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Airway extracellular LTA4H concentrations are
governed by release from liver hepatocytes and
changes in lung vascular permeability
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Highlights
e LTA4H operates intracellularly to generate LTB, and
extracellularly to degrade PGP

e The previously unknown origin of extracellular LTA;H was
shown to be liver hepatocytes

e Constitutive LTA4H release into blood is enhanced during an
acute phase response

e Extracellular airway LTA4H levels are dictated by changes in
vascular permeability
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In brief

Mincham et al. define pathways
governing the bioavailability of
extracellular leukotriene A4 hydrolase
(LTA4H). LTA4H’s location defines its
function, whereby it generates
leukotriene B, intracellularly but
degrades proline-glycine-proline
extracellularly. Airway extracellular
LTA4H concentrations are governed by
changes in vascular permeability and
influx of blood-borne enzyme, which is in
turn secreted by liver hepatocytes.
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SUMMARY

Leukotriene A4 hydrolase (LTA4H) is a bifunctional enzyme, with dual activities critical in defining the scale of
tissue inflammation and pathology. LTA4H classically operates intracellularly, primarily within myeloid cells,
to generate pro-inflammatory leukotriene B,4. However, LTA4H also operates extracellularly to degrade the
bioactive collagen fragment proline-glycine-proline to limit neutrophilic inflammation and pathological tissue
remodeling. While the dichotomous functions of LTA4H are dictated by location, the cellular source of extra-
cellular enzyme remains unknown. We demonstrate that airway extracellular LTA4H concentrations are gov-
erned by the level of pulmonary vascular permeability and influx of an abundant repository of blood-borne
enzyme. In turn, blood LTA4H originates from liver hepatocytes, being released constitutively but further up-
regulated during an acute phase response. These findings have implications for our understanding of how
inflammation and repair are regulated and how perturbations to the LTA;H axis may manifest in pathologies

of chronic diseases.

INTRODUCTION

In response to lung infection or injury, it is critical that the host
elicits inflammatory and reparative processes to combat threats
from invading pathogens and restore tissue integrity and func-
tion. However, it is also critical that these processes are tightly
regulated since their dysregulation can result in persistent,
non-resolving inflammation and pathological structural changes
termed tissue remodeling. These are hallmark features of many
chronic lung diseases (CLDs), and thus, a greater understanding
of processes that regulate inflammation and repair are of the
utmost importance.

The enzyme leukotriene A4 hydrolase (LTA4H) classically oper-
ates as an epoxide hydrolase, whereby it functions intracellularly,
primarily within myeloid cells, to convert leukotriene A4 (LTA) into
pro-inflammatory lipid mediator leukotriene B4 (LTB,).'° LTB,isa
potent chemotactic factor and activator for various inflammatory
cells, implicated both in host defense but also pathological inflam-
mation and tissue remodeling when its production is dysregu-
lated.® ' However, LTA4H is a bifunctional enzyme, whereby it

bioactive collagen fragment tripeptide proline-glycine-proline
(PGP)."" In response to infection or injury, PGP is liberated
from collagen of the extracellular matrix through the sequential
enzymatic activities of matrix metalloproteinases (MMP-8 and
MMP-9) and prolyl endopeptidase (PE).'>'° PGP classically func-
tions as a neutrophil chemoattractant and activator.'* More
recently, a pro-reparative role for PGP has also been suggested,
whereby it drives the proliferation, chemotaxis and tube-forming
capacity of endothelial progenitor cells and the proliferation and
spreading of airway epithelial cell progenitors.'®'>'® Thus, it has
been rationalized that PGP is liberated during injury and then op-
erates to guide a proximal repair and sterilization response.'? In
this setting, PGP bioavailability is defined by the activity of extra-
cellular LTA4H, and during an acute self-resolving inflammatory
response, both PGP generation and degradation are coordinated
to ensure that PGP is unable to persist.'®"'? A failure of extracel-
lular LTA4H to efficiently degrade PGP results in a greater and
more prolonged neutrophilic inflammation and pathological
epithelial remodeling.'®'® Accordingly, extracellular LTA4H levels
and/or activity are reduced in numerous CLDs resulting in PGP

also operates in an extracellular environment to degrade the accumulation and associated pathology.'®'®
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LTA4H is therefore an unusual, bifunctional enzyme, the action
of which is defined by its cellular location: intracellularly it pro-
motes inflammation through LTB, generation, whereas extracel-
lularly, it limits inflammation and pathological remodeling by de-
grading PGP.'>?° The balance of these dual activities is thus
critical in defining the magnitude and duration of inflammatory
and reparative responses and dictating the distinction between
protective versus pathological outcomes. However, the cellular
source of extracellular LTA4H and the mechanisms that govern
its release remain unknown. In episodes of acute, self-resolving
pulmonary inflammation, elevations in extracellular LTA4H
temporally align with infiltration of neutrophils into the air-
ways.'®"" Since neutrophils are a rich source of intracellular
LTA4H, it had been postulated that they may also represent a pri-
mary source of extracellular enzyme. In this study, we demon-
strate that airway extracellular LTA4H surprisingly originates
from the blood, and that its levels in bronchoalveolar lavage fluid
(BALF) are defined by the extent of vascular permeability.
Neutrophilic airway infiltration promotes vascular permeability
and thus indirectly promotes elevations in extracellular LTA4H,
which in turn operates to degrade PGP and limit neutrophilia.
Conversely, vasoactive agents directly promote vascular perme-
ability and elevations in extracellular LTA4H independent of
neutrophilic inflammation. We demonstrate that the blood is an
abundant source of functional extracellular LTA4;H, which does
not seemingly originate from blood-borne cells. Instead, we
demonstrate that liver hepatocytes express high levels of
LTA4H, which they release constitutively at steady state, but
with release further upregulated as part of an acute phase
response. Thus, systemic changes in extracellular LTA4H and
more localized changes in vascular permeability define its extra-
cellular levels in the lung and ultimately govern regulation of local
inflammation and repair processes.

RESULTS

Extracellular airway concentrations of LTA4H correlate
with concentrations of albumin

Previous studies have demonstrated that LTA4H is the only
enzyme present in the BALF of mice capable of degrading
PGP."%""® |n mouse models of acute, self-resolving, airway
inflammation, it has been demonstrated that early increases in
BALF LTA4H concentrations correlated with neutrophilic infil-
trate,’>"" thus suggesting neutrophils were a potential source
of the extracellular enzyme. To further interrogate the relation-
ship between airway neutrophilic inflammation and changes in
extracellular LTA4H, mice were administered a range of agonists
to distinct Toll-like receptors (TLR), and acute airway changes
were assessed after 24 h (Figure 1A). Mice administered distinct
TLR agonists displayed a spectrum of total cellular (Figure 1B)
and neutrophilic (Figure 1C) responses in their airways, coupled
with variable elevations in BALF concentrations of LTA4H (Fig-
ure 1D). While a significant correlation was observed between
airway neutrophilic responses and BALF LTA4H concentrations
(Figure 1E) and increased neutrophil numbers universally re-
sulted in a concomitant increase in extracellular LTA4H
(Figures 1C-1E), it was also apparent that augmented BALF
LTA4H levels could be observed in the absence of a pronounced

2 Cell Reports 43, 114630, August 27, 2024

Cell Reports

neutrophilia (Figures 1C-1E). Extracellular LTA4H levels were
seemingly not a consequence of cell death as no correlation
was observed with levels of BALF lactate dehydrogenase
(LDH) (Figure 1F). However, the strongest correlation observed
was between BALF concentrations of LTA4;H and albumin
(Figure 1G).

