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Abstract

Background Cytochrome P450 4F3 (CYP4F3) is an ω-hydroxylase that oxidizes leukotriene B4 (LTB4), prostaglandins,
and fatty acid epoxides. LTB4 is synthesized by leukocytes and acts as a chemoattractant for neutrophils, making it an
essential component of the innate immune system. Recently, involvement of the LTB4 pathway was reported in various
immunological disorders such as asthma, arthritis, and inflammatory bowel disease. We report a 26-year-old female
with a complex immune phenotype, mainly marked by exhaustion, muscle weakness, and inflammation-related condi-
tions. The molecular cause is unknown, and symptoms have been aggravating over the years.
Methods Whole exome sequencing was performed and validated; flow cytometry and enzyme-linked immunosorbent
assay were used to describe patient’s phenotype. Function and impact of the mutation were investigated using molecular
analysis: co-immunoprecipitation, western blot, and enzyme-linked immunosorbent assay. Capillary electrophoresis with
ultraviolet detection was used to detect LTB4 and its metabolite and in silico modelling provided structural information.
Results We present the first report of a patient with a heterozygous de novomissense mutation c.C1123 > G;p.L375V in
CYP4F3 that severely impairs its activity by 50% (P< 0.0001), leading to reduced metabolization of the pro-inflammatory
LTB4. Systemic LTB4 levels (1034.0 ± 75.9 pg/mL) are significantly increased compared with healthy subjects
(305.6 ± 57.0 pg/mL, P < 0.001), and immune phenotyping shows increased total CD19+ CD27� naive B cells (25%)
and decreased total CD19+ CD27+ IgD� switched memory B cells (19%). The mutant CYP4F3 protein is stable and
binding with its electron donors POR and Cytb5 is unaffected (P > 0.9 for both co-immunoprecipitation with POR and
Cytb5). In silico modelling of CYP4F3 in complex with POR and Cytb5 suggests that the loss of catalytic activity of the
mutant CYP4F3 is explained by a disruption of an α-helix that is crucial for the electron shuffling between the electron
carriers and CYP4F3. Interestingly, zileuton still inhibits ex vivo LTB4 production in patient’s whole blood to 2% of control
(P < 0.0001), while montelukast and fluticasone do not (99% and 114% of control, respectively).
Conclusions A point mutation in the catalytic domain of CYP4F3 is associated with high leukotriene B4 plasma levels
and features of a more naive adaptive immune response. Our data provide evidence for the pathogenicity of the
CYP4F3 variant as a cause for the observed clinical features in the patient. Inhibitors of the LTB4 pathway such as
zileuton show promising effects in blocking LTB4 production and might be used as a future treatment strategy.
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Introduction

The cytochrome P450 (CYP) superfamily of enzymes are
heme-containing proteins and are involved in a wide variety
of pathways such as fatty acid metabolism, cholesterol
production, and steroid hormone synthesis. They are also
essential for the metabolism of drugs and detoxification of
foreign chemicals.1 The CYP4F subfamily members share
80% amino acid identity and have a highly conserved gene
structure.2,3 They are mainly involved in the metabolism of
arachidonic acid and xenobiotics. Cytochrome P450 4F3
(CYP4F3) is an ω-hydroxylase that plays a major role in the
metabolism of polyunsaturated fatty acid (PUFA). It specifi-
cally oxidizes arachidonic acid (AA), leukotriene B4 (LTB4),
and fatty acid epoxides.4

The CYP4F3 gene undergoes tissue-specific alternative
splicing generating CYP4F3A and CYP4F3B,4 marked by incor-
poration of exon 4 or exon 3, respectively. These splice vari-
ants retain an identical size but differ in the amino acids 67-
114, leading to a change in substrate-specificity. CYP4F3A is
predominantly expressed in leukocytes, whereas CYP4F3B
in liver and kidney. CYP4F3A has the highest affinity of all
the CYP4F isoforms for pro-inflammatory LTB4, and its main
role is the ω-hydroxylation of LTB4 to its inactive metabolite
20-hydroxy-leukotriene B4 (20OH-LTB4).5 In contrast,
CYP4F3B has a 30-fold lower affinity for LTB4 and is mainly
metabolizing AA and ω3 PUFAs.4,6

LTB4 is generated from AA, where AA is converted to
leukotriene A4 (LTA4) by 5-lipoxygenase (5-LO) and
5-lipoxygenase activating protein (FLAP), followed by hydro-
lysis to LTB4. LTB4 is synthesized by leukocytes and acts as
a chemoattractant for neutrophils, recruiting them to the site
of inflammation. It is therefore considered the initiator of the
immune response.7 The inflammatory process is amplified by
LTB4-secreting neutrophils, attracting other leukocytes,
followed by T-cell attraction and cytokine production. The
level of LTB4 is also regulated by its catabolism via ω-hydrox-
ylation by CYP4F3A to 20OH-LTB4, which is further converted
to the inactive metabolite 20-carboxy-LTB4.8

