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Abstract

Inflammatory responses to infection and injury must be restrained and negatively regulated to
minimize damage to host tissue. One proposed mechanism involves enzymatic inactivation of the
pro-inflammatory mediator leukotriene By, but it is difficult to dissect the roles of various
metabolic enzymes and pathways. A primary candidate for a regulatory pathway is omega
oxidation of leukotriene B4 in neutrophils, presumptively by CYP4F3A in humans and CYP4F18
in mice. This pathway generates w, w-1, and w-2 hydroxylated products of leukotriene By,
depending on species. We created mouse models targeting exons 8 and 9 of the Cyp4f18 allele that
allows both conventional and conditional knockout of Cyp4f18. Neutrophils from wild-type mice
convert leukotriene B4 to 19-hydroxy leukotriene By, and to a lesser extent 18-hydroxy
leukotriene By, whereas these products were not detected in neutrophils from conventional
Cyp4f18 knockouts. A mouse model of renal ischemia-reperfusion injury was used to investigate
the consequences of loss of CYP4F18 in vivo. There were no significant changes in infiltration of
neutrophils and other leukocytes into kidney tissue as determined by flow cytometry and
immunohistochemistry, or renal injury as assessed by histological scoring and measurement of
blood urea nitrogen. It is concluded that CYP4F18 is necessary for omega oxidation of leukotriene
B, in neutrophils, and is not compensated by other CYP enzymes, but loss of this metabolic
pathway is not sufficient to impact inflammation and injury following renal ischemia-reperfusion
in mice.
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1. Introduction

The cytochrome P450 (CYP) superfamily of enzymes catalyze oxidation of a diverse range
of lipophilic substrates that include xenobiotics and endogenous compounds [1]. They play a
role in generating and inactivating bioactive lipids that regulate physiological processes such
as inflammation [2]. CYP4F subfamily members were first identified as enzymes that
inactivate leukotriene B4 (LTBy), a potent pro-inflammatory lipid mediator [3,4]. LTB4
mobilizes neutrophils and other leukocytes to the site of an infection, then activates
leukocyte secretion and phagocytosis to promote killing and removal of pathogens [5,6].
Mice deficient in LTB, activity were developed by knocking out the genes for 5-
lipoxygenase and leukotriene A4 hydrolase (enzymes that synthesize LTB,4 from arachidonic
acid), and the high affinity G protein-coupled receptor BLT1 [7,8,9,10,11]. These knockout
mice have been used in many studies to confirm the role of LTBy in cell recruitment during
inflammation, and to implicate it as a pathological mediator in diverse disorders such as
renal ischemia-reperfusion injury, arthritis, and asthma [6,12].

Less is known about mechanisms that negatively regulate LTBy, but it is inactivated by
several metabolic pathways [13]. These include CYP-dependent omega oxidation [14],
metabolism by LTB4 12-hydroxydehydrogenase that generates 12-oxo LTB,4 and other
products [15,16], and beta oxidation [17]. CYP-dependent omega oxidation was shown to be
the major degradative pathway of LTB,4 in neutrophils [14,18,19], and various studies
indicate that it leads to loss of chemotactic activity and other responses of neutrophils to
LTB4 [20,21]. The omega oxidation pathway is constitutively active in circulating
neutrophils, and is present both before and during inflammatory recruitment. It is
hypothesized that CYPs prevent excessive inflammation by dampening the LTB,4 response
and restraining neutrophil infiltration into tissues, but this has been difficult to test
definitively in vivo without a knockout background. There are multiple members of the
human and mouse CYP4F subfamilies (six and nine, respectively). Not all have been
characterized, but several are described as LTB,4 omega hydroxylases [2]. The possibility of
functional compensation by related CYPs is a challenge for knockout studies. However,
there are considerable differences in activity and tissue distribution of individual enzymes.
The human CYP4F3 gene is alternatively spliced and generates two distinct isoforms [22].
CYP4F3A has high activity for LTBy4, and is constitutively expressed at high levels in
neutrophils as they develop in the bone marrow [4,22,23]. It is a candidate for a CYP
enzyme that regulates LTB4-dependent inflammatory responses. The other isoform,
CYPA4F3B, is expressed in liver; it has activity for arachidonic acid as a substrate [22] and
contributes to 20-hydroxyeicosatetraenoic acid (20-HETE) production in human liver cells
[24, 25].

We identified CYP4F18 as the mouse homologue of CYP4F3A [21]. The Cyp4f18 gene is
not alternatively spliced and generates a single translation product that is expressed in
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neutrophils. CYP-dependent omega oxidation of LTB4 results in hydroxylation at the w-,
w-1, and w-2 positions depending on species. 20-hydroxy LTB, is produced by human
neutrophils, and further converted to 20-carboxy LTB, [18], whereas the principal product
in rodents is 19-hydroxy LTB,4 [21,26]. A targeted deletion in the Cyp4f18 gene described in
this report results in loss of all LTB4 omega oxidation products in mouse neutrophils, but the
deficiency does not significantly increase inflammatory cell infiltration or injury following
renal ischemia-reperfusion. This is a first step in dissecting the complex interplay between
different CYPs and other metabolic enzymes. Cyp4f18 knockout mice will be useful to
explore the contribution of CYP4F18 in different physiological settings, to investigate other
LTB, inactivation pathways that operate in conjunction with omega oxidation, and to
identify alternative substrates of CYP4F18.

2. Materials and methods

2.1. Mice

Generation of founder Cyp4f18 knockout mice was performed at the Gene Targeting and
Transgenic Facility, University of Connecticut Health Center (GTTF UCHC). All
procedures received prior approval by the Animal Care Committee at UCHC. Subsequent
breeding and experimentation of mice was performed at the Massachusetts General Hospital
in accordance with the guidelines of the Massachusetts General Hospital/Partners
Committee on Research Animal Care. Mice of 6-12 weeks of age were used for
experiments.

2.2. Construction of the Cyp4f18 targeting vector

The recombineering method [27] was used to construct a Cyp4f18 targeting vector. A
bacterial artificial chromosome (BAC) containing the Cyp4f18 target region was obtained
from the BACPAC Resources Center (BPRC), Children's Hospital Oakland Research
Institute, Oakland, CA. A 12 kb DNA fragment spanning exon 5 through exon 13 of the
Cyp4f18 gene was subcloned into pBluescript by gap repair. This method uses a bacterial
strain (EL350) that can be induced to express A. phage Red proteins to mediate homologous
recombination. A small mini-targeting vector was used to introduce a Neo selection cassette
PL452 (loxP-PGK-EM7-NeobpA-loxP) in intron 7. The selection cassette was then excised
by cre induction in EL350 cells, leaving a single loxP site upstream of exon 8. A second
mini-targeting vector was used to introduce a Neo selection cassette PL451 (FRT-PGK-
EM7-NeobpA-FRT-loxP) in intron 9.