To further interrogate these associations temporally, mice
were administered LPS, and airway changes were assessed
longitudinally (Figure 1H). LPS administration resulted in a signif-
icant increase in airway neutrophil numbers (Figure 11) and BALF
LTA4H concentrations (Figure 1J). However, airway albumin con-
centrations displayed a comparable increase post LPS adminis-
trations (Figure 1K) and demonstrated a significant correlation
with BALF LTA4H levels (Figure 1L). Albumin is a serum protein,
with airway concentrations reflective of the level of pulmonary
vascular permeability. This raised the possibility that extracel-
lular LTA4H in the airways was predominantly derived from the
blood and that pulmonary levels reflected the extent of vascular
permeability.

Serum is an abundant source of extracellular LTA;H with
robust PGP-degrading activity

Concentrations of LTA4H were subsequently assessed in serum
of naive mice and found to be strikingly enriched relative to BALF
concentrations of the enzyme (Figure 2A). Accordingly, mouse
serum possessed a robust capacity to degrade PGP, as deter-
mined by measuring the loss of peptide via mass spectrometry
(Figure 2B) and liberation of the N-terminal proline residues (Fig-
ure 2C). This PGP-degrading activity was significant even when
serum was diluted 100-fold (Figures 2B and 2C), being substan-
tially greater than that observed for naive mouse BAL fluid.'%""
Importantly, the PGP-degrading activity of serum was abolished
in Lta4h™~ mice, demonstrating that this is the only serum
enzyme capable of degrading PGP (Figures 2D and 2E). LTA4H
is a tripeptide aminopeptidase, and serum PGP-degrading activ-
ity was also abolished by incubation with specific tripeptide
aminopeptidase inhibitor bestatin (Figure 2F). Serum derived
from healthy human volunteers displayed a comparably robust
capacity to degrade PGP (Figures 2G and 2H), with activity again
abrogated by bestatin (Figure 2I).

Airway extracellular LTA4H concentrations are defined
by the level of vascular permeability

Given the substantial concentrations of LTA4H in serum and the
correlation between airway LTA4H and albumin concentrations,
the role of vascular permeability in defining extracellular BALF
LTA4H concentrations was investigated. During inflammation, a
variety of signals can augment vascular permeability through
inducing contraction of endothelial cells and loss of adherens/
tight junctions.?’ Neutrophil transendothelial migration induces
changes in endothelial cells leading to enhanced vascular
permeability.>” Accordingly, administration of neutrophil chemo-
kine MIP-2 to mice (Figure 3A) resulted in robust airway neutro-
philic inflammation (Figure 3B), which coincided with increased
BALF concentrations of albumin (Figure 3C) and LTA4H (Fig-
ure 3D) and greater BALF PGP-degrading activity (Figures 3E
and 3F). BALF LTA4H concentrations (Figure 3G) and PGP-de-
grading activity (Figure 3H) significantly correlated with BALF
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Figure 1. Extracellular airway concentrations of LTA4H correlate with concentrations of albumin

(A) Female Balb/c mice were intranasally (i.n.) administered PBS or TLR agonists synthetic triacylated lipopeptide (1 ug), heat-killed Listeria monocytogenes (1 x
108), polyinosine-polycytidylic acid (50 ug), LPS (10 pg), flagellin (1 ng), synthetic diacylated lipoprotein (1 ug), single-stranded RNA (2.5 pg), or CpG oligonu-
cleotide (10 pg). At 24 h after i.n. administration, bronchoalveolar lavage fluid (BALF) was collected (¥).

(B) Total cell numbers in the airways were assessed by trypan blue exclusion.

(C) Total numbers of neutrophils in the airways were determined by flow cytometry.

(D) Concentrations of extracellular LTA4H in the BALF were determined by ELISA.

(E-G) BALF LTA4H concentrations were correlated with airway neutrophil numbers (E), BALF LDH activity as a surrogate for cell death (F), and concentrations of
albumin in the BALF (G).

(H) Female Balb/c mice were i.n. administered PBS or LPS (10 png). At 6-, 12-, and 24-h time points after i.n. administration, BALF was collected (¥).

(I) Total numbers of neutrophils in the airways were determined by flow cytometry.

(J and K) Concentrations of extracellular LTA4H (J) and albumin (K) in the BALF were determined by ELISA.

(L) BALF LTA4H concentrations were correlated with BALF concentrations of albumin. Figures are representative of 2 independent experiments with 4-6 mice per
group in each experiment. Results are depicted as mean + SEM. Correlation analysis was performed using a Spearman rank test.

albumin concentrations. Furthermore, neutrophil depletion in
MIP-2 treated mice, by administration of anti-Ly6G antibody
(1A8), abrogated chemokine-induced elevations in airway albu-
min and LTA4H activity (Figure S1). Thus, elevated extracellular
LTA4H seen to previously coincide with neutrophilic infiltrate
may reflect changes in vascular permeability attributed to the
neutrophil rather than specific release of LTA4H from the
neutrophil.

It was next questioned whether agents that induced changesin
vascular permeability without eliciting airway neutrophilic inflam-
mation could also drive increased BALF LTA4H concentrations.
Accordingly, administration of histamine to mice (Figure 4A) did
not result in increased total airway cellularity (Figure 4B) or airway
neutrophils (Figure 4C) but did give rise to significant elevations in
BALF concentrations of albumin (Figure 4D), LTA4H (Figure 4E),
and BALF PGP-degrading activity (Figure 4F). BALF LTA4H
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Figure 2. Serum is an abundant source of extracellular LTA4;H with robust PGP-degrading activity
(A) Concentrations of LTA4H in BALF and serum of naive, female Balb/c mice, as determined by ELISA and expressed as nanograms (ng) of LTA4H per milligram

(mg) of total protein.

(B and C) Naive, female Balb/c mouse serum was diluted 1/10 or 1/100 and incubated with PGP (final concentration 100 pg/mL) at 37°C for varying lengths of time.
At each time point, PGP degradation was assessed by measuring loss of peptide by mass spectrometry (B; expressed as percentage degradation relative to
peptide alone) and ensuing liberation of free proline and its reaction with ninhydrin (C).

4

Cell Reports 43, 114630, August 27, 2024

(legend continued on next page)



¢? CellPress

OPEN ACCESS

Cell Reports

A B C D
Neutrophils [Albumin] [LTA4H]
30 * 1500 - 2.0
Py *
PBSi.n. ‘S 25 . = *
- i x £ = 1.5+ ]
MIP-2 (1 ug) i.n. = 204 = 1600 . E
Z 5l = £
! TOEST 5 F =
s 5 154 g <
| | 31 2 500 . s
Z 1.0 . I = 0.5
6hours 2 .54 e sees "
0.0 1 —eopoo—F—— 0 T T 0.0 T T
PBS MIP-2 PBS MIP-2 PBS MIP-2
E F G H
PGP degradation Free Proline [LTA4H] vs [Albumin] Free Proline vs [Albumin]
1.0 * 0.8 1500 1500 -
. * r=0.77 r=085
. = =0 = P=0.0014
5 = 0.8 — 0.6 = E P=0.007 £
8E E S 1000 . S 1000 .
S E 06+ = S 2 2
L L] oN — —
26 B 0.4+ £ 3
@ L] L]
o & 0.4 @ E - . E .
. - o -
?5 g 2 0 2__ - £ 5 L] £ 500 ..
o 0.2+ % i ° s S
= : ot
0. 0———+—1—— 00— OT—T—T— T Or—T—T— T
PBS MIP-2 PBS MIP-2 0.0 0.5 1.0 1.5 2.0 0.0 0.2 0.4 0.6 08
[LTAH] (ng/ml) Abs. (520nm)

Figure 3. Airway extracellular LTA4H concentrations are augmented during neutrophilic inflammation

(A) Female Balb/c mice were intranasally (i.n.) administered PBS or MIP-2 (1 ng), and bronchoalveolar lavage fluid (BALF) was collected after 6 h (¥).