Cytochrome P450 enzymes require cofactor NADPH as
electron source and electron transfer partners for their
enzymatic oxidase activity. Binding of LTB4 into the
substrate-binding site of CYP4F3A induces a conformational
change that facilitates the transfer of electrons from electron
transfer partners such as cytochrome P450 reductase (POR)
to the heme group of its active site. POR consists of four do-
mains: the FMN-binding domain (which interacts with P450
enzymes), the connecting domain, the FAD-binding domain,
and NADPH-binding domain. POR receives two electrons
from NADPH and transfers the electrons via the FAD domain
to its FMN domain.9,10 POR and CYP4F3 form complexes via
electrostatic interactions, facilitating electron transfer from

the FMN domain of POR to the heme group of CYP4F3.11

Conserved patches of electrostatic and hydrophobic amino
acids are specific for each P450 enzyme and contribute to the
binding selectivity with POR.12 Besides POR, cytochrome b5
(Cytb5) can act as an electron donor for cytochrome P450s or
mediate P450 reactions through allosteric activation.13

This study is a follow up of a clinical case,14 reporting a 26-
year-old female with a complex immune phenotype marked
by muscle weakness, exhaustion, and inflammation-related con-
ditions (gastritis, joint pain, and exercise-induced asthma).
Whole exome sequencing (WES) identified a de novo CYP4F3
L375V mutation in exon 10, affecting both isoforms CYP4F3A
and CYP4F3B. Molecular characterization of this CYP4F3 muta-
tion suggests an effect on LTB4 metabolism by impairing its cat-
alytic activity. Because the LTB4 pathway is involved in many
immunological disorders that match our patient’s phenotype
such as asthma, arthritis, myopathy, and inflammatory bowel
disease (IBD), the L375V mutation in CYP4F3 is proposed to play
a causative role in the pathology of the patient. We also
propose a treatment strategy by blocking the LTB4 pathway.

Methods

Immune phenotyping through flow cytometry

Heparinized blood was collected from the patient and control
subjects to isolate peripheral blood mononuclear cells using
Lymphoprep (Stemcell Technologies). Control subjects were
included using the following criteria: women of Caucasian
descent between 20 and 35 years with no known (auto-)im-
mune diseases, recent infections (<30 days), or pregnancy.
This study has been approved by the ethics committee (UZ
Leuven, ref. nr. S60344) and has therefore been performed
in accordance with the ethical standards laid down in the
1964 Declaration of Helsinki and its later amendments. All in-
volved persons gave their informed consent prior to their in-
clusion in the study. PBMCs were frozen in 10%
dimethyl sulfoxide (Sigma) in combination with fetal bovine
serum and stored in liquid nitrogen. Thawed PBMCs were
stained in phosphate-buffered saline (PBS) supplemented with
3% fetal bovine serum (FBS) for live-dead and surface markers
for 1 h at 4°C. Anti-human antibodies included are anti-CD3
(REA613) (Miltenyi Biotec); anti-CD14 (M5E5), anti-CD27 (M-
T271) (both from BioLegend); anti-IgD (IA6–2) (BD Biosci-
ences); anti-CCR7 (3D12), anti-CD45RA (HI 100), anti-CD8
(SK1), anti-CD4 (RPA-T4), anti-CD3 (UCHT1), anti-CD19
(HIB19) and anti-CD14 (61D3) (all from eBioscience). Data
were collected on BD CantoII (BD Biosciences) and analysed
using FlowJo for Mac version 10.7 (BD Biosciences).
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Whole exome sequencing and Sanger sequencing

Whole blood was collected in EDTA tubes. Genomic DNA was
isolated using a QIAamp DNA Blood Midi kit (Qiagen), and
WES was performed by the Genomics Core (KU Leuven,
Belgium). WES and filtering were performed as previously
described.15 Genetic variants were filtered based on the follow-
ing properties: only coding nonsynonymous variants with CADD
score above 10 and absence in dbSNP database (last consulted
in 2021).16,17 Validation PCR on DNA extracted from blood cells
was done with specific primers spanning the region of the mu-
tation (forward primer: 50-CAAGCCAAGGCCAAATCCAAG-30, re-
verse primer: 50-AGAGGTGACCTCTCCTTGATG-30), followed by
Sanger sequencing (LGC Genomics, Berlin, Germany). All blood
analyses in this study were performed between age 26 and 27.

