolism-Dependent and -Independent

Neutrophil Apoptosis by Clozapine. Mol. Pharmacol. 2000, 58, 207–216. [CrossRef]
10. Kar, N.; Barreto, S.; Chandavarkar, R. Clozapine Monitoring in Clinical Practice: Beyond the Mandatory Requirement. Clin.

Psychopharmacol. Neurosci. 2016, 14, 323–329. [CrossRef]
11. Li, X.-H.; Zhong, X.-M.; Lu, L.; Zheng, W.; Wang, S.-B.; Rao, W.-W.; Wang, S.; Ng, C.; Ungvari, G.S.; Wang, G.; et al. The prevalence

of agranulocytosis and related death in clozapine-treated patients: A comprehensive meta-analysis of observational studies.
Psychol. Med. 2019, 50, 583–594. [CrossRef]

12. Siskind, D.; Honer, W.G.; Clark, S.; Correll, C.U.; Hasan, A.; Howes, O.; Kane, J.M.; Kelly, D.L.; Laitman, R.; Lee, J.; et al.
Consensus statement on the use of clozapine during the COVID-19 pandemic. J. Psychiatry Neurosci. 2020, 45, 222–223. [CrossRef]
[PubMed]

13. Asghar, M.; Hussain, N.; Shoaib, H.; Kim, M.; Lynch, T.J. Hematological characteristics of patients in coronavirus 19 infection: A
systematic review and meta-analysis. J. Commun. Hosp. Intern. Med. Perspect. 2020, 10, 508–513. [CrossRef]

14. Terpos, E.; Ntanasis-Stathopoulos, I.; Elalamy, I.; Kastritis, E.; Sergentanis, T.N.; Politou, M.; Psaltopoulou, T.; Gerotziafas, G.;
Dimopoulos, M.A. Hematological findings and complications of COVID-19. Am. J. Hematol. 2020, 95, 834–847. [CrossRef]
[PubMed]

15. Borges, L.; Pithon-Curi, T.C.; Curi, R.; Hatanaka, E. COVID-19 and Neutrophils: The Relationship between Hyperinflammation
and Neutrophil Extracellular Traps. Mediat. Inflamm. 2020, 2020, 8829674. [CrossRef]

16. Tang, Y.; Liu, J.; Zhang, D.; Xu, Z.; Ji, J.; Wen, C. Cytokine Storm in COVID-19: The Current Evidence and Treatment Strategies.
Front. Immunol. 2020, 11, 1708. [CrossRef] [PubMed]

17. Bonaccorso, S.; Ricciardi, A.; Ouabbou, S.; Theleritis, C.; Ross-Michaelides, A.; Metastasio, A.; Stewart, N.; Mohammed, M.;
Schifano, F. Clozapine, neutropenia and Covid-19: Should clinicians be concerned? 3 months report. Brain Behav. Immun. Health
2021, 13, 100212. [CrossRef]

18. Gee, S.; Taylor, D. The effect of COVID-19 on absolute neutrophil counts in patients taking clozapine. Ther. Adv. Psychopharmacol.
2020, 10, 2045125320940935. [CrossRef]

19. Gee, S.; Taylor, D. COVID-19 infection causes a reduction in neutrophil counts in patients taking clozapine. J. Psychiatry Neurosci.
2021, 46, 232–237. [CrossRef] [PubMed]

20. Rajagopal, S. Clozapine, agranulocytosis, and benign ethnic neutropenia. Postgrad. Med. J. 2005, 81, 545–546. [CrossRef]
21. Lobach, A.R.; Uetrecht, J. Clozapine Promotes the Proliferation of Granulocyte Progenitors in the Bone Marrow Leading to

Increased Granulopoiesis and Neutrophilia in Rats. Chem. Res. Toxicol. 2014, 27, 1109–1119. [CrossRef]
22. Ng, W.; Kennar, R.; Uetrecht, J. Effect of Clozapine and Olanzapine on Neutrophil Kinetics: Implications for Drug-Induced

Agranulocytosis. Chem. Res. Toxicol. 2014, 27, 1104–1108. [CrossRef] [PubMed]
23. Thorn, C.F.; Müller, D.J.; Altman, R.B.; Klein, T.E. PharmGKB summary: Clozapine pathway, pharmacokinetics. Pharm. Genom.