(B) Total numbers of neutrophils in the airways were determined by flow cytometry.

(C and D) Concentrations of albumin (C) and extracellular LTA4;H (D) in the BALF were determined by ELISA.

(E and F) BALF obtained from PBS/MIP-2-exposed mice was diluted 1/10 and incubated with PGP (final concentration 100 ug/mL) at 37°C for 2 h. PGP
degradation was assessed by measuring loss of peptide by mass spectrometry (E; expressed as percentage degradation relative to peptide alone) and ensuing
liberation of free proline and its reaction with ninhydrin (F).

(G) BALF LTA4H concentrations were correlated with BALF concentrations of albumin.

(H) BALF LTA4H activity, as adjudged by liberation of free proline, was correlated with BALF concentrations of albumin. Figures are representative of 2 inde-
pendent experiments with 4-6 mice per group in each experiment. Results are depicted as mean + SEM. *p < 0.05 using Mann-Whitney statistical test. Correlation
analysis was performed using a Spearman rank test. See also Figure S1.

ure 4K) and LTA4H (Figure 4L) in BALF and BALF PGP-degrading
activity (Figure 4M). Airway LTA4H concentrations (Figure 4N) and
PGP-degrading activity (Figure 40) once again significantly
correlated with BALF albumin concentrations. Collectively, these
analyses indicate that elevations in extracellular BALF LTA4H
manifest because of changes in vascular permeability and incur-
sion of blood LTA4H into the lung and airways.

concentrations (Figure 4G) and PGP-degrading activity (Fig-
ure 4H) once again displayed a significant correlation with
BALF albumin concentrations. Finally, an anti-CD144 (VE-cad-
herin) antibody was administered to mice to destabilize endothe-
lial junctions (Figure 4l), as previously reported.>® Administration
of anti-CD144 antibody did not increase airway neutrophilic infil-
trate (Figure 4J) but did augment concentrations of albumin (Fig-

(D and E) Serum obtained from naive LTA;H~/~ mice and littermate controls (wild type), on a 129/S2 background, were diluted 1/10 and incubated with PGP (final
concentration 100 pg/mL) at 37°C for 30 min. PGP degradation was assessed by measuring loss of peptide by mass spectrometry (D; expressed as percentage
degradation relative to peptide alone) and ensuing liberation of free proline and its reaction with ninhydrin (E).

(F) Serum from naive, female Balb/c mice was diluted 1/10 and incubated with PGP (final concentration 100 png/mL) at 37°C for 30 min in the presence of bestatin
(1 mM) or vehicle control. PGP degradation was assessed by measuring loss of peptide by mass spectrometry (expressed as percentage degradation relative to
peptide alone).

(G and H) Serum obtained from peripheral blood of healthy volunteers was diluted 1/10 or 1/100 and incubated with PGP (final concentration 100 pg/mL) at 37°C
for varying lengths of time. At each time point, PGP degradation was assessed by measuring loss of peptide by mass spectrometry (G; expressed as percentage
degradation relative to peptide alone) and ensuing liberation of free proline and its reaction with ninhydrin (H).

(I) Serum peripheral blood of healthy volunteers was diluted 1/10 and incubated with PGP (final concentration 100 pg/mL) at 37°C for 30 min in the presence of
bestatin (1 mM) or vehicle control. PGP degradation was assessed by measuring loss of peptide by mass spectrometry (expressed as percentage degradation
relative to peptide alone). Data (mean + SD for B, C, and F-I; mean + SEM for A, D, and E) are representative of two experiments withn > 2 replicates (B, C, and F-
I) or two of 2 independent experiments with 4-6 mice per group in each experiment (A, D, and E). **p < 0.01 using Mann-Whitney statistical test.
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Immune cells are not a significant contributor to serum
extracellular LTA4H

The cellular source of the substantial concentrations of extra-
cellular LTA4H in the blood was subsequently questioned.
Within the cellular components of human blood, polymorphonu-
clear neutrophils (PMNSs), peripheral blood mononuclear cells
(PBMCs), and, to a lesser extent, red blood cells (RBCs) all
expressed LTA4H, as adjudged by western blot (Figure 5A). Sub-
sequently, cell lysates and supernatants from cultured, unstimu-
lated PMNs, PBMCs, and RBCs were assessed for their capacity
to degrade PGP to infer whether they spontaneously secrete
LTA4H without provocation and could account for high serum
LTA4H concentrations. While PGP-degrading activity was readily
detectable in lysate of PMNs, PBMCs, and RBCs, activity was
minimal in cell supernatants (Figures 5B-5D), suggesting there
is minimal constitutive release of LTA4H; although, some activity
was detectable in PMN supernatants (Figure 5B). However, neu-
trophils are unlikely to be significant contributors to serum repos-
itories of LTA4H, as neutrophil depletion in mice using the highly
selective anti-Ly6G antibody (1A8)°*?° (Figure 5E) failed to
reduce serum LTA4H concentrations (Figure 5F) or PGP-degrad-
ing activity (Figure 5G). This 1A8 dosing protocol was based on
extensive prior optimization that yielded complete and specific
ablation of blood neutrophil numbers® (Figure S2A) while
causing no detectable increase in liver injury (Figure S2B). Sub-
sequently, blood of naive mice was separated into plasma and
cellular components, and each were assessed for relative con-
centrations of LTA4H. When LTA4H concentrations were ex-
pressed per milligram of total protein, levels were substantially
greater in plasma than cell lysate (Figure 5H), suggesting that
even large-scale cell lysis would be insufficient to account for
the substantial extracellular blood LTA4H concentrations.
When absolute concentrations of LTA4H in plasma and cellular
components of a milliliter of blood were enumerated, levels
were again significantly greater in plasma (Figure 5I); thus,
even if hematopoietic cells selectively released all of their intra-
cellular LTA4H, it would still be insufficient to account for concen-
trations found in plasma. Combined, these analyses suggest that
the large repositories of extracellular LTA4H in the blood are un-
likely to originate from hematopoietic cells.
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Liver hepatocytes release LTA H, with secretion
augmented in response to acute phase stimulants

A large proportion of serum proteins originate from the liver, and
thus, it was questioned whether this organ could represent a ma-
jor source of extracellular LTA4H. Significant concentrations of
LTA4H were present in liver homogenate of naive mice, being
significantly enriched compared to serum levels (Figure 6A).
Accordingly, LTA4H was detectable in livers of wild-type naive
mice, as determined by western blot, but not in Lta4h~'~ animals
(Figure 6B). Substantial PGP-degrading activity was detectable
in liver homogenates of wild-type naive mice but absent in
Lta4h™'~ animals, again demonstrating the lack of redundancy
in PGP-degrading machinery (Figures 6C and 6D). Immunohisto-
chemistry analysis of mouse liver tissue demonstrated that
LTA4H was broadly expressed in hepatocytes, the liver cells
responsible for generating and secreting most of the plasma pro-
teins (Figure 6E).

The human HepG2 hepatocyte cell line also expressed LTA4H,
as adjudged by western blot (Figure 6F). Despite the abundance
of intracellular LTA4H in hepatocytes, they were unable to
perform the archetypical intracellular function of this enzyme in
generating LTBy, in stark contrast to neutrophils (Figure 6G). It
was rationalized that the abundance of LTA4H was instead
destined for release to perform its secondary extracellular func-
tion. Accordingly, HepG2 cells constitutively released LTA4H,
which had capacity to degrade PGP (Figure 6H). LTA4H lacks a
classical signal peptide for release via a conventional protein
secretion pathway. Intriguingly, release of LTA4H from HepG2
cells was unaffected by the presence of brefeldin A, potentially
suggesting that release of the enzyme could be via an unconven-
tional protein secretion pathway (Figure 6l). While LTA4H is
constitutively released from HepG2 cells, it was found that in-
flammatory cytokines known to elicit an acute phase response,
specifically interleukin-6 (IL-6) and IL-1B, markedly increased
release of the enzyme (Figures 6J and 6K). Importantly, changes
in PGP-degrading activity in HepG2 supernatants were indepen-
dent of cell death (Figures S3A and S3B).