2.3. Generation of Cyp4f18 fl/- and +/- mice

The Cyp4f18 targeting vector was linearized and electroporated into the mouse embryonic
stem (ES) cell line D1, derived from (129S6/SvEvTac x C57BL/6J)F1 cells. Transfected
cells were selected based on their resistance to G418 and ganciclovir, and surviving colonies
were screened by PCR for homologous recombination of the target region. Selected ES cells
were injected into blastocysts and implanted into foster mothers, resulting in chimeric
offspring with germline transmission of the modified allele. To delete the Neo gene, mice
were mated with a Rosa26FLP strain from Jackson Laboratories that express FLP
recombinase. This generates mice with a “floxed” Cyp4f18 allele: the selection cassette
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flanked by FRT sites is deleted leaving exons 8 and 9 flanked by two loxP sites. The floxed
allele (fl) was transferred to a C57BL/6 background by repeated backcrossing, and can be
used to generate conditional (cell-specific) or conventional (ubiquitious) knockouts of exons
8 and 9. To generate the conventional knockout, male Cyp4f18 fl/+ mice were mated with
female mice that have ubiquitous expression of cre recombinase (C57BL/6J-Hprt1 cre
deleter strain provided by GTTF UCHC). Cyp4f18 +/- heterozygous offspring were
identified by PCR genotyping, and mated to generate Cyp4f18 —/-— homozygous knockouts
and Cyp4f18 +/+ wild-type littermates. The mice used in this study were backcrossed to
C57BL/6 background for at least 8 generations. Homozygous Cyp4f18 knockout (-/-) and
floxed (fl/fl) mice were deposited and are available at the Mutant Mouse Regional Resource
Center (MMRRC) with the following designations. Cyp4f18 knockout: B6.129S4(Cqg)-
Cyp4f18tmL-1Pchr MMRRC 036956; Cyp4f18 floxed: B6.Cg-Cyp4f18tmiPehr MMRRC
036957.

2.4. Genotyping and PCR

Mouse genomic DNA was isolated from tail snips using a DNeasy Tissue Kit (Qiagen).
Genotyping was performed by PCR using Thermo-Start Taqg DNA polymerase (Fisher) and
primer pair WTF-WTR (238 bp product) to detect the wild-type Cyp4f18 allele, or primer
pair KOF-KOR (415 bp product) to detect the knockout allele. The sequences of primers are
shown in Table 1 (0.5 uM of each primer was used in PCR reactions). Primer pair WTF-
WTR flanks exon 9, a region that is deleted in the knockout. Primer pair KOF-KOR does
not generate a product from the wild-type allele where the primers are separated by 2455 bp
(KOF also has an 8 bp overlap with a junction marker that is not present in wild type). The
PCR conditions were 95°C for 15 min followed by 30 cycles of: 95°C for 30 sec, 62°C for 1
min, 72°C for 1 min. PCR products were analyzed on a 3% agarose gel. To identify the
floxed Cyp4f18 allele, PCR was performed with primer pair FLF-FLR that flanks an FRT-
loxP sequence (393 bp product for floxed allele, 289 bp product for wild type allele which
lacks the FRT-loxP sequence). The same PCR conditions were used except for an annealing
temperature of 57°C. RNA transcripts in cells from wild-type and Cyp4f18 —/— mice were
distinguished by RT-PCR, using primer pair exon7F-exon10R for PCR with an annealing
temperature of 60°C.

2.5. RNA isolation and real time PCR

Total RNA was isolated from cells and tissues using the RNeasy Plus mini kit with
QlAshredders (Qiagen). Reverse transcription was performed with a High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). The cDNA was analyzed for target gene
expression using Tagman primer sets and a StepOnePlus real time PCR machine from
Applied Biosystems. A standard reaction protocol was followed (50°C for 2 min, 95°C for
10 min, 40 cycles of: 95°C for 15 sec, 60°C for 1 min). Relative quantification of gene
expression in knockout samples compared to wild-type was performed by the AACt method
using mouse GAPDH as endogenous control. Each sample was run in triplicate to determine
ACt values, 272Ct values, or fold-differences in expression (2724CY, Values from four
experiments were expressed as mean + SEM. The Tagman primer-probe sets were
purchased from Applied Biosystems as listed in Table 1.
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2.6. Western blot analysis

Membrane proteins were extracted from bone marrow neutrophils using M-PER Reagent
(Thermo Scientific), and the protein content of extracts was determined using Bio-Rad
Reagent. Samples were fractionated by SDS-PAGE (10% gel), electrophoretically
transferred to PVDF membranes (Millipore), and the membranes were processed using the
SNAP i.d. Protein Detection System (Millipore). Tris buffered saline (TBS) containing 0.5%
Tween 20 and 0.5% non-fat dried milk was used for blocking and all subsequent incubations
and washes. After initial blocking, the membranes were incubated for 10 min with rabbit
polyclonal anti-human CYP4F3[354-371] (Themo-Scientific PA1-41365) diluted 1:500.
This antibody cross-reacts with mouse CYP4F18[353-370]. The membranes were washed 3
times and incubated for 10 min with peroxidase-conjugated AffiniPure goat anti-rabbit 1gG
(Jackson ImmunoResearch) diluted 1:3000. The membranes were washed as before, and
immunoreactive protein bands were visualized using SuperSignal West Pico
Chemiluminescent Substrate (Thermo Scientific).

2.7. Isolation of bone marrow neutrophils

Mouse bone marrow cells were isolated from femurs and tibias by perfusion with PBS. The
cells were filtered through a 40 pum cell strainer, washed in PBS, and layered on top of a
discontinuous two-layer gradient of Histopaque 1077/1119 (Sigma). After centrifugation at
700 x g for 30 min at RT, neutrophils were separated from other cells including erythrocytes
and recovered at the interface of the 1077 and 1119 fractions. Purity of the isolated
polymorphonuclear cells was confirmed (>90%) by staining nuclei with DAPI and
examination under a Nikon Eclipse Ti microscope with confocal imaging. Viability of the
cells (>95%) was assessed by trypan blue exclusion.