Competitive enzyme-linked immunosorbent assay
of LTB4

Whole blood was collected in lithium-heparine tubes and cen-
trifuged for 15 min at 2500 g. Plasma supernatant was stored
at �80°C until analysis. LTB4 Competitive enzyme-linked im-
munosorbent assay (ELISA; Elabscience, Texas, USA) was car-
ried out following manufacturer’s protocol. Optical density
was measured at 450 nm using a Multiskan FC microplate pho-
tometer (ThermoFisher Scientific).

Cloning and cell culture

The expression vector of human CY4F3A was developed by
inserting Flag-tagged and Myc-tagged CYP4F3A cDNA
(NM_000896.3) into the pCMV6 vector using KpnI and SacII
restriction sites. Vector sequence can be found in supplemen-
tary methods. Next, the C1123 > G point mutation was
inserted using QuikChange site-directed mutagenesis
(Agilent, Santa Clara, USA). HEK293T cells were kindly pro-
vided by the Laboratory of Protein Phosphorylation and Pro-
teomics, KU Leuven and were transfected using X-tremeGene
HP (Sigma-Aldrich, St Louis, USA).

Leukotriene B4 breakdown and capillary
electrophoresis (CE-UV)

Capillary electrophoresis followed by UV detection (CE-UV)
was done as follows. HEK293T cells were plated in 10 cm
plates (Sarstedt, Nümbrecht, Germany) at a density of
2 × 106 cells per plate and transfected with CYP4F3A WT
or mutant plasmid using X-tremeGeneHP. The next day,
cells were washed with phosphate-buffered saline, har-
vested, pelleted by centrifugation (200× g, 5 min), and
washed once with 1 mL of ice-cold homogenization me-

dium [0.25 M sucrose, 5 mM MOPS (pH 7.2), and 1 mM
EDTA (pH 7.2)] and a protease inhibitor mixture (Roche,
Bazel, Switzerland). After pelleting, cells were resuspended
in 500 μL ice-cold homogenization medium and homoge-
nized using a cold steel grinder (20 strokes). After low
speed centrifugation (1500× g, 10 min), pellet containing
nuclear fraction was discarded, and postnuclear superna-
tant was collected and incubated for 60 min at 37°C in a
medium containing 1 mM NADPH, 20 μM LTB4, and
100 mM potassium phosphate buffer (pH 7.4). The lipo-
philic fraction was extracted using C18
cartridges (Waters, Milford, USA) and eluted with metha-
nol. The background electrolyte consisted of 10 mM
Na2B4O7 and 12.5 mM sodium dodecylsulfate, with pH ad-
justed to 8.3 using 50 mM H3BO3. Samples were injected in
a P/ACE™MDQ CE system (Beckman Coulter Instruments,
Brea, USA) equipped with a diode array UV–vis detector.
The detection wavelength was 270 nm. Uncoated fused sil-
ica capillary, 50 μm ID, 40 cm total length, and 30 cm effec-
tive length, was used for separation. Instrument control
and data analysis were performed using 32 KaratTM soft-
ware version 5.0 (Beckman Coulter Instruments, Brea,
USA). Detailed information can be found in the supporting
information.

In silico modelling and co-evolutionary analysis

The crystal structure of cytochrome P450 (pdb: 5T6Q) was
identified as a suitable template for CYP4F3 using Phyre2
and was further modelled using the homology modelling
suite in MOE (Molecular Operating Environment, Chemical
Computing Group, Canada).18,19 The contact map of the
model was created using CMweb. A related human type B
cytochrome b5 (cytb5, pdb:3NER) was docked to the CYP4F3
model utilizing HADDOCK with interaction restraints from
Ahuja et al.20,21 The EVfold (EVcouplings) server was used
to identify co-evolving residues.22

Co-immunoprecipitation and western blot

Co-immunoprecipitation (co-IP) of CYP4F3 and POR/cytb5
from protein extracts of HEK293T cells overexpressing these
proteins was performed using the Pierce™ HA-Tag co-IP Kit
(ThermoFisher Scientific) following manufacturer’s protocol.
Protein elution from the anti-HA beads was done by heating
for 10 min at 100°C. Proteins from input and
immunoprecipitated samples were separated on a 4–12%
NuPAGE Precast Gel System (ThermoFisher Scientific) and
transferred to a 0.45 μM PVDF membrane (GE Healthcare,
#10600023, Chicago, USA). Antibodies against GAPDH (Merck
Millipore, MAB374, Burlington, USA), HA (Santa Cruz Biotech-
nology, sc-7392, Dallas, USA), or Flag (Cell Signalling
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Technology, #14793, Danvers, USA) and secondary antibodies
goat-anti-rabbit and rabbit-anti-mouse IgG (Dako, P0448 and
P0260, Glostrup, Denmark) were used. Detection was per-
formed with an ImageQuant Las4000 using the western light-
ning Plus-ECL reagent (Perkin Elmer,Waltham, USA). Western
blots were analysed, and signal intensities were quantified
using Image Studio Lite (LI-COR Biosciences, Lincoln, USA).
Immunoprecipitated samples were normalized to the corre-
sponding input samples.