We next sought to ascertain whether comparable findings
could be obtained from primary hepatocytes. Accordingly,
LTA4H was demonstrated to be present in lysate of isolated

Figure 4. Airway extracellular LTA4H concentrations are defined by the level of vascular permeability
A) Female Balb/c mice were intravenously (i.v.) administered PBS or histamine (5 mg), and bronchoalveolar lavage fluid (BALF) was collected after 30 min (¥).

B) Total cell numbers in the airways were assessed by trypan blue exclusion.

D and E) Concentrations of albumin (D) and extracellular LTA4H (E) in the BALF were determined by ELISA.

¢
(
(C) Total numbers of neutrophils in the airways were determined by flow cytometry.
(
(

F) BALF obtained from PBS/histamine-exposed mice was diluted 1/10 and incubated with PGP (final concentration 100 ug/mL) at 37°C for 2 h. PGP degradation
was assessed by measuring liberation of free proline and its reaction with ninhydrin.

(
(
(
(

(
(

G) BALF LTA4H concentrations were correlated with BALF concentrations of albumin.

H) BALF LTA4H activity, as adjudged by liberation of free proline, was correlated with BALF concentrations of albumin.

1) Female Balb/c mice were i.v. administered isotype control or anti-CD144 antibody (200 pg), and bronchoalveolar lavage fluid (BALF) was collected after 7 h (¥).
J) Total numbers of neutrophils in the airways were determined by flow cytometry.

K and L) Concentrations of albumin (K) and extracellular LTA4H (L) in the BALF were determined by ELISA.

M) BALF obtained from anti-CD144 antibody/isotype control antibody treated mice was diluted 1/10 and incubated with PGP (final concentration 100 pg/mL) at

37°C for 2 h. PGP degradation was assessed by measuring liberation of free proline and its reaction with ninhydrin.
(N) BALF LTA4H concentrations were correlated with BALF concentrations of albumin.

(O) BALF LTA4H activity, as adjudged by liberation of free proline, was correlated with BALF concentrations of albumin. Figures are representative of 2 inde-
pendent experiments with 4-6 mice per group in each experiment. Results are depicted as mean + SEM. *p < 0.05, **p < 0.01 using Mann-Whitney statistical test.
Correlation analysis was performed using a Spearman rank test.
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Figure 5. Immune cells are not a significant contributor to serum extracellular LTA4H

(A) Polymorphonuclear neutrophils (PMNs; 1 x 10%and 1 x 10° cells), peripheral blood mononuclear cells (PBMCs; 1 x 10°and 1 x 10° cells), and red blood cells
(RBCs; 1 x 10% and 1 x 107 cells) were isolated from peripheral blood of healthy volunteers and subjected to a western blot for LTA4H.

(B-D) Lysates and supernatants were obtained from PMNs (B; 2 x 10° cells), PBMCs (C; 2 x 10° cells), and RBCs (D; 2 x 107 cells) cultured for 6 h in serum-free
media. Cell lysates (diluted 1/10) and supernatants were incubated with PGP (final concentration 100 pg/mL) at 37°C for 2 h. PGP degradation was assessed by

measuring liberation of free proline and its reaction with ninhydrin.

(E) Female Balb/c mice were intraperitoneally (i.p.) administered 100 pg neutrophil-depleting antibody (1A8) or isotype control antibody (2A3) on alternate days for
a period of 1 week, and blood was extracted 24 h after the last dose of antibody.

(F) Serum concentrations of LTA4H were determined by ELISA.

(G) Serum from control and neutrophil-depleted mice were diluted 1/10 and incubated with PGP (final concentration 100 png/mL) at 37°C for 30 min. PGP
degradation was assessed by liberation of free proline and its reaction with ninhydrin.

(H and I) Blood was extracted from naive Balb/c mice and separated into plasma and cellular constituents. Concentrations of LTA4H in the plasma and cell lysate
were determined by ELISA and are expressed at nanograms of enzyme per milligram of total protein (H) and nanograms of enzyme per milliliter of blood (I). Data
(mean + SD for B-D; mean + SEM for F-I) are representative of two experiments with triplicates (B-D) or two of 2 independent experiments with 4-6 mice per
group in each experiment (F-I). *p < 0.05 using Mann-Whitney statistical test. See also Figure S2.

primary mouse hepatocytes (PMHs), as adjudged by western
blot (Figure 6L). Once again, primary hepatocytes constitutively
released LTA4H (Figure 6M), and release was unaffected by incu-
bation with brefeldin A (Figure 6N). Moreover, LTA4H release
from PMHs was increased following incubation with IL-18 (Fig-
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ure 60), independent of changes to cell death (Figure S3C).
Recapitulating these findings in vivo, induction of an acute phase
response in mice by IL-1B administration (Figure 6P) resulted in a
significant increase in LTA4H concentrations in the liver (Fig-
ure 6Q) and serum (Figure 6R).
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DISCUSSION

In this study, we have interrogated the previously undefined
pathways that govern the bioavailability of extracellular LTA4H.
We demonstrate that airway extracellular LTA4H concentrations
are defined by the level of pulmonary vascular permeability and
the ensuing influx of enzyme from the abundant repository within
the blood. In turn, liver hepatocytes are a significant source of
blood-borne LTA4H, whereby they constitutively release the
enzyme, with production further increased as part of an acute
phase response. Thus, airway concentrations of extracellular
LTA4H are dictated locally at the level of tissue vascular perme-
ability and systemically by the extent of release from liver hepa-
tocytes (Figure 7).

It makes sense that high concentrations of extracellular LTA;H
constitutively reside in the blood to ensure rapid clearance of tis-
sue extracellular matrix (ECM)-derived PGP and prevent adverse
consequences that may arise from its systemic accumulation
and persistence. Albumin bears an intimate relationship with
LTA4H, whereby it binds to the enzyme and selectively boosts
its aminopeptidase activity.'"?® A constitutive pool of highly
active LTA4H is therefore present and primed to degrade PGP
in the blood, and albumin and LTA4H subsequently display coor-
dinated infiltration of inflamed lung tissue secondary to changes
in vascular permeability —an association facilitated by their virtu-
ally identical sizes. Most studies interrogating LTA4H expression
have evaluated its location intracellularly. While some studies

Cell Reports

have reported the presence of extracellular LTA4H, or LTA4H-
like activity, in the blood, there has been limited consideration
of its functional implications.?”~2°

Previous studies demonstrated that airway neutrophilic
infiltration during acute inflammatory episodes coincided with
release of PGP-generating enzymes (MMP-9 and PE) and liber-
ation of PGP from collagen.'®'" Neutrophils are an abundant
source of MMP-9 and PE, and it has been rationalized that this
is a pathway whereby they propagate their numbers,'3'4:30:31
However, neutrophil accumulation also coincided with a
concomitant increase in extracellular LTA4H that is critical for
PGP degradation and resolution of neutrophilic inflammation.
Neutrophils express LTA4H intracellularly (to generate LTB,),
and depletion of neutrophils in acute inflammatory models has
resulted in a reduction in extracellular LTA4H concentrations'?;
thus, it was rationalized that neutrophils were a primary source
of extracellular LTA4H. However, we now demonstrate that neu-
trophils indirectly facilitate elevations in extracellular airway
LTA4H by promoting vascular permeability and enabling influx
of enzyme from the blood. Neutrophils can potentiate increases
in vascular permeability, and stimulation of neutrophils with
various chemoattractants (including LTB,) induces microvas-
cular leakage through the release of tumor necrosis factor
(TNF).?? Thus, neutrophils not only promote their own inflamma-
tion through PGP generation but also then indirectly facilitate
PGP degradation to enable inflammatory resolution and limit
neutrophil-mediated pathology. However, neutrophils are not a

Figure 6. Liver hepatocytes express substantial quantities of LTA4H, with secretion augmented in response to acute phase stimulants
(A) Concentrations of LTA4H in serum and liver homogenate of naive, female Balb/c mice, as determined by ELISA and expressed as nanograms (ng) of LTA4H per

milligram (mg) of total protein.