2.8. Analysis of LTB,4 and arachidonic acid metabolites by liquid chromatography-mass
spectrometry (LC-MS/MS)

Bone marrow neutrophils were isolated from Cyp4f18 +/+ and —/- mice and incubated with
LTB4 (1.0 uM/10 million cells/0.5 ml PBS) for 10 min at 37°C. The cells were then
extracted and analyzed by LC-MS/MS at the Wayne State University Lipidomics Core
Facility. Samples were spiked with LTB4-d,4 as an internal standard, and extracted for LTBg4
metabolites using C18 extraction columns as described previously [28]. The eluate was dried
under nitrogen and redissolved in 50 pl methanol-25 mM aqueous ammonium acetate (1:1).
HPLC was performed on a Prominence XR system (Shimadzu) using Luna C18 (3},
2.1x150 mm) column. The column was eluted with a gradient between A: methanol-water-
acetonitrile (10:85:5 v/v) and B: methanol-water-acetonitrile (90:5:5 v/v), both containing
0.1% ammonium acetate. The gradient program with respect to the composition of B was as
follows: 0-1 min, 50%; 1-8 min, 50-80%; 8-15 min, 80-95%; and 15-17 min, 95%. The
flow rate was 0.2 ml/min. The HPLC eluate was directly introduced to ESI source of
QTRAP5500 mass analyzer (ABSCIEX) in the negative ion mode with following
conditions: curtain gas: 35 psi, GS1: 35 psi, GS2: 65 psi, temperature: 600 °C, ion spray
voltage: —1500 V, collision gas: low, declustering potential: —60 V, and entrance potential:
=7 V. The eluate was monitored by the Multiple Reaction Monitoring method for LTB4-d4
(m/z 339 to 197, Rt: 11.56 min), LTB,4 (m/z 335 to 195, Rt: 11.56 min), LTBs (m/z 333 to
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195, Rt: 10.46 min), 12-oxo LTB,4 (m/z333 to 179, Rt: 11.35 min), 18-hydroxy LTB4 (m/z
351 to 195, Rt: 6.08 min), 19-hydroxy LTB,4 (m/z 351 to 195, Rt: 5.5 min), and 20-HETE
(m/z319 to 257, Rt: 13.65 min) with 25 msec dwell time for each transition. Optimized
collisional energies (18 — 35 eV) and collision cell exit potentials (7 — 10 V) were used for
each MRM transition. The data was collected using Analyst 1.5.2 software and the MRM
transition chromatograms were quantitated by MultiQuant software (both from ABSCIEX).
The internal standard (LTBy4-d,4) signal in each chromatogram was used for normalization
for recovery as well as relative quantitation of each analyte.

CYP4F18 microsomes were prepared as described previously [21]. Briefly, recombinant
CYP4F18 was coexpressed with NADPH cytochrome P450 reductase in Sf9 cells using a
baculovirus expression system, and microsomes were prepared from the Sf9 cells.
CYP4F3A microsomes (Supersomes™) were from BD Biosciences. Reaction mixtures of
0.1 ml containing 20 UM LTBy, 5 pmol P450 (CYP4F18 or CYP4F3A microsomes), 1 mM
NADPH, and 100 mM potassium phosphate buffer, pH 7.4, were incubated at 37°C for 5
min. Reactions with 20 uM arachidonic instead of LTB4 were performed under identical
conditions. At the end of the incubation, 0.4 ml of 20% methanol and 10 ng LTB4-d4
internal standard was added, and the reaction mixtures were extracted with StrataX
cartridges and analyzed by LC-MS/MS. Triplicate reactions were analyzed for
quantification. Single reactions of each microsome preparation with 20 UM LTB4-d4 were
used to assist product determination.

2.9. Renal ischemia-reperfusion injury (IRI) model, and preparation of a kidney cell

suspension

An established mouse model of renal IRI was used [29]. Age-matched C57BL/6 male mice
(8-12 weeks) were anesthetized using sodium pentobarbital (0.04 mg/g i.p.), and placed on a
heating pad to keep them at constant temperature (37°C). The renal pedicles were occluded
bilaterally with a non-traumatic vascular clamp (Robotz Surgical Instruments, RS-5426) to
induce ischemia, and after reperfusion the kidneys were perfused with Ringer's solution in
situ, then removed for analysis. Experiments were performed with 25 min ischemia and 4,
12, or 24 hours of reperfusion. Different times of ischemia (20 min, 30 min) and reperfusion
(up to 72 hours) were also investigated, but data from these alternative conditions are not
included in this report. Sham surgery was performed in a similar way except that the renal
pedicles were not clamped. For assessment of renal injury, blood urea nitrogen (BUN) was
measured using a diagnostic kit (Mega Diagnostics).

To prepare a cell suspension, kidneys were decapsulated, minced, and digested in

Dulbecco's modified Eagle's medium (DMEM) containing 0.14 units/ml liberase blendzyme
3 (Roche Applied Science) and 200 pg/ml DNase | (Roche Applied Science) for 45 min at
37°C. The cell suspension was filtered through a 70 um cell strainer, centrifuged at 500 x g
for 5 min, resuspended in ACK lysing buffer (Biowhittaker) to lyse red blood cells, then
centrifuged as before. The cell pellet was resuspended in PBS, pH 7.2, containing 0.5% BSA
and 2 mM EDTA.
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2.10. Flow cytometry and antibodies

Cell suspensions in PBS + 0.5% BSA were pre-incubated with Mouse Fc Block (BD
Biosciences) for 5 min at 4°C (0.5 pg/108 cells/100 pl), then incubated with fluorophore-
conjugated anti-mouse monoclonal antibodies for 30 min at 4°C (dilutions determined by
titration). The cells were fixed in BD stabilizing fixative (BD Biosciences). Monoclonal
antibodies specific for mouse hematopoietic surface lineage markers, or isotype-matched
control antibodies, were used with the fluorophores V450 (eFluor450), PE, PE-Cy7, PerCP,
FITC, AF647, and APC-eFluor 780 for seven color-labelling of cells. Anti-CD45-PerCP
(clone 30-F11), anti-Ly6G-FITC (1A8), anti-Ly6C-PE or -PECy7 (AL-21), anti-CD11b-
PECy7 (M1/70), anti-Siglec-F-PE (E50-2440), and anti-CD3e-V450 (500A2) were from BD
Biosciences. Anti-CD11b-APCeFluor780 (M1/70), anti-F4/80-APCeFluor780 (BM8), anti-
MHCII-APCeFluor780 (M5/114.15.2), anti-CD11c-AF647 or -eFluor450 (N418), anti-CD4-
PECy7 or -AF647 (GK1.5) and anti-CD8a-PE (53-6.7) were from eBioscience. Appropriate
conjugates of rat 1gG2b, rat 1gG2a, rat IgM, and Armenian hamster IgG (eBio299Arm) were
used as isotype controls (eBioscience). Labeled cells were analyzed at the Flow Cytometry
Core Facility, Massachusetts General Hospital, using a BD SORP 7 Laser LSRII and FlowJo
software [30].