Ex vivo assay for LTB4 metabolism

Whole blood (1.75 mL) was incubated with 1 μM
montelukast sodium, 100 pM fluticasone propionate and
10 μM zileuton (all from MedChemExpress, Monmouth Junc-
tion, USA) at 37°C for 15 min. The concentrations of the com-
pounds mimicked the targeted physiological blood concen-
trations during treatment. Subsequently, all samples were
stimulated with 30 μM Calcium ionophore A23187 (Sigma-
Aldrich) and incubated at 37°C for 30 min. The reaction was
terminated by the addition of 12.5 mM EGTA. Samples were
centrifuged at 2000× g for 15 min, and supernatants were
analysed with the LTB4 ELISA.

Statistical analysis

GraphPad Prism version 8 was used for the statistical analysis.
Student’s t-test was used for comparisons between two
groups, and multigroup data were analysed by one-way
ANOVA, comparing each sample with the control. The
Shapiro–Wilk normality test was used to confirm normal distri-
bution of the samples. P values lower than 0.05 were consid-
ered significant and indicated as follows: *P < 0.05,
**P < 0.01, ***P < 0.001, ***P < 0.0001. All experiments
have been performed in at least three biological replicates
unless noted otherwise. The results are expressed as the
mean ± SEM.

Results

Description of the patient

At the age of seven, the patient was treated for a worsening
asthma with corticosteroid fluticasone propionate. After
6 weeks of high-dose fluticasone, she experienced increasing
fatigue, which was attributed to adrenocortical insufficiency,
as described by De Swert et al.14 She developed corticoste-
roid myopathy, most severely in arms and legs, forcing her
to use a wheelchair for mobility. Discontinuation of
fluticasone treatment led to a slow but full recovery, and
asthmatic symptoms were relieved with a non-steroid

combination therapy of leukotriene receptor antagonist
montelukast and disodium cromoglycate. At age 14, the
asthmatic symptoms disappeared, and treatment was dis-
continued. One year later, she presented with gastritis,
which was relieved by using omeprazol, domperidone,
and magaldrate. At 21 years, she received a diagnosis of
exclusion of chronic fatigue syndrome, marked by lingering
fatigue, weakness in the limbs, and joint pain that mainly
manifested in the wrists, which were all enhanced by phys-
ical activity. Because of persistent exhaustion and muscle
weakness, the patient again depended on a wheelchair
for mobility. Lung function and electromyography of the
four limbs were normal while urinary creatinine was ele-
vated (276 mg/24 h). Symptoms gradually increased over
the years, accompanied with signs of depression. At the
age of 26, accelerated aging was reported, and the patient
remains very prone to inflammation; in the time course of
only 1 year (2020), she was diagnosed with lateral
epicondylitis, persistent paronychia, irritable bowel syn-
drome, arthritis, infectious enteritis, herpangina, and ves-
tibular neuritis.

Through the years, the patient developed an indistinct
immune phenotype, which is mainly marked by persisting
and severe muscle weakness in combination with exhaus-
tion and inflammation-related conditions. Blood chemistry
and haematology parameters do not show any abnormali-
ties that could be linked to the phenotype (Table S1). How-
ever, basic immune phenotyping indicate increased total
CD19+ B cells (Table S1). Detailed immune phenotyping
of PBMCs showed reduced CD14+ total monocyte cell
numbers and a 28% increase in CD19+ B cells in the patient
compared with healthy subjects (Figure 1A). The B cell
compartment has a more naive phenotype with higher
levels of CD19+ CD27� B cells and lower levels of switched
memory B cells. This more naive B cell phenotype does not
compromise immunoglobulins as blood levels appear to be
normal (Table S2). When analysing the T cell compartment,
total T cell numbers from the index patient do not differ
from healthy controls, whereas total naive CD4+ helper T
cells and total naive CD8+ cytotoxic T cells are increased
as well (Figure 1A).