2018, 28, 214–222. [CrossRef]
24. Liégeois, J.F.; Zahid, N.; Bruhwyler, J.; Uetrecht, J. Hypochlorous acid, a major oxidant produced by activated neutrophils, has

low effect on two pyridobenzazepine derivatives, JL 3 and JL 13. Arch. Pharm. 2000, 333, 63–67. [CrossRef]
25. Liu, Z.C.; Uetrecht, J.P. Clozapine is oxidized by activated human neutrophils to a reactive nitrenium ion that irreversibly binds

to the cells. J. Pharmacol. Exp. Ther. 1995, 275, 1476–1483.
26. Okhuijsen-Pfeifer, C.; Ayhan, Y.; Lin, B.D.; Van Eijk, K.R.; Bekema, E.; Kool, L.J.G.B.; Bogers, J.P.A.M.; Muderrisoglu, A.; Babaoglu,

M.O.; Van Assche, E.; et al. Genetic Susceptibility to Clozapine-Induced Agranulocytosis/Neutropenia Across Ethnicities: Results
from a New Cohort of Turkish and Other Caucasian Participants, and Meta-Analysis. Schizophr. Bull. Open 2020, 1, sgaa024.
[CrossRef]

27. Van Der Weide, K.; Loovers, H.; Pondman, K.; Bogers, J.; Van Der Straaten, T.; Langemeijer, E.; Cohen, D.; Commandeur, J.; Van
Der Weide, J. Genetic risk factors for clozapine-induced neutropenia and agranulocytosis in a Dutch psychiatric population.
Pharm. J. 2016, 17, 471–478. [CrossRef] [PubMed]

28. Dettling, M.; Cascorbi, I.; Roots, I.; Mueller-Oerlinghausen, B. Genetic determinants of clozapine-induced agranulocytosis: Recent
results of HLA subtyping in a non-jewish caucasian sample. Arch. Gen. Psychiatry 2001, 58, 93–94. [CrossRef] [PubMed]

29. Torres, J.Z.; Summers, M.K.; Peterson, D.; Brauer, M.J.; Lee, J.; Senese, S.; Gholkar, A.; Lo, Y.-C.; Lei, X.; Jung, K.; et al. The
STARD9/Kif16a Kinesin Associates with Mitotic Microtubules and Regulates Spindle Pole Assembly. Cell 2011, 147, 1309–1323.
[CrossRef]

30. Ai, J.; Druhan, L.J.; Loveland, M.J.; Avalos, B.R. G-CSFR Ubiquitination Critically Regulates Myeloid Cell Survival and Prolifera-
tion. PLoS ONE 2008, 3, e3422. [CrossRef]

http://doi.org/10.1001/archpsyc.1988.01800330013001
http://doi.org/10.1007/s00277-020-04215-y
http://www.ncbi.nlm.nih.gov/pubmed/32815018
http://doi.org/10.1016/j.bcp.2006.06.006
http://doi.org/10.1124/mol.58.1.207
http://doi.org/10.9758/cpn.2016.14.4.323
http://doi.org/10.1017/S0033291719000369
http://doi.org/10.1503/jpn.200061
http://www.ncbi.nlm.nih.gov/pubmed/32297722
http://doi.org/10.1080/20009666.2020.1808360
http://doi.org/10.1002/ajh.25829
http://www.ncbi.nlm.nih.gov/pubmed/32282949
http://doi.org/10.1155/2020/8829674
http://doi.org/10.3389/fimmu.2020.01708
http://www.ncbi.nlm.nih.gov/pubmed/32754163
http://doi.org/10.1016/j.bbih.2021.100212
http://doi.org/10.1177/2045125320940935
http://doi.org/10.1503/jpn.200208
http://www.ncbi.nlm.nih.gov/pubmed/33703870
http://doi.org/10.1136/pgmj.2004.031161
http://doi.org/10.1021/tx500184c
http://doi.org/10.1021/tx500183x
http://www.ncbi.nlm.nih.gov/pubmed/24968069
http://doi.org/10.1097/FPC.0000000000000347
http://doi.org/10.1002/(SICI)1521-4184(200002)333:2/3&lt;63::AID-ARDP63&gt;3.0.CO;2-C
http://doi.org/10.1093/schizbullopen/sgaa024
http://doi.org/10.1038/tpj.2016.32
http://www.ncbi.nlm.nih.gov/pubmed/27168101
http://doi.org/10.1001/archpsyc.58.1.93
http://www.ncbi.nlm.nih.gov/pubmed/11146763
http://doi.org/10.1016/j.cell.2011.11.020
http://doi.org/10.1371/journal.pone.0003422