(B) Western blot for LTA4H in liver homogenate of LTA,H** (wild type), LTA,H*'~ (heterozygote), and LTA,H ™/~ (knockout) mice.

(C and D) Serum obtained from naive LTA4H ™'~ mice and littermate controls (wild type), on a 129/S background, were diluted 1/100 and incubated with PGP (final
concentration 100 pg/mL) at 37°C for 1 h. PGP degradation was assessed by measuring loss of peptide by mass spectrometry (C; expressed as percentage
degradation relative to peptide alone) and ensuing liberation of free proline and its reaction with ninhydrin (D).

(E) Immunohistochemistry of liver slices derived from naive female Balb/c mice that have been stained with isotype control antibody or antibody to LTA4H. Brown
coloration depicts positive staining for LTA4H, and blue is hematoxylin counterstain.

(F) Western blot for LTA4H in human hepatocyte cell line HepG2s.

(G) LTB4 generation by human peripheral blood neutrophils and HepG2 cells, as adjudged by ELISA, following stimulation with calcium ionophore A23187.
(H) Supernatants were collected from cultured, unstimulated HepG2 cells at distinct time points for assessment of release of PGP-degrading LTA4H. HepG2
supernatants were diluted 1/10 and incubated with PGP (final concentration 100 png/mL) at 37°C for 2 h. PGP degradation was assessed by measuring liber-
ation of free proline and its reaction with ninhydrin.

() HepG2 cells were cultured for 12 h in media alone or media supplemented with brefeldin A (10 ng/mL). HepG2 supernatants were diluted 1/10 and incubated
with PGP (final concentration 100 ng/mL) at 37°C for 2 h. PGP degradation was assessed by measuring liberation of free proline and its reaction with ninhydrin.
(J and K) HepG2 cells were cultured for 12 h in media alone or media supplemented with TNF (10 ng/mL), IL-6 (10 ng/mL), IL-1B8 (1 ng/mL), or IL-6 and IL-1B.
HepG2 supernatants were diluted 1/10 and incubated with PGP (final concentration 100 ug/mL) at 37°C for 2 h. PGP degradation was assessed by measuring
loss of peptide by mass spectrometry (J; expressed as percentage degradation relative to peptide alone) and ensuing liberation of free proline and its reaction
with ninhydrin (K).

(L) Western blot for LTA4H in primary mouse hepatocyte (PMH) cell lysate.

(M) Supernatants were collected from cultures of unstimulated primary mouse hepatocytes at distinct time points for assessment of release of PGP-degrading
LTA4H. Supernatants were incubated with PGP (final concentration 100 png/mL) at 37°C for 2 h. PGP degradation was assessed by measuring liberation of free
proline and its reaction with ninhydrin.

(N) Primary mouse hepatocytes were cultured for 12 h in media alone or media supplemented with brefeldin A (10 pg/mL). Supernatants were incubated with PGP
(final concentration 100 pg/mL) at 37°C for 2 h. PGP degradation was assessed by measuring liberation of free proline and its reaction with ninhydrin.

(O) Primary mouse hepatocytes were cultured for 12 h in media alone or media supplemented with IL-1B (1 ng/mL). Supernatants were incubated with PGP (final
concentration 100 pg/mL) at 37°C for 2 h. PGP degradation was assessed by measuring liberation of free proline and its reaction with ninhydrin.

(P) Female Balb/c mice were intraperitoneally (i.p.) administered 80 ng of IL-1B or vehicle control, and blood and liver were extracted 6 h later.

(Q and R) Concentrations of LTA;,H were determined by ELISA in liver homogenate (Q; expressed per mg of total protein) and serum (R). Results are depicted as
mean + SEM for (A), (D), (E), (Q), and (L) and mean + SD for (G)—(K) and (M)—(O). Data are representative of two experiments with n > 3 replicates (G-K and N), 1
experiment with n = 6 replicates (M and O), or 2 independent experiments with 4-6 mice per group in each experiment (Q and R). *p < 0.05, **p < 0.01 using Mann-
Whitney statistical test. See also Figure S3.
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Figure 7. Proposed mechanism defining the bioavailability of extracellular LTA4H in the lung

(A) Liver hepatocytes constitutively release LTA4H extracellularly into the bloodstream, with synthesis and release being augmented by acute phase stimulants
IL-6 and IL-1B. Within the blood, extracellular LTA4H binds albumin, which functions to augment its PGP-degrading activity.

(B) In response to infection or injury of the lung, resident and recruited cells (encompassing macrophages, epithelial cells, and neutrophils) release PGP-
generating enzymes matrix metalloproteinase-9 (MMP-9) and prolyl endopeptidase (PE). These enzymes operate sequentially to generate the bioactive tripeptide
proline-glycine-proline (PGP) from collagen of the extracellular matrix. PGP operates to promote epithelial repair and neutrophil recruitment to sterilize the site.
(C) PGP is able to act directly on endothelial cells to promote vascular permeability and enable blood-borne extracellular LTA4H to move into the lung tissue.
(D) Neutrophils recruited from the vasculature into the lung in response to liberated PGP, or other neutrophil chemoattractants, induce vascular permeability
during extravasation, enabling extracellular LTA4H to move from the bloodstream into the lung tissue.

(E) Vasoactive agents released locally within the lung (such as histamine) are also able to act directly on endothelial cells to promote vascular permeability and
enable influx of extracellular LTA4H from the blood.

(F) Extracellular LTA4H that has moved from the blood stream into the lung is able to efficiently degrade PGP to prevent its accumulation and persistence and
ensuing pathological sequelae.

pre-requisite for PGP generation nor for vascular changes that  extracellular LTA4H to prevent undesirable pathological conse-
allow influx of extracellular LTA4H into the airways. PGP-gener-  quences of PGP persistence.

ating enzymes can be released from a variety of cells,*** and We rationalize that most extracellular serum LTA4H is derived
we have demonstrated that vasoactive agents can potentiate from liver hepatocytes. Hepatocytes are a vast repository of
neutrophil-independent accumulation of extracellular airway LTA4H and yet lack the capacity to perform the classical function
LTA4H. ECM collagen contributes to endothelial barrier function, of the enzyme in generating LTB,, likely attributable to an
and MMPs central to PGP generation can augment endothelial  absence of enzymes upstream of LTA4H in the LTB, biosynthetic
permeability’’*>°—thus facilitating degradation of the peptide pathway that are primarily restricted to myeloid cells.*® We
they generate. PGP itself has also been shown to promote endo-  argue that the abundance of LTA4H within the liver is to support
thelial permeability,®® thus indirectly acting to limit its own the secondary function of LTA,H, whereby it is secreted extra-
bioavailability. Thus, PGP is generated in response to lung injury  cellularly to degrade PGP. Many plasma proteins are generated
or infection and subsequently operates to facilitate sterilization by hepatocytes and constitutively released into the bloodstream
and repair of the site. However, the cells/machinery that to promote innate immunity, with their production enhanced as
generate PGP or the peptide itself then operate to augment part of an acute phase response to protect the host. However,
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hepatocytes also release proteins that exhibit anti-inflammatory
or inhibitory roles to protect the host from overwhelming and un-
necessary inflammation.®” Alpha-1-antitrypsin is released from
hepatocytes into the bloodstream and operates to suppress
neutrophilic recruitment and protease activity in distal sites to
temper the pathological capacity of these cells.*® We envision
that LTA4H operates in an analogous manner to restrict PGP-
mediated pathology—with activity being potentiated by liver
derived albumin. LTA4H lacks the signal peptide required for
release via the classical endoplasmic reticulum/Golgi protein
secretion pathway. Given our findings that brefeldin A, an inhib-
itor of protein transport along the classical secretory pathway,
does not abrogate LTA4;H release from hepatocytes, it is
possible that LTA4H could be released to an extracellular envi-
ronment as a consequence of unconventional protein secretion
(UPS).39’40