Identification of de novo CYP4F3 L375V variant
using WES

Whole exome sequencing was performed on genomic DNA
extracted from the blood of the patient and her parents.15

Through filtering for rare de novo or recessive variants with
CADD score of more than 10, we identified a novel heterozy-
gous missense mutation in CYP4F3 (NM_000896), c.
C1123 > G;p.L375V (Figure 1B and Figure S1a), that was not
registered in any public database. The presence of the variant
was confirmed via Sanger sequencing (Figure 1C), and
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functional scores were predicted as damaging by PolyPhen,
MutationTaster, SIFT, and CADD (CADD: 10.870) (Figure
S1b).23 The L375V mutation resides in a region of the protein
that is strongly conserved among different species, which
contributed to the damaging prediction score (Figure 1D).

CYP4F3 L375V has impaired ω-hydroxylation
activity

LTB4 is an essential component of the innate immune system
as it attracts leukocytes to the site of inflammation. In order

Figure 1 Heterozygous de novo CYP4F3 L375V mutation identified via whole exome sequencing. (A) PBMCs isolated from healthy controls and the
index patient were stained and analysed by flow cytometry. Total monocyte cell numbers as a percentage of total cells. Total B cell numbers (CD19
+) as a percentage of total cells. Total naive B cell numbers (CD19+ CD27�) as a percentage of total B cells. Total switched memory B cell numbers
(CD19+ CD27+ IgD�) as a percentage of total B cells. Total T cell numbers (CD3+) as a percentage of total cells. Total naive CD4+ T cell numbers
(CD4+ CCR7+ CD45RA+) as a percentage of total CD4+ T cells. Total naive CD8+ T cell numbers (CD8+ CCR7+ CD45RA+) as a percentage of total
CD8+ T cells. Average ±SEM. (B) Pedigree of a family with segregation of the L375V mutant allele. Patient is denoted with a heterozygous de novo
L375V mutation in black. White square means male; white circle means female. (C) Sanger sequencing confirming heterozygous L375V mutation in
the patient’s genomic DNA, while both parents have WT alleles. (D) Multiple sequencing alignment of CYP4F3 displaying conservation of the
351–400 region encompassing the L375V mutation from different organisms. Identical amino acids compared with the Homo sapiens sequence are
indicated by dashes; spaces indicate gaps in the alignment. Data were retrieved from Homologene (NCBI) and Ensembl.
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to constrain this inflammatory response, CYP4F3A enzyme
metabolizes the pro-inflammatory molecule LTB4. We
postulated that the L375V mutation impairs this activity of
CYP4F3A.

First of all, we compared systemic LTB4 levels of the pa-
tient to healthy subjects that are sex and age matched using
a competitive ELISA. LTB4 levels in plasma of the patient
(1034.0 ± 75.9 pg/mL) are significantly increased compared
with the control population (305.6 ± 57.0 pg/mL) (Figure 2A).

To evaluate the effect of the mutation on enzymatic activ-
ity, we developed a protocol that combines in vitro overex-
pression of the wild type (WT) CYP4F3A or the L375V mutant
in HEK293T cells with quantification of LTB4 and 20OH-LTB4
by capillary electrophoresis (CE-UV). This allows determina-
tion of the impact of the L375V mutation on LTB4 conversion.
Postnuclear supernatant containing cell organelles including
microsomes from the HEK293T cells overexpressing either
WT or L375V mutated CYP4F3A were incubated at 37°C with

Figure 2 L375V mutation reduces LTB4 ω-hydroxylation capacity. (A) Quantification of LTB4 levels in plasma from patient and healthy subjects. Each
data point represents a different sample. Average ±SEM, one-way ANOVA, ***P < 0.001. (B) CE-UV electropherogram of postnuclear supernatant con-
taining CYP4F3 WT or L375V mutant, incubated with 20 μM LTB4 for 60 min at 37°C. BGE for CE-UV: borate buffer with 12.5 mM SDS at pH 8.3, and
detection wavelength is 270 nm. (C) Quantification of CE-UV detection of 20OH-LTB4 conversion. WT or L375V CYP4F3 were incubated with LTB4 for
60 min at 37°C (n = 6). Average ±SEM, paired t-test, *P < 0.05. (D) Quantification of CE-UV detection of 20OH-LTB4 conversion. WT or mutant CYP4F3
were incubated with LTB4 for 200 min at 37°C (n = 2). Average ±SEM, paired t-test, **P < 0.01. (E) Western blot showing protein expression of
Flag-tagged WT and mutant CYP4F3. (F) Quantification of 20OH-LTB4 formation via CE-UV detection after incubating postnuclear supernatant contain-
ing WT or mutant CYP4F3 with LTB4 for time periods ranging from 0 to 200 min (n = 2). Average ±SEM, nonlinear regression, ****P < 0.0001.
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LTB4 and analysed using CE-UV. Quality control prior to run-
ning the samples ensures accurate measurements of product
formation (supporting information and Figure S2a). Incuba-
tion of LTB4 with WT or mutant CYP4F3A postnuclear super-
natant for 60 min at 37°C resulted in significant differences in
product formation (Figure 2B,C), with LTB4 breakdown by
mutant CYP4F3 being ±50% less efficient compared with the
WT. With 200 min of incubation, mutant CYP4F3 was only
able to convert 36% of LTB4 to 20OH-LTB4 compared with
the wild type (Figure 2D). Equal protein levels were checked
by western blotting for each of the replicates (Figure 2E).
To examine the kinetics of the CYP4F3A activity in more de-
tail, a time course was developed for LTB4 incubation times
ranging from 0 to 200 min. With increasing incubation time,
the difference between WT and L375V mutant CYP4F3
became more pronounced (Figure 2F).