2.11. Histology

Kidneys were harvested for histology following renal ischemia-reperfusion and were fixed
in 2% paraformaldehyde. The tissue was dehydrated, embedded in paraffin, and 3 pm
sections were stained with hematoxylin and eosin (H&E) or Periodic acid Schiff stain
(PAS). Tissue injury was scored on a 1-6 scale by adding parameters for severity and extent
of tubular injury, similar to previously published protocols [31,32,33,34]. Our method
differed from these approaches in that it accounts for both severity and extent of injury in a
single score, and it gives a composite score for the extent of injury instead of randomly
sampling a number of injured tubules (which could be subject to systematic error due to the
location and the angle of the section). The scores were assigned as follows. Severity of
tubular injury: 0, no injury; 1, mild injury with mild attenuation of the epithelium and a loss
of brush border on PAS stain; 2, moderate injury with marked attenuation of the epithelium
but without frank denudation of basement membrane; 3, severe injury with denudation of
basement membrane. Extent of tubular injury: 0, no injury; 1, small isolated foci of injured
epithelium; 2, confluent areas of injured epithelium but without uniform confluent
involvement of cortico-medullary junction; 3, diffuse injury involving the entire cortico-
medullary junction. Intermediate scores were assigned when appropriate, €.g. an isolated
tubule with very mild injury would get a score of 0.5 + 0.5 = 1. The tissues were scored by a
pathologist in a blind fashion. Immunohistochemical staining for myeloperoxidase (MPO)
was performed according to the manufacturer's protocol using a rabbit polyclonal antibody
(ab45977, Abcam). MPO-stained cells were examined under the x40 objective, and 10 fields
were counted to derive a mean number of cells per high power field (hpf, 0.22 mm2). Images
were taken with a Canon EOS Rebel T2i digital camera, mounted with a custom optical
adapter onto a Olympus BX50 microscope.
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2.12. Measurement of LTB, in kidney tissue

LTB,4 was assayed using an ELISA kit (Neogen). Kidney tissue was homogenized in
methanol and centrifuged at 3000 rpm, 4°C, for 15 min to obtain supernatant and remove
any cellular and tissue material. The protein concentration in the supernatant was determined
using Bio-Rad Reagent. LTB,4 was isolated from the supernatant using C18 Sep-Pak light
columns, and aliquots of the samples were dried with nitrogen gas. The residue was
dissolved in extraction buffer for the ELISA assay, and LTB,4 concentration was measured
according to the ELISA kit instructions. The results were expressed as ng LTB,4 per mg of
protein.

2.13. Statistical analysis

3. Results

The results are expressed as the mean + SEM. A t-test was used for comparisons of paired
data, and multi-group data were analyzed by ANOVA. A P value of less than 0.05 was
considered significant.

3.1. Targeted disruption of the Cyp4f18 gene

A schematic of the Cyp4f18 gene and cDNA is shown (Fig. 1A). To generate a loss-of-
function (knockout) mouse model, a targeted mutation was introduced to delete exons 8 and
9. These exons code for conserved core structures that are essential for enzymatic activity in
the CYP superfamily. Deletion of these regions renders CYPs functionally inactive, and is
frequently seen in human CYP mutations expressing pathological phenotypes [35]. The
strategy for introducing the targeted deletion is summarized in Fig. 1B. A targeting vector
was constructed with a loxP sequence in intron 7, and a neo cassette in intron 9 (the cassette
has a neo gene flanked by a pair of FRT sequences, and a 3' loxP sequence). The targeting
vector was electroporated into ES cells, and the cells were selected for neo expression based
on their resistance to G418 and ganciclovir. Three positive clones were identified that
contained homologous recombination of the target region spanning the loxP site in intron 7
and the neo cassette in intron 9. One of the clones was used to generate founder mice that
carried the modified Cyp4f18 allele. Offspring were mated with mice that express FLP
recombinase to delete the region flanked by FRT sites, including the neo gene. This
generated the floxed (fl) Cyp4f18 allele (exons 8 and 9 flanked by two loxP sequences).
Subsequent offspring were mated with mice that express cre recombinase to delete the
region flanked by loxP sites, including exons 8 and 9. This generated the knockout (=)
Cyp4f18 allele. Heterozygous (+/-) crosses generated homozygous (/=) mice at the
expected Mendelian ratios. The homozygous Cyp4f18 —/- mice were viable and did not
exhibit any gross defects in development or breeding. Separate colonies of floxed and
knockout mice were maintained on a C57BL/6 background, and different genotypes were
distinguished by PCR of genomic DNA (Fig. 1C, D). The mice have been deposited and are
available at the MMRRC as described in section 2.3.
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3.2. Expression of CYP4F18 and analysis of enzymatic activity in wild-type and knockout

mice

To confirm disrupted expression of Cyp4f18, RNA from mouse bone marrow neutrophils
was analyzed by RT-PCR. The primer pair exon7F-exon10R amplifies a 395 bp region
between exons 7 and 10 in cDNA from Cyp4f18 +/+ mice, but generates a PCR product of
only 198 bp from Cyp4f18 —/- mice due to deletion of exons 8 and 9 (Fig. 2A). A real time
PCR assay designed to detect exons 8 and 9 shows that expression of these exons is
abolished in Cyp4f18 —/— mice (Fig. 2B). The mutant RNA transcript codes for a truncated
translation product that lacks the C-terminal 219 amino acids, because deletion of exons 8
and 9 results in a frameshift mutation and introduces a premature UAA stop codon 40 bp
downstream of the start of exon 10. Western blot analysis with an antibody that reacts with
amino acids 353-370 confirms loss of expression of this critical C-terminal region in
Cyp4f18 /- mice (Fig. 2C).