Given that local tissue and systemic factors define the PGP-
LTA4H axis, both should be considered when evaluating how
perturbations of this axis may manifest in PGP persistence and
ensuing pathology. PGP is elevated in the airways of patients
with CLDs such as chronic obstructive pulmonary disease
(COPD), severe asthma, and cystic fibrosis and subsequently
implicated in persistent neutrophilia and pathological tissue re-
modeling.'® 4 16-18:33:41-46 The apility of PGP to persist in these
settings has been attributed to local depreciations in extracel-
lular airway LTA4H concentrations or activity.'®'® However, it
would now seem prudent to evaluate the impact of systemic
changes in LTA4H concentrations and alterations in vascular
permeability in defining airway PGP persistence. PGP can accu-
mulate in the blood of patients with CLDs,***° which would
necessitate a loss in levels or activity of circulating LTA4H. Pa-
tients with liver diseases have been demonstrated to possess
aberrant plasma levels of an undefined tripeptide aminopepti-
dase, which bears hallmarks of LTA4H.*"**® Moreover, CLDs
have systemic manifestations with many associated with liver
dysfunction,’®°" and thus, it seems logical to consider if hepato-
cyte-mediated LTA4H synthesis or release are perturbed in these
settings. Given that albumin potentiates LTA,H aminopeptidase
activity, it is also noteworthy that hypoalbuminemia is frequently
observed in patients with liver disease and systemic illness."?
Importantly, adverse outcomes in CLDs such as COPD are asso-
ciated with hypoalbuminemia®~>°; this is pertinent given that
deficiency in extracellular LTA4H activity is a hallmark feature
of COPD.'® Moreover, systemic accumulation of PGP may also
contribute to extrapulmonary manifestations and comorbidities
associated with these conditions, pathologies in which PGP
has, in some instances, been independently implicated.'**"-”

In conclusion, we describe the pathways that govern the
bioavailability of extracellular LTA4H and thus dictate the persis-
tence of PGP. We demonstrate that liver hepatocytes constitu-
tively release LTA4H, with production further elevated as part
of an acute phase response. Subsequent airway concentrations
of LTA4H are then defined at the level of local vascular perme-
ability. Thus, a crosstalk between the local airway environment
and the systemic circulatory and hepatic systems imparts a
feedback loop that operates to ensure PGP is unable to persist
and drive lung pathology. These findings have implications for
our understanding of how inflammation and repair are regulated
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and how perturbations to this system may manifest in pathol-
ogies of CLDs.

Limitations of the study

Within this study, we have provided compelling evidence that
liver hepatocytes are a prominent source of extracellular
LTA4H within the blood, which subsequently gains access to
the airways secondary to changes in pulmonary vascular perme-
ability. However, we are unable to unequivocally rule out a role
for other cells in contributing to extracellular LTA4H, particularly
in chronic disease states where heightened tissue pathology
may manifest with augmented extracellular LTA4H secondary
to elevated cell death. Moreover, future studies should seek to
further dissect the described axis in patients and establish how
changes in hepatocyte LTA4H release, serum albumin levels,
and pulmonary vascular permeability dictate airway LTA4H and
PGP concentrations and tissue pathology. As described above,
LTA4H lacks the signal peptide required for release via the clas-
sical secretion pathway, and thus, the mechanisms defining he-
patocyte secretion of this enzyme demand further exploration.
We have demonstrated that LTA4H release from hepatocytes is
independent of cell death and resistant to treatment with brefel-
din A, potentially signifying that it is an example of UPS, the
mechanisms of which should be elaborated upon in the future.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-VE-cadherin (CD144) eBioscience Cat# 16-1441; RRID: AB_2865876
Rat IgG1 kappa isotype control eBioscience Cat# 16-4301; RRID: AB_2865968
Mouse anti-Ly6G (clone 1A8) BioXCell Cat# BE0075-1; RRID: AB_1107721
Rat IgG2a isotype control (clone 2A3) BioXCell Cat# BE0089; RRID: AB_1107769

Rat anti-Mouse CD16/CD32 (Mouse Fc Block™)
Rat anti-Mouse Ly6G FITC (clone 1A8)
Anti-Mouse/human CD11b PerCP (clone M1/70)
Hamster anti-Mouse CD11c APC (clone HL3)
Anti-Mouse F4/80 PE (clone BM8)

Goat anti-LTA4H (clone C-21)

Donkey anti-Goat IgG HRP

Human/Mouse Leukotriene A4 Hydrolase antibody
Rabbit anti-Sheep IgG (H + L) secondary HRP

BD Biosciences
BD Biosciences
BioLegend

BD Biosciences
eBioscience

Santa Cruz Biotechnology
Santa Cruz Biotechnology

Bio-Techne
Bio-Techne

Cat# 553142; RRID: AB_394657
Cat# 561105; RRID: AB_10562567
Cat# 101230; RRID: AB_2129374
Cat# 550261; RRID: AB_398460
Cat# 12-4801-82; RRID: AB_465923
Cat# sc-23070; RRID: AB_2138750
Cat# sc-2020; RRID: AB_631728
Cat# AF4008; RRID: AB_2044691
Cat# NB7195; RRID: AB_524685

Biological samples

Human peripheral blood Imperial College London, National N/A

Heart and Lung Institute
Chemicals, peptides, and recombinant proteins
LIVE/DEAD Fixable Near-IR-Dead Cell stain Thermo Fisher Scientific L34976
Synthetic triacylated lipopeptide (Pam3CSK4) InvivoGen tirl-kittmw
Heat Killed Listeria monocytogenes (HKLM) InvivoGen tirl-kit1mw
Polyinosine-polycytidylic acid (Poly(l:C)) InvivoGen tirl-kittmw
Lipopolysaccharide from Escherichia coli K12 (LPS-EK) InvivoGen tirl-kit1mw
LPS-EK Ultrapure InvivoGen tirl-peklps
Flagellin from Salmonella typhimurium InvivoGen tirl-kit1mw
Synthetic diacylated lipoprotein (FSL-1) InvivoGen tirl-kitTmw
Single-stranded RNA (ssRNA) InvivoGen tirl-kitTmw
CpG oligonucleotide (ODN1826) InvivoGen tirl-kittmw
Mouse recombinant IL-18 R&D Systems 401-ML/CF
Mouse recombinant IL-18 PeproTech 211-11B
Mouse recombinant MIP-2 PeproTech 250-15
Histamine Sigma-Aldrich H7125
Brefeldin A Enzo Life Sciences BML-G405
Human recombinant TNF PeproTech 300-01A
Human recombinant IL-6 PeproTech 200-06
Human recombinant IL-18 PeproTech 200-01B
Calcium ionophore A23187 Sigma-Aldrich A23187
Pro-Gly-Pro (PGP) Bachem H-7284
Ninhydrin Sigma-Aldrich 151173
Recombinant Leukotriene A4 Hydrolase Protein Sino Biological 50268-M08B
Critical commercial assays
Lactate Dehydrogenase Activity Assay Kit Sigma-Aldrich TOX7
Mouse LTA4H ELISA kit Cloud-Clone Corp E93236MU
Mouse Albumin ELISA kit Bethyl Laboratories E99-134
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