The observation that the L375V mutation reduces the
enzymatic activity of CYP4F3A was also observed using a
luciferase-based P450-Glo assay for both CYP4F3A and
CYP4F3B (Figure S2b and supporting information).

The L375V mutation does not influence binding of
CYP4F3 to electron transfer partners

POR and Cytb5 bind P450 proteins and transfer electrons to
the catalytic site. In case of CYP4F3, this interaction is known
for POR but yet unconfirmed for Cytb5. We constructed a
homology model of CYP4F3 based on protein threading,
which gave better alignments than homology modelling via
sequence similarity. The L375V mutation was highlighted
and superimposed with a FMN-binding domain bound homo-
logues protein (pdb:1BVY) (Figure 3A).24 First, this model
points out that the L375V mutation is not in close proximity
of the substrate binding site, indicating that LTB4 binding to
CYP4F3A is most likely unaffected. Secondly, the mutation is
distant from the heme group; therefore, a direct effect on
the enzymatic activity is highly unlikely. However, the L375V
mutation is located near the protein–protein interface with
the FMN-domain of POR (Figure 3A). In a docking model of
Cytb5 and CYP4F3, Cytb5 fits on the same surface where
the FMN-binding domain of POR binds (Figure 3B). Although
an amino acid replacement of leucine to valine is seemingly
modest, the leucine at position 375 is very conserved among
species (Figure 1D), suggesting that the L375V mutation could
affect the interaction interface.

To determine whether the L375V mutant CYP4F3 can still
interact with POR and Cytb5, we performed co-IP assays.
CYP4F3A was co-precipitated after pulldown of HA-tagged
POR and HA-tagged Cytb5 (Figure 3C–E). The L375V mutation
of CYP4F3A had no influence on the co-precipitation ratio,
which suggests that the mutation does not affect the interac-
tion with POR or Cytb5. In addition, this was also observed
for the interaction of CYP4F3B and POR (Figure S3).

In conclusion, our data suggest that the L375V mutation
occurs in the interaction interface between CYP4F3 and
POR/Cytb5 but does not alter binding to the FMN-binding do-
mains of the electron carriers POR and Cytb5.

L375V decreases α-helical stability of the flavin-
heme electron transfer path

We next investigated which amino acids are crucial for
electron transfer from flavins of electron carriers like POR
and cytb5 to the heme group of CYP4F3. Previous research
identified the crucial role of a phenylalanine and a glutamine
in the transfer of electrons, which correspond to F461 and
Q471 in human CYP4F3 (Figure 4A).25 Strikingly, when looking
more closely at the putative electron transfer path in our
model, L375 is in close proximity (8.5 Å) of these residues.

Using co-evolutionary analysis of CYP4F3 homologues,22

we identified two residues T382 and K479 that are evolution-
arily coupled to L375 as calculated from the sequence with
high likelihood (Figure 4B). Both residues are well conserved
in the CYP4F3 sequences from various organisms (Figure 4C).
In our model, they are in close proximity of L375 (5.0 Å be-
tween L375 and T382, and 4.1 Å between L375 and K479).
The interactions between T382, K479, and L375 appear to
stabilize the α-helix that carries F461 and Q471 and are in-
volved in electron shuffling (Figure 4A). It is therefore most
likely that the L375V mutation found in the patient destabi-
lizes this triad and hence the α-helix that is involved in the
electron transfer between CYP4F3 and the electron carriers
POR or cytb5.

Zileuton inhibits LTB4 production in patient’s whole
blood

Drugs targeting the AA pathway can interact at different
stages, such as FLAP inhibitors, 5-LO inhibitors, LTC4S inhibi-
tors, LTA4H inhibitors, and LTB4 receptor inhibitors
(Figure 5A). However, not all these inhibitors affect the pro-
duction or function of LTB4. We tested the effect of zileuton,
an orally active 5-LO inhibitor obstructing the complete
leukotriene pathway, on LTB4 production in whole blood of
the patient. Figure 5B clearly shows that zileuton completely
inhibited LTB4 production in contrast to the anti-asthmatic
drug montelukast (a blocker of the leukotriene receptor
CYSLTR) or fluticasone propionate (a corticosteroid drug) that
do not affect LTB4 production in leukocytes when stimulated.