To confirm loss of enzymatic activity of CYP4F18, bone marrow neutrophils were
incubated with LTB, and metabolic products were analyzed by LC-MS/MS (Fig. 3).
Experiments with recombinant CYP4F18 and CYP4F3A microsomes, which generate
known products of LTBy4, were performed in parallel as controls. We previously
demonstrated that CYP4F18 microsomes convert LTB4 to 19-hydroxy LTB,, and to a lesser
extent 18-hydroxy LTBy4 (21). CYP4F3A microsomes convert LTB, to 20-hydroxy LTBy; a
small amount of 19-hydroxy LTBy is also produced but represents < 5% of total product.
The retention times of 19-, 20-, and 18-hydroxy LTB,4 were 5.5, 5.84, and 6.08 min,
respectively (Fig. 3A—-C). The retention time of 20-hydroxy LTB4 was confirmed with a
synthetic standard from Cayman (not shown). Neutrophils from wild-type (WT) mice
exhibit the same profile of terminally hydroxylated products of LTB4 compared to
CYP4F18 microsomes: 19-, and 18-hydroxy LTBy. Significantly, none of these products
were detected in neutrophils from Cyp4fl18 —/— (KO) mice. 12-Oxo LTBy, a product of an
independent metabolic pathway involving LTB, 12-hydroxydehydrogenase, was produced
by both wild-type and Cyp4f18 —/- neutrophils (retention time = 11.35 min). The identity of
12-oxo LTB4 was confirmed by an m/z transition of 333 to 179 Da (Fig. 3G). Hydroxylated
products of LTB,4 have similar fragmentation patterns, and MS/MS spectra show a
characteristic peak at m/z 195 Da (Fig. 3D-F). In addition, unique peaks were observed for
18-, and 20-hydroxy LTB4 at m/z 275 and 189 Da, respectively; the structures of these
fragments are shown (Fig. 4). The products of LTB,—d4 were analyzed after incubation with
CYP4F18 and CYP4F3A microsomes, to assist fragment identification. For example, the
fragments at m/z 275 and 189 Da retain all four deuterium atoms and are shifted to 279 and
193 Da, respectively (not shown).

The results of quantitation of LTB4 products in neutrophils are summarized in Table 2.
Wild-type neutrophils generate 19-hydroxy LTB,4 and 18-hydroxy LTBy4 (~ 24%), whereas
neither of these products were detected in neutrophils from Cyp4f18 —/— mice. There were
no significant differences in 12-oxo LTB4 production in Cyp4f18 —/- neutrophils compared
to wild-type (P < 0.05). Higher baseline levels of LTB,4 were observed in Cyp4f18 —/-
neutrophils in individual experiments, but the difference was not statistically significant (P =
0.13,n=4).
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Mouse Cyp4f18 is a homologue of the human CYP4F3 gene, but is not alternatively spliced.
There are two splice forms of CYP4F3 that have different activities: CYP4F3A metabolizes
LTB4 and has little activity for arachidonic acid, whereas CYP4F3B has less activity for
LTB4 and converts arachidonic acid to 20-HETE [22, 24, 25]. We compared the activity of
recombinant CYP4F18 and CYP4F3A microsomes in parallel, under identical conditions
(Table 3). Both have comparable overall activity for LTB,, although the site of terminal
hydroxylation differs as previously reported [21]. CYP4F18 has even less activity for
arachidonic acid than CYP4F3A, and the levels of 20-HETE product were barely above
limits of detection. No other products of arachidonic acid were detected. Therefore,
CYP4F18 does not combine the activities of the two CYP4F3 splice forms; it is not a
significant 20-HETE producing enzyme and in this respect it is distinct from CYP4F3B.

3.3. Investigation of loss of function of CYP4F18 in vivo using a mouse model of renal
ischemia-reperfusion injury (IRI)

Initially, we used flow cytometry analysis to investigate different conditions of IRI (Fig. 5).
Single cell suspensions of kidney tissue were stained with antibodies to cell lineage-specific
markers. A resident population of CD45+ cells was detected in sham-operated control
kidneys, but the number of cells increased following renal ischemia and reperfusion,
indicating infiltration of CD45+ leukocytes into kidney tissue (Fig. 5B). To identify
neutrophils, the CD45+ cells were further analyzed for Ly6G (preferentially expressed in
neutrophils) and CD11b (more broadly expressed in activated neutrophils and monocytes).
Previous reports have demonstrated that renal CD11c+ dendritic cell subsets express a
variety of proteins traditionally associated with other cell types, including Gr-1 (Ly6G +
Ly6C) and CD11b [36]. We determined that CD11c+ cells comprise more than 50% of the
resident CD45+ cell population in sham controls, but infiltrating populations of non-
dendritic Ly6G+ CD11c- and CD11b+ CD11c- cells were clearly distinguished following
ischemia-reperfusion (Fig. 5C). Quantitative analysis of these cell populations is
summarized in Table 4. Ly6G+ CD11c- cells peaked at 12 hours post-ischemia (hpi),
consistent with an early infiltration of neutrophils, whereas CD11b+ CD11c- cells continued
to increase at 24 hpi. A comparison of wild-type and Cyp4f18 —/- mice showed no
significant difference (P > 0.05) in the magnitude or time course of infiltration for either of
these cell populations. Seven color flow cytometry permitted the use of multiple
combinations of lineage-specific markers for neutrophils (Ly6G), monocytes (Ly6C),
macrophages and dendritic cells (CD11c-, F4/80, MHC class 1), eosinophils (Siglec F), and
T cells (CD3, CD4, and CD8), under different conditions of ischemia (20, 25, and 30
minutes) and reperfusion (up to 72 hours), but did not detect any differences in leukocyte
infiltration in Cyp4f18 —/- mice compared to wild-type (data not shown).