LTB4 assay kit R&D Systems KGE006B

MTT assay kit Sigma-Aldrich TOX-1

Mouse ALT ELISA kit Abcam ab282882

Deposited data

Raw Western blot data This paper https://doi.org/10.17632/yyyz76tsp5.1

Experimental models: Cell lines

Human hepatocellular carcinoma (HepG2) ATCC Cat# HB-8065; RRID: CVCL_0027

Experimental models: Organisms/strains

Mouse strain: wild-type BALB/c Envigo 162

Mouse strain: wild-type BALB/c Charles River UK 028

Mouse strain: Lta4h*/* (littermate controls 129/S) Central Biological Services, N/A
Imperial College London

Mouse strain: Lta4h*'~ (heterozygote) Central Biological Services, N/A
Imperial College London

Mouse strain: Lta4h~’~ (homozygote) Central Biological Services, N/A
Imperial College London

Oligonucleotides

LTA4H MUTF primer: CTTGGGTGGAGAGGCTATTC Invitrogen N/A

LTA4H MUTR primer: AGGTGAGATGACAGGAGATC Invitrogen N/A

LTA4H WTF primer: CGAATCCATGCTTAAAATTGC Invitrogen N/A

LTA4H WTR primer: GCGTTACGAACGTGAGACAA Invitrogen N/A

Other

Infusion/Withdrawal Syringe Pump Harvard Apparatus Limited 50-4928

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Professor
Robert Snelgrove (robert.snelgrove@imperial.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
e Original western blot images have been deposited at Mendeley and are publicly available as of the date of publication. The DOI
is listed in the key resources table. All additional data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any information required to analyze the data reported in this paper is available from the lead author upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

All mouse experiments were performed in accordance with the recommendations in the Guide for the Use of Laboratory Animals of
Imperial College London, with the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines. All animal procedures and
care conformed strictly to the UK Home Office Guidelines under the Animals (Scientific Procedures) Act 1986, and the protocols were
approved by the Home Office of Great Britain. All mice were kept in specified pathogen-free conditions and provided autoclaved
food, water and bedding, and were randomly assigned to experimental groups. Eight-to 12-week-old female Balb/c mice were pur-
chased from Envigo or Charles River UK. All Lta4h™~ mice and littermate controls, on a 129/S background, were provided by Y.M.
Shim and subsequently bred in house. Lta4h ™~ and littermate controls were genotyped by PCR on genomic DNA extracted using the
Extract-N-Amp Tissue PCR Kit (Sigma-Aldrich). Wild-type expression of LTA;H was detected by primers olMR1720 (50-CGAATCCA
TGCT TAAAATTGC-30) and olIMR1721 (50-GCGTTACGAACGTGAGACAA-30) to yield a product size of 128 bp, whilst mutant LTA,H
was detected by primers 0IMR6916 (50-CTTGGGTGGAGAGGCTATTC-30) and 0oIMR6917 (50-AGGTGA GATGACAGGAGATC-30)
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to yield a product size of 280 bp. Amplification was achieved by PCR (94°C for 3min > 35 x 2.5 min cycles (30 s at 94°C > 60 s at
60°C > 60 s at 72°C) > 72°C for 2 min). Amplification fragments were visualized on 2% agarose gels.

METHOD DETAILS

Mouse challenge models

Toll-like receptor (TLR) agonist administration

Female Balb/c mice were intranasally (i.n.) administered a single dose of agonists to specific TLRs (InvivoGen mouse TLR Agonist Kit)
in 50 L sterile PBS. Specifically, mice were administered Pam3CSK4 (TLR1/2 agonist; 1 ng), HKLM (TLR2 agonist; 1 x 108 bacteria),
Poly(l:C) (TLR3 agonist; 50 pug), LPS (TLR4 agonist; 10 ng), Flagellin (TLR5 agonist; 1 ng), FSL-1 (TLR6/2 agonist; 1 ug), ssRNA (TLR7
agonist; 2.5 ng) or ODN1826 (TLR9 agonist; 10 pg). Control mice were administered 50 pL sterile PBS intranasally. All mice were
culled 24 h post administration of TLR agonist/vehicle control. In some experiments, mice were intranasally (i.n.) administered a sin-
gle dose of LPS (10 pg LPS-EK Ultrapure; Invivogen) in 50 pL sterile PBS and culled 6, 12 or 24 h later.

In vivo neutrophil depletion

To deplete neutrophils, female Balb/c mice received intraperitoneal (i.p.) administration of 100 ug of anti-Ly6G (clone 1A8; BioXCell)
in 200 pL of PBS. Control mice received 200 pg of isotype control antibody (clone 2A3; BioXCell) in 200 pL of PBS. Mice were admin-
istered the respective antibodies on alternate days throughout the experiment as described in respective figure legends.
Administration of MIP-2

Female Balb/c mice were intranasally (i.n.) administered 1 ng MIP-2 in 50 uL sterile PBS. Control mice were administered 50 pL sterile
PBS i.n. All mice were culled after 6 h.

Histamine administration

Female Balb/c mice were intravenously (i.v.) administered 5 mg histamine (Sigma-Aldrich) in 200 L sterile PBS. Control mice were
administered 200 L sterile PBS i.v. All mice were culled after 30 min.

Administration of anti-VE-cadherin antibody

Female Balb/c mice were intravenously (i.v.) administered 200 ng of anti-VE-cadherin (CD144) antibody (BV13; eBioscience) in
200 pL sterile PBS. Control mice were administered 200 ng of rat IgG1 isotype control antibody in 200 ulL sterile PBS i.v. All mice
were culled after 7 h.

Acute phase response stimulants

Female Balb/c mice were intraperitoneally (i.p.) administered 80 ng mouse recombinant IL-18 (R&D Systems) in 200 pL sterile PBS.
Control mice received 200 pL sterile PBS i.p. All mice were culled after 6 h.

Mouse tissue isolation and processing

Mice were euthanized by intraperitoneal injection of sodium pentobarbital (Pentoject; Animalcare United Kingdom) followed by
exsanguination via cardiac puncture and serum subsequently isolated by centrifugation for 8 min at 5,000 x g and then stored at
—80°C for downstream analysis. To obtain blood plasma, blood was immediately admixed with 100 pL citrate dextran solution
and centrifuged at 800 x g for 5 min. Plasma was subsequently decanted, and the remaining cell pellet was washed 2 x 5 min
with 0.5 mL PBS before lysis in 200 uL dH,0. Plasma and cell extract was subsequently stored at —80°C for downstream analysis.

Bronchoalveolar lavage (BAL) was performed by inflating the lungs 4 times each with 1.2 mL of PBS via a tracheal cannula. The BAL
fluid was then centrifuged at 800 x g for 5 min after which the BAL supernatant was collected and frozen at —80°C until required. The
remaining cell pellet was re-suspended in 0.5 mL complete media (R10F; RPMI (Thermo Fisher) supplemented with 10% heat inac-
tivated fetal bovine serum).

For downstream analysis of LTA4H concentrations and PGP-degrading activity, liver tissue was homogenized at a concentration of
200 mg/mL in PBS. Liver homogenates were centrifuged at 10,000 x g for 10 min, and supernatants stored at —80°C for downstream
analysis. For downstream Western blot analysis of LTA4H, liver was homogenized in 3 mL RIPA buffer (containing PMSF, protease
inhibitor and sodium orthovanadate; Santa Cruz Biotechnology)/gram of tissue. Tissue homogenate was stored on ice for 30 min,
prior to centrifugation at 10,000 x g for 10 min, and ensuing storage of supernatants at —80°C for downstream analysis.