Discussion

Here, we report WES of a patient with a complex immune
phenotype, mainly marked by myopathy and persistent
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fatigue, gastritis, arthritis, and exercise-induced asthma. We
identified a de novo heterozygous missense L375V mutation
in CYP4F3. Four other germline mutations in the CYP4F3 gene
were found on GeneMatcher,26 but none of the reported var-
iants show any resemblances with our patient’s phenotype,
which makes our report the first description of a congenital
condition associated with a CYP4F3 mutation.

Although most CYP4F family members are well studied, the
exact role of CYP4F3 in health and disease is not fully eluci-
dated yet.27 A study investigating single nucleotide polymor-
phisms in patients with coeliac disease reported the potential
involvement of CYP4F3 SNPs, linking the LTB4 metabolism
with a disease marked by inflammation.28 Also, GWAS studies
for Crohn’s disease identified SNPs near the CYP4F3 gene.29

Somatic mutations in CYP4F3 have been reported in the skin,

uterus, bronchus and lung cancer, and mutations specifically
close to the L375 site seem to be associated with malignan-
cies in the lung, as a L375P mutation reported in a lung tu-
mour (c.T1124 > C;p.L375P) and a nonsense mutation at po-
sition 384 (c.1152C > A;p.C384*) in lung adenocarcinoma
(Figure S1c).

The high expression of CYP4F3A almost exclusively in neu-
trophils is in accordance with its specialized function as LTB4
inactivator, which is crucial for the attenuation of excessive in-
flammation. LTB4 also plays a role in neutrophil polarization,
thereby maintaining normal chemotaxis,29 but as least as im-
portant is the dampening of the inflammatory stimulus after
proper immune response. LTB4 as a mediator of inflammation
has been well established in asthma, arthritis and IBD.32,32

Moreover, neutrophils with reduced LTB4 hydroxylase activity

Figure 3 The CYP4F3 interaction with electron transfer partners is unaffected by the L375V mutation. (A) Homology model of CYP4F3 (green) in com-
plex with the FMN-domain of POR (pink). The substrate binding site of CYP4F3 is depicted in yellow and the heme group is visualized. The L375V mu-
tation (purple) is located in the binding interface of CYP4F3 with POR. Flavin rings of POR are illustrated as well. (B) Homology model of CYP4F3 (green)
in complex with Cytb5 (blue). The substrate binding site of CYP4F3 is depicted in yellow and the heme group is visualized. The L375V mutation (purple)
is located in the binding interface of CYP4F3 with Cytb5. The heme group of Cytb5 is illustrated in blue. (C) Schematic diagram of HA-tagged proteins
used for the co-IP assays. Proteins were precipitated using Pierce™ HA-Tag co-IP Kit (ThermoFisher scientific). (D) Co-immunoprecipitated proteins of
pulldown with HA-tagged POR or Cytb5 were detected using western blot. Anti-Flag antibody was used to detect WT and L375V mutant CYP4F3
(±66 kDa). The total protein fraction before co-IP is depicted as input, while IP visualizes the immunoprecipitated fraction containing POR or Cytb5
and its bound proteins. (E) Quantification of co-IP for CYP4F3A with POR (n = 6) and Cytb5 (n = 3). Average ±SEM, one-way ANOVA.
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have been identified in IBD patients.33 Elevated systemic LTB4
has been reported during asthma attacks and the active stage
of rheumatoid arthritis in children,34,35 linking active inflamma-
tion to high LTB4 blood levels. Strikingly, systemic LTB4 levels
are strongly increased in our patient compared with healthy
subjects, even when no clear sites of active inflammation were
reported at time of blood sampling. This raises the question
whether the heterozygous L375V mutation in CYP4F3 affects
normal functioning of the innate immune system by impairing
LTB4 breakdown, whereby neutrophil chemotaxis and subse-
quent immune response are dysregulated.

In addition, LTB4 can be produced in skeletal muscle as
well where it initiates chemotaxis to damaged tissue and
enhances myoblast proliferation and differentiation.36 This
contribution of LTB4 in muscle atrophy and exhaustion is
commonly associated with chronical inflammatory diseases.37

Because our patient presents with inflammation-related con-
ditions including arthritis, gastritis, exercise-induced asthma,
and muscle weakness, this strongly suggests a causal role
for the impaired LTB4 pathway.