Microscopic evaluation of ischemic kidney tissue revealed a progressive increase in the
degree and extent of kidney injury as evidenced by loss of brush border, epithelial swelling,
presence of luminal cell debris, epithelial attenuation with increased inter-nuclear distance
and frank denudation of the basement membrane in the most severe cases (Fig. 6). The
composite scores of epithelial injury increased from 2.6 + 0.5 at 4 hpi to 5.5 + 0.29 at 24 hpi
in wild type controls, and 3.4 £ 0.5 at 4 hpi to 5.25 + 0.25 at 24 hpi in Cyp4f18—/- mice
(Table 5). There was no significant difference (P > 0.05) in total injury score between wild-
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type and Cyp4f18—/— mice between 4 and 24 hpi, or inflammatory cell infiltration into
ischemic kidney tissue as assessed by immunohistochemistry for MPO (Table 5, Fig. 7). The
number of MPO+ cells increased from 12 to 24 hpi in both wild-type and Cyp4f18-/- mice;
this was consistent with the time course of CD11b+ cell infiltration observed in flow
cytometry experiments, although Ly6G+ cells peaked at 12 hpi cells in the flow studies.
Previous reports indicate that MPO is expressed in monocytes in addition to neutrophils
[37], whereas Ly6G may be more specific for neutrophils. Blood urea nitrogen (BUN) levels
at 24 hpi were 146.7 = 14.8 mg/dl for wild-type mice and 150.2 + 14.8 mg/dl for Cyp4f18-/
- mice, P > 0.05, affirming no significant difference in renal injury (Table 5). LTBy, levels in
ischemic kidney tissue were measured using an ELISA. At 12 hours post-ischemia, the
levels were 2.25 + 0.18 pg LTB4 per mg protein in wild-type, and 2.45 + 0.2 pg LTB4 per
mg protein in Cyp4f18-/- kidneys (P > 0.05, n = 4). In sham-operated mice, the levels were
1.0 £ 0.09 pg LTB4 per mg protein in wild-type, and 1.2 + 0.06 pg LTB4 per mg protein in
Cyp4f18-/- kidneys (P > 0.05, n = 4). We considered the possibility of compensatory
increases in expression of other members of the CYP4F gene family in Cyp4f18-/— mice
that might account for the comparable LTBy levels, but no differences were detected by real
time PCR (Fig. 8). A plot of 272Ct values shows that CYP4F18 is the predominant transcript
in bone marrow neutrophils in wild-type mice (CYP4F13 and —16 were detected at low
levels), but only a minor transcript in normal kidney tissue (Fig. 8). Relative expression
(270ACY was calculated, and the values indicate no change in expression of CYPs other than
CYPA4F18 in neutrophils or kidney. For example, the relative expression of CYP4F13 and
-16 in kidney tissue from knockout mice compared to wild-type was 1.03 + 0.08 and 0.93 +
0.04, respectively (n = 4). We performed the real time PCR assays routinely during renal
ischemia-reperfusion experiments, and did not observe any significant changes in the profile
of CYP4F expression in kidney tissue at different times post-ischemia (not shown).

4. Discussion

The activation and amplification of an immune response is critical to defend against
microbial infection [38,39]. However, negative regulation of inflammation has emerged as
an important mechanism to restrain the response within appropriate limits and minimize
damage to host tissue [40,41,42,43]. Elucidating the relative contributions of inhibitory
cytokines, receptor desensitization, and enzymatic inactivation of inflammatory mediators is
a complex problem, but an important part of understanding and combating immune
pathologies. Knockout mice have been generated to investigate loss of function of candidate
regulatory molecules, and we created mice deficient in CYP418 for this purpose.

LTBy is a potent inflammatory mediator implicated in a variety of immune pathologies, and
multiple studies have demonstrated that a major pathway for enzymatic inactivation of LTB,
in neutrophils involves CYP-dependent omega oxidation [14,18,19]. CYP4F3A is the
predominant CYP enzyme in human neutrophils [4,22,23], and the mouse homologue is
CYP4F18 [21]. Low-level expression of other CYPs has been detected in neutrophils,
including CYP4F12 in humans [44], and CYP4F13 and 16 in mice (Fig. 8). However,
neutrophils from CYP4F18-deficient mice exhibit a knockout phenotype for LTB4 omega
oxidation, and no products of this metabolic pathway were detected (Fig. 3; Table 2). This
confirms a unique activity for CYP4F18 that is not compensated by other CYPs.
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CYP4F18 is constitutively expressed in neutrophils, and it is predicted to play a role in
restraining LTB,-dependent recruitment of the cells during inflammation. Previous studies
using chemical inhibitors and in vitro systems have suggested that omega oxidation down-
regulates LTB, responses [20,21]. The mouse model of renal ischemia-reperfusion injury
has a number of advantages for testing the role of CYP4F18 in vivo. It has been
demonstrated that inhibition of LTB,4 synthesis and BLT1 is accompanied by reduced
leukocyte infiltration into renal tissue and reduced renal injury in this model [45,46,47]. A
pivotal role for neutrophils in renal injury has been established [48], and there are
established methods for measuring inflammatory cell infiltration into kidney tissue.
However, we determined that there are no differences in cell infiltration or injury in Cyp4f18
knockout mice compared to wild-type. This was supported by experiments that varied the
times of ischemia and reperfusion to adjust the extent of inflammation, and by the use of
flow cytometry to complement traditional histological methods of evaluation (Figs. 5-7).

Flow cytometry allows rapid and sensitive detection of specific cell types in kidney tissue
[48,49,50], and quantitation is representative of the entire tissue because single cell
suspensions are prepared from whole kidneys. We used Ly6G in combination with CD45
and CD11c to identify neutrophils in ischemic kidneys, following perfusion in situ to
remove circulating blood cells. Ly6G is a component of the myeloid marker Gr-1 that is
preferentially expressed in neutrophils. The use of CD11c discriminates dendritic cells that
co-express Gr-1. A population of infiltrating CD45+ Ly6G+ CD11c- cells was clearly
distinguished in ischemic tissue compared to sham-operated controls (Fig. 5). The highest
levels of this cell population were detected 12 hours post-ischemia, and levels declined by
24 hours, indicating an early infiltration of neutrophils. An identical time course was
observed in wild-type and Cyp4f18 knockout mice.

Various myeloid and lymphoid cells infiltrate kidney tissue over different time courses
following ischemia-reperfusion [51,52], and we extended our analysis to include these other
cell types. Multiple combinations of lineage-specific markers were used in flow cytometry
experiments, in conjunction with immunohistochemical staining with MPO. We did not
detect any differences in leukocyte infiltration into kidneys in the Cyp4f18 knockout mice,
but little is known about the expression patterns and potential roles of CYP4F18 in cells
other than neutrophils. Human CYP4F3A is expressed in eosinophils and can be induced in
macrophages [23,44,53], and there is evidence that CYP4F enzyme expression changes
temporally in other cells such as hepatocytes and endothelia to facilitate clearance of LTBy4
and resolution of inflammation in some species [2]. The functional contribution of CYP4F18
probably varies in different physiological settings, and analysis of different experimental
models remains an important avenue of investigation. We created mice with a floxed
Cyp4f18 allele that will permit generation of conditional knockouts in specific cells or
tissues to facilitate research strategies.