Int. J. Environ. Res. Public Health 2021, 18, 11289 12 of 12

31. Legge, S.; Hamshere, M.L.; Ripke, S.; Pardiñas, A.; Goldstein, J.I.; Rees, E.; Richards, A.L.; Leonenko, G.; Jorskog, L.F.; Chambert,
K.D.; et al. Genome-wide common and rare variant analysis provides novel insights into clozapine-associated neutropenia. Mol.
Psychiatry 2016, 22, 1502–1508. [CrossRef] [PubMed]

32. Pirmohamed, M.; Park, K. Mechanism of Clozapine-Induced Agranulocytosis: Current status of research and implications for
drug development. CNS Drugs 1997, 7, 139–158. [CrossRef] [PubMed]

33. Butler, M.; Bano, F.; Calcia, M.; McMullen, I.; Lam, C.C.S.F.; Smith, L.J.; Taylor, D.; Gee, S. Clozapine prescribing in COVID-19
positive medical inpatients: A case series. Ther. Adv. Psychopharmacol. 2020, 10, 2045125320959560. [CrossRef] [PubMed]

34. Cranshaw, T.; Harikumar, T. COVID-19 Infection May Cause Clozapine Intoxication: Case Report and Discussion. Schizophr. Bull.
2020, 46, 751. [CrossRef] [PubMed]

35. Dotson, S.; Hartvigsen, N.; Wesner, T.; Carbary, T.J.; Fricchione, G.; Freudenreich, O. Clozapine Toxicity in the Setting of COVID-19.
Psychosomatics 2020, 61, 577–578. [CrossRef] [PubMed]

36. Boland, X.; Dratcu, L. Clozapine in the Time of COVID-19. Clin. Psychopharmacol. Neurosci. 2020, 18, 450–453. [CrossRef]
37. Nakamura, I.; Omata, Y.; Naito, M.; Ito, K. Blockade of Interleukin 6 Signaling Induces Marked Neutropenia in Patients with

Rheumatoid Arthritis: Figure 1. J. Rheumatol. 2009, 36, 459–460. [CrossRef]
38. Dean, L. Clozapine therapy and CYP2D6, CYP1A2, and CYP3A4 genotypes. In Medical Genetics Summaries; Pratt, V.M., Scott, S.A.,

Pirmohamed, M., Esquivel, B., Kane, M.S., Kattman, B.L., Malheiro, A.J., Eds.; National Center for Biotechnology Information
(US): Bethesda, MD, USA, 2012; pp. 1–9.

39. Morgan, E.T. Impact of Infectious and Inflammatory Disease on Cytochrome P450–Mediated Drug Metabolism and Pharmacoki-
netics. Clin. Pharmacol. Ther. 2009, 85, 434–438. [CrossRef]

40. Han, H.; Ma, Q.; Li, C.; Liu, R.; Zhao, L.; Wang, W.; Zhang, P.; Liu, X.; Gao, G.; Liu, F.; et al. Profiling serum cytokines in COVID-19
patients reveals IL-6 and IL-10 are disease severity predictors. Emerg. Microbes Infect. 2020, 9, 1123–1130. [CrossRef]

41. Myles, N.; Myles, H.; Xia, S.; Large, M.; Bird, R.; Galletly, C.; Kisely, S.; Siskind, D. A meta-analysis of controlled studies comparing
the association between clozapine and other antipsychotic medications and the development of neutropenia. Aust. N. Z. J.
Psychiatry 2019, 53, 403–412. [CrossRef]

http://doi.org/10.1038/mp.2016.97
http://www.ncbi.nlm.nih.gov/pubmed/27400856
http://doi.org/10.2165/00023210-199707020-00005
http://www.ncbi.nlm.nih.gov/pubmed/23338132
http://doi.org/10.1177/2045125320959560
http://www.ncbi.nlm.nih.gov/pubmed/32974002
http://doi.org/10.1093/schbul/sbaa070
http://www.ncbi.nlm.nih.gov/pubmed/32435811
http://doi.org/10.1016/j.psym.2020.05.025
http://www.ncbi.nlm.nih.gov/pubmed/32593477
http://doi.org/10.9758/cpn.2020.18.3.450
http://doi.org/10.3899/jrheum.080930
http://doi.org/10.1038/clpt.2008.302
http://doi.org/10.1080/22221751.2020.1770129
http://doi.org/10.1177/0004867419833166

	Introduction 
	The Mechanisms of Clozapine-Induced Neutropenia 
	COVID-19 Infection and Neutrophil Count in Patients on Clozapine Treatment 
	Evidence from Case Series 
	Evidence from Case Report 
	Perspectives 

	Conclusions 
	References