Furthermore, neutrophils do not only remove pathogens at
the site of inflammation but also mediate diverse immune
functions by releasing a broad array of inflammatory stimuli
such as chemokines and cytokines.38 These can recruit and
activate cells of the innate and adaptive immune system such
as monocytes, T cells, and B cells. Neutrophils can also directly
interact with B cells by binding its immunoglobulins to amplify
microbial clearance. Therefore, neutrophil dysfunction can
increase the susceptibility to infections or can result in the
inability to clear existing infections.39 Immune phenotyping
of the patient shows that the adaptive immune system is
affected with an increased presence of B cells that have a
more naive phenotype and reduced switched memory B cells.
Yet immunoglobulin levels do not show abnormal levels. This
finding might link increased LTB4 plasma levels to a more
naive immune response. A limitation of this study is the fact
that only one patient with a genomic CYP4F3 mutation is
described. While this allows to make some links between
mutation and pathology, it does not allow to conclude on
causal relationships.

Figure 4 The L375V mutation destabilizes the α-helix of the electron transfer path. (A) In silico model visualizing CYP4F3 (green) in complex with both
POR (pink) and cytochrome b5 (blue) during the electron shuffling process. The heme group is visualized, and the L375V mutation is depicted in purple.
The flavin rings of POR and the heme group of Cytb5 (blue) are visualized as well. The residues involved in electron shuffling, F461 and Q471 (orange),
and the co-evolving residues that are forming a triad with L375V, T382 and K479 (light blue) are in close proximity. (B) Co-evolutionary analysis com-
paring both the contact map based on our homology model and the co-evolving residues. Evolutionarily coupled residues T382 and K479 are indicated
in red. (C) Multiple sequence alignment of CYP4F3 displaying conservation of the surrounding regions of L375, T382, and K479 residues in CYP4F3 from
different organisms. Identical amino acids compared with the Homo sapiens sequence are indicated by dashes; spaces indicate gaps in the alignment.
Two regions are separated by dots.
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A critical step of the LTB4 pathway is its metabolism via
oxidation by CYP4F3. We found that the L375V mutation
severely affects the activity of CYP4F3, because less LTB4 is
converted to its metabolite 20OH-LTB4. Protein expression is
not affected because WT and L375V mutant CYP4F3 show
equal protein levels using western blot. Our docking models
showed that L375 is distant from the LTB4 substrate binding
site and the catalytic site, excluding a direct effect of the mu-
tation on substrate binding or enzymatic activity. Also, binding
to the electron carriers POR and Cytb5 is unaffected by the
L375V mutation. We propose that L375 is important for stabi-
lizing a nearby α-helix which carries the crucial residues for the
electron shuffling process, and that the L375V mutation desta-
bilizes the helix-mediating electron shuffling, thereby
disrupting the catalytic function of CYP4F3. Point mutations af-
fecting electron transfer in CYP enzymes have been reported
before, such as polymorphisms in CYP2C8 affecting its hydrox-
ylase function.40 The same goes for variations in electron
transfer partners that disrupt CYP activity.41

We next sought preclinical evidence for a possible thera-
peutic strategy that might reduce the pro-inflammatory
LTB4 levels in the patient. Conventional immunosuppressive
drugs such as glucocorticoids or NSAIDs do not efficiently
suppress the LTB4 pathway and might even aggravate symp-
toms and worsen muscle strength loss because of the impor-
tant interplay between AA metabolism and muscle growth.37

This is in line with the patient’s medical history of steroid
myopathy.14 Because the LTB4 pathway is involved in many
inflammatory disorders and cancers, there has been an
increased interest in the development of LTB4 pathway

inhibitors, with LTB4 receptors and FLAP inhibitors as major
therapeutic targets42 (Figure 5A). Unfortunately, although
these drugs are currently being tested in clinical trials, they
are not available for therapeutic purposes yet. Montelukast,
inhibitor of leukotriene receptor CYSLTR, can block
downstream effects of LTC4, LTD4, and LTE4 but not of
LTB4 as it works via a different receptor (BLT1R). Therefore,
montelukast treatment will not be effective in normalizing
LTB4 pathway functioning in this patient. Zileuton is a 5-LO
inhibitor and blocks complete leukotriene synthesis including
LTB4,43 as demonstrated ex vivo in whole blood of the
patient. Zileuton has been approved for the treatment of
asthma, but the broader implications of the LTB4 pathway
have extended research on zileuton to other fields like
rheumatoid arthritis and cancer.44,45 We suggest that further
clinical testing with zileuton (trade name Zyflo) is needed to
explore its potential in treating immune phenotypes with
involvement of the LTB4 pathway.
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