The studies in this report represent a step in dissecting the role of enzymatic inactivation of
LTBy. It appears that loss of omega oxidation is insufficient to affect neutrophil infiltration
and injury following renal ischemia-reperfusion in mice. However, LTBy, is converted to 12-
oxo LTB,4 (a product of 12-hydroxydehydrogenase) in addition to 19-hydroxy LTB, (the
principal product of CYP4F18) in neutrophils from wild-type mice, and 12-
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hydroxydehydrogenase activity is unaffected in Cyp4f18 knockouts. We did not detect
increased levels of 12-oxo LTB, in knockout mice, but it is still possible that there is
increased flux through the 12-hydroxydehydrogenase pathway that preserves overall rates of
LTB,4 metabolism. The development of double knockouts for CYP4F18 and LTB,4 12-
hydroxydehydrogenase would be needed to determine the effect of eliminating both
pathways. Potential differences between humans and mice might arise from differential use
of these pathways, or from the generation of different omega oxidation products.

In addition, it is possible that CYP4F18 has other functions besides LTB,4 metabolism.
CYP4F18 is a homologue of human CYP4F3, but is not alternatively spliced. The two splice
forms of CYP4F3 preferentially use either LTB,4 (4F3A) or arachidonic acid (4F3B) as
substrates [22]. We determined that CYP4F18 has no significant activity for arachidonic
acid and is not a significant 20-HETE producing enzyme; so it does not combine the
activities of the two CYP4F3 splice forms and is more specifically a homologue of
CYP4F3A. CYPs typically have broad substrate specificity, and it is a challenge to identify
new biological functions for individual enzymes. A comparison of lipid metabolism in
neutrophils from wild-type and knockout mice will provide an experimental system to
search for other physiologically relevant substrates of CYP4F18.
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Fig. 1.
Generation of Cyp4f18 —/- mice.

(A) Schematic drawings of the Cyp4f18 gene and cDNA. The cDNA locations of untranslated regions (UTR), and predicted
locations of representative conserved core structures, are shown. Arrows indicate locations of primers exon7F and exon10R used
for detection of MRNA by RT-PCR. (B) Strategy for deletion of exons 8 and 9. The insertion positions of a neo gene, the loxP
sites (closed triangles), and FRT sites (open triangles) is shown in the targeting vector, the floxed (fl) allele, and the knockout
(-) allele. The locations of primer pairs FLF-FLR (to detect floxed allele), KOF-KOR (to detect knockout allele), and WTF-
WTR (a region deleted in the knockout allele) are indicated. (C) Genotyping results of DNA from Cyp4f18 +/+, +/fl, and fl/fl
mice using primer pair FLF-FLR. (D) Genotyping results of DNA from Cyp4f18 +/+, +/-, and —/— mice using primer pairs
WTF-WTR and KOF-KOR. The sizes of the PCR products are indicated.
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Fig. 2.

Expression of Cyp4f18 in bone marrow neutrophils from Cyp4fi8 +/+ (WT), +/- (HZ), and —/- (KO) mice.
(A) Total RNA was extracted from neutrophils and used as a substrate for reverse transcription. The cDNA was analyzed by
PCR using primer pair exon7F-exonl0R.
(B) Real time PCR analysis of neutrophil cDNA using a primer-probe set that is specific for Cyp4f18 transcripts containing
exons 8 and 9.
(C) Extracts of membrane proteins (20 ug) from neutrophils were analyzed by western blot. CYP4F18 protein appears as a 60
kDa band in WT extracts.
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Bone marrow neutrophils from wild-type mice (A), or Cyp4f18-/- (KO) mice (B), were incubated with LTB,4 and extracted and
analyzed by LC-MS/MS. Recombinant CYP4F18 and CYP4F3A microsomes, which generate known products of LTBy4, were
used as controls (C). HPLC chromatogram traces show detection of LTB4 (non-metabolized), 12-oxo LTB, (product of 12-
hydroxydehydrogenase metabolism), and 18-, 19, and 20-hydroxy LTB, (products of CYP-dependent metabolism). LTB4-d,4
was used as an internal standard. MS/MS spectra are shown for the metabolites with retention times of 6.08 min (D, 18-hydroxy
LTBy), 5.5 min (E, 19, hydroxyl LTB,), 5.84 min (F, 20-hydroxy LTBy,), and 11.35 min (G, 12-oxo LTB,). Characteristic
fragments are observed at nvVz 195 for all hydroxy LTB4 metabolites, and at m/z179 for 12-oxo LTB,. Unique fragments are

observed for 18-hydroxy LTB,4 (m/z 275) and 20-hydroxy LTB,4 (m/z 189), as indicated.
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Fig. 3.
LC-MS/MS analysis of LTB4-treated neutrophils.
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Characteristic fragments of 18- and 20-hydroxy LTBg.
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Analysis of CD45+ cells in mouse kidney tissue following renal ischemia-reperfusion. Peripheral blood was washed from
kidneys by perfusion in situ before dissection and dissociation of kidney tissue. Kidney cell suspensions were labeled with anti-
CDA45-PerCP and other cell-specific markers and analyzed by flow cytometry.

(A) Total kidney cells were gated on forward versus side scatter (left panel), then for CD45 expression (middle panel), then
reanalyzed for light scatter (right panel). A representative example is shown.

(B) Quantitative analysis of CD45+ cells in kidney tissue, expressed as a percentage of total kidney cells (mean £ SEM, n =5),
after 25 minutes ischemia and different times of reperfusion in wild-type (WT) and Cyp4f18 —/- knockout (KO) mice. Time 0
represents normal kidneys that were not subject to ischemia.

(C) Analysis of CD45+ cells in control (sham) and ischemic kidneys using antibodies to Ly6G (neutrophil marker), CD11b
(myeloid marker), and CD11c (dendritic cell marker). Representative plots from individual WT mice are shown (25 min
ischemia, 4 h reperfusion). An infiltrating population of Ly6G+ CD11c- cells and CD11b+ CD11c- cells is clearly
distinguished in ischemic kidneys compared to sham controls. Numbers in each quadrant indicate the proportion of cells as a
percentage of CD45+ cells.
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Fig. 6.
Microscopic morphology of Igidney tissue after acute injury.

Hematoxylin and eosin stained kidney sections from wild-type mice (A, C, E, G) and Cyp4f18 —/- mice (B, D, F, H) at 4 h (C,
D), 12 h (E, F), and 24 h (G, H) post-ischemia. Sham-operated mice (A, B) were not subject to renal ischemia. The histology
shows correlation between the amount of injury and hours post-ischemia (hpi). At 4 hpi (C, D) both wild-type and Cyp4f18 —/-
mice show mild to focally moderate epithelial injury evidenced by presence of luminal debris, loss of brush border (not shown),
and variable epithelial attenuation with wide spaced nuclei. At 12 hpi (E, F) the injury is moderate to severe with focal epithelial
denudation, but without a uniform continuous involvement of the cortico-medullary junction. The injury progresses to a uniform
moderate to severe pattern by 24 hpi (G, H).
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Myeloperoxidase immunohistochemistry.
Kidney sections from wild-type (A, C, E) and Cyp4f18 —/- mice (B, D, F) at 12 h (C, D) and 24 h (E, F) post-ischemia. Minimal
background staining was observed in sham-operated mice (A, B). By 12 hpi there was an appreciable increase in the number of
MPO positive cells. This number further increased by 24 hpi (E, F) in both the wild-type and Cyp4f18 —/— mice.
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Expression of CYP4F family members.
Reverse transcription and real time PCR was used to measure CYP4F expression in bone marrow neutrophils (A), and normal
kidney tissue (B). ACt values were determined for each CYP4F using GAPDH as endogenous control, and 272Ct values were
plotted for wild type (WT) and Cyp4f18-/- (KO) samples (n = 4). Relative quantitation (2~2ACt) determined that there was no
significant change in expression of any CYP4F in knockout samples compared to wild-type, except for the loss of CYP4F18.
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Summary of primers.

PCR primers

WTF GTGCTGTCCATTTGTTGGTG

WTR GAGCAGGAAAGGAGCTCAGA
KOF GTGGTTGCCTGTGAATTCCT

KOR AAGCCCATGCCTACAATGAC

FLF CCACAAATGACACACCTCCA

FLR TAGGCAGAATCGATGGGAAA
FLF2 AGGAACTTCATCAGTCAGGTACA
FLR2 CTCTCTGGGCCAAGCATATT
Exon7F CTCCTTGATCAGGGTGGTGT

Exonl0R GGGAGCACAATGTCCTGAGT

Tagman primers for real time PCR (Applied Biosystems)

Cyp4fl3
Cyp4fl4
Cyp4fl5
Cyp4flé
Cyp4fl7
Cyp4f18
Cyp4f39
Cyp4f40

Mm00504576_m1
Mm00491623_m1
MmO00506542_m1
Mm00775893_m1
MmO01345625_m1
Mm00499348_m1
Mm00624134_m1
Mm01342246_m1

Custom Tagman primers

Cyp4fi8
Forward:

Reverse:
Probe:

Cypaf37
Forward:
Reverse:

Probe:

(exons 8/9)
AGTGGACTTTCCTGGATCCTGTAC
GGCAGCGCTCCTGGTATTC
ACCTGGCAAGACACC

TCCCGCCTCAGATGTTTCC
CCCAAGTGACCCAAAAACCA
TCAGCCTCCTAAAAGA

Sequences are shown in 5' to 3' direction.
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Table 2

Products of LTB4 metabolism in neutrophils

picogram/million neutrophils

LTB, 12-oxo LTB,; 18-hydroxy LTB,; 19-hydroxy LTB,

Cyp4f18** (WT) 4620 + 320 217+83 545+7.1 169 +23.8
Cyp4f187 (KO) 4903 + 317 203+11.5 not detected not detected
Baseline WT 74.8+12.6 73+11 not detected not detected
Baseline KO 1153 +19.3 108+16 not detected not detected

Cells were incubated with 1 uM LTB4 for 15 min at 37°C.
Baseline values are for cells that were incubated without LTB4.

Values indicate mean + SEM, n = 4. Limit of detection = 5 picogram.
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Table 3
Activity of CYP4F18 for LTB,4 and arachidonic acid

LTB, substrate pmol product/(min x pmol P450)  Arachidonic acid substrate pmol product/(min x pmol P450)

20-OH LTBy 19-OH LTB, 18-OH LTB, 20-HETE
CYP4F3A 29.8+5.2 1.45+0.47 not detected 0.025 +0.003
CYP4F18 not detected 20.8+3.7 47+0.8 0.01 +0.002

Values indicate mean + SEM, n = 4.
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Quantitative analysis of CD45+ cell subpopulations in mouse kidney tissue.

Table 4

Percent of total kidney cells

Sham 4h 12h 24h
CD45+ Ly6G+ CD11c— WT 0.04+0.008 15+02 32+03 29+05
KO 0.05+0.01 17+03 34+x05 25+08
CD45+ CD11b+ CD11c- WT  0.37£0.2 18+0.2 375%+03 55%0.7
KO 0.29+0.1 20+04 36+02 58+09

Kidneys from wild-type (WT) and Cyp4f18 —/- (KO) mice were analyzed by flow cytometry following 25 min ischemia and 4, 12, or 24 h

Page 29

reperfusion (values indicate mean + SEM, n = 5). Sham controls were performed for each time of reperfusion, and a combined value is shown.
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Table 5

Quantitative analysis of inflammation and injury following renal ischemia-reperfusion.

Page 30

Time of Reperfusion  Cyp4f18 +/+ (WT) Cyp4fl8 -/-(KO) Sham WT Sham KO
Histological score of injury (1-6 scale) 4h 26+05 34+05 1 1
12h 47+04 47104 1 1
24h 55+0.29 5.25+0.25 1 1
Cell infiltration: MPO+ cell number per hpf 12h 16.4+5.1 18.7+5.0 1 0.5
2
(0.22 mm?) 24h 252456 248+54 2 2
BUN level (mg/dl) 24h 146.7 + 14.8 150.2 £ 14.8 222 17.8

Results are expressed as mean + SEM, n = 5.
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