Primary mouse hepatocyte isolation

Mice were euthanized by intraperitoneal (i.p.) injection of sodium pentobarbital (Pentoject) followed by confirmation of death via
exsanguination of the femoral artery. The superior vena cava and portal vein were exposed and a 25-guage needle connected to
an infusion/withdrawal syringe pump (Harvard Apparatus Scientific) via 2 mm clear tubing was inserted into the superior vena
cava above the kidneys. Pre-warmed (42°C) perfusion buffer (HBSS (no Ca?*/Mg®*/phenol red; Thermo Fisher Scientific) +
0.5 mM EDTA (Invitrogen) + 25 mM HEPES (Sigma Aldrich)) was infused through the liver at a rate of 1 mL/min and the portal vein
cut upon swelling, with a total perfusion duration of 10 min. Following perfusion, pre-warmed (42°C) digestion buffer (DMEM low
glucose (Thermo Fisher Scientific) + 256 mM HEPES +25 pg/mL Liberase (Roche)) was infused through the liver at a rate of
1 mL/min for 10 min. The liver was removed, dissociated, filtered through a 70um cell strainer (Corning) into a 50 mL centrifuge
tube and centrifuged at 50 x g for 2 min at 4°C and low acceleration/deceleration. The supernatant was aspirated, pellet resuspended
in 10 mL DMEM (low glucose) + 1% penicillin-streptomycin and mixed with a 90% Percoll (Sigma Aldrich) solution, followed by
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centrifugation at 200 x g for 10 min at 4°C. The supernatant was aspirated, pellet resuspended in 20 mL DMEM (low glucose) + 1%
penicillin-streptomycin and centrifuged at 50 x g for 2 min at 4°C and low acceleration/deceleration. The supernatant was aspirated,
and the pellet resuspended in 20 mL DMEM (low glucose) + 1% penicillin-streptomycin for counting via trypan blue. Immediately
following isolation, 5 x 10° hepatocytes were resuspended in 1 mL RIPA buffer (containing PMSF, protease inhibitor and sodium or-
thovanadate; Santa Cruz Biotechnology) and stored at —80°C for downstream analysis.

Primary mouse hepatocyte culture and stimulation

Primary mouse hepatocytes were seeded at 5 x 10° cells/well in DMEM (low glucose) + 5% fetal calf serum (FCS) + 1% penicillin-
streptomycin in a 24-well plate (Nunc) coated with 0.01% rat-tail collagen (Sigma-Aldrich) at 37°C and 5% CO, for 3 h to allow adhe-
sion. After 3 h, all media was replaced with 1 mL maintenance media (William’s E media-GlutaMAX (Thermo Fisher Scientific) + 1%
penicillin-streptomycin). In specific experiments (as defined in respective figure legends), primary mouse hepatocytes were cultured
in maintenance media containing 10 ng/mL Brefeldin A (Enzo Life Sciences) or recombinant murine IL-18 (1 ng/mL; PeproTech).
Following stimulation, cells were centrifuged at 800 x g for 10 min, and supernatants stored at —80°C while cell monolayers were
resuspended in 200 pL RIPA buffer (containing PMSF, protease inhibitor and sodium orthovanadate) on ice for 15 min and stored
at —80°C for downstream analysis.

Human samples

Whole blood was obtained from healthy volunteers by phlebotomy into heparinized vacuum phlebotomy vials. Red blood cells
(RBCs) were allowed to sediment for 20 min at 20°C after 1:1 mixture with 5% dextran. Supernatant was eluted and centrifuged
for 7 min at 1,000 x g at 20°C. Residual RBCs were lysed by resuspending the pellet in ice-cold 0.2% saline for 30 s then rapidly
bringing solution to isotonicity with 1.6% saline. The cell pellet was resuspended in filter-sterilized 0.9% saline solution equal to start-
ing volume of whole blood and 10 mL of Ficoll gradient solution (GE Healthcare BioSciences) was layered at the bottom of a 50 mL
centrifuge tube. This was then centrifuged for 40 min at 1000 x g at 4°C to separate Polymorphonuclear neutrophils (PMNs) and pe-
ripheral blood mononuclear cells (PBMCs). Approval was granted by the Brompton, Harefield and National Heart and Lung Institute
ethics committee and informed written consent was provided by all volunteers prior to sample collection.

HepG2 culture and stimulation

Human hepatocellular carcinoma cell line, HepG2s (ATCC), were cultured and expanded in minimum essential media (MEM; ATCC)
containing 10% FCS at 37°C and 5% CO.. For experiments, HepG2 cells were cultured at 5 x 10° cells/well of a 24 well plate in serum
free media at 37°C and 5% CO, for variable periods of time (as defined in respective figure legends). In some experiments, HepG2
cells were cultured in media containing 10 pg/mL Brefeldin A. In other experiments, HepG2 cells were cultured in media containing
recombinant human TNF (10 ng/mL; PeproTech), IL-6 (10 ng/mL; PeproTech), IL-18 (1 ng/mL; PeproTech) or a combination of IL-6
and IL-1B (10 and 1 ng/mL, respectively). Following stimulation, cells were centrifuged at 800 x g for 10 min, and supernatants stored
at —80°C for downstream analysis.

PGP degradation experiments

BAL fluid, serum, liver homogenate, primary mouse hepatocyte culture supernatant or HepG2 supernatant (diluted in PBS as defined
in respective figure legends) was incubated with 100 ng/mL PGP (Bachem) at 37°C and 5% CO, for variable periods of time (as
defined in respective figure legends). Concentrations of remaining PGP were quantified by ESI-LC/MS/MS (as described below)
by comparison with PGP standards. The percentage of peptide degraded was determined relative to control samples of
100 pg/mL PGP alone. PGP degradation was also assessed by liberation of the N-terminal proline of PGP and its ensuing reaction
with Ninhydrin (as described below).

ESI-LC/MS/MS for PGP detection

For peptide quantification from degradation experiments, PGP was measured using a Thermo Accela Pump and Autosampler
coupled to a ThermoTSQ Quantum Access. HPLC was done using a 2.0x150-mm Jupiter 4u Proteo column (Phenomenex) with
A: 0.1% HCOOH and B: MeCN+0.1% HCOOH: 0-0.5 min 5% buffer B/95% buffer A, then increased over 0.5-2.5 min to 100% buffer
B/0% buffer A. Background was removed by flushing with 100% isopropanol/0.1% formic acid. Positive electrospray mass transi-
tions were at 270-70, 270-116, and 270-173 for PGP. Peak area was measured, and peptide concentrations were calculated relative
to heavy labeled PGP internal standard (Bachem) using a relative standard curve method as previously described.'

Measurement of free proline

Aliquots from PGP degradation experiments were diluted 1 in 10 in PBS to a final volume of 250 pL. Glacial acetic acid (250 pl) was
then added, followed by 250 pL of Ninhydrin (Sigma-Aldrich) solution (25 mg/mL in acetic acid/6 M phosphoric acid; heated at 70°C
to dissolve). The reaction mixture was heated at 100°C for 60 min, allowed to cool to room temperature and the proline containing
fraction extracted with 500 pL of toluene and optical density measured at 520 nm.
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LTA4H epoxide hydrolase activity and LTB, generation

A total of 2 x 10° HepG2 cells or human peripheral blood neutrophils in 200 L. RPMI were treated with calcium ionophore A23187
(Sigma-Aldrich) at a final concentration of 2 pg/mL 1% DMSO was used as a control. Cells were incubated for 20 min at 37°C, and
supernatants removed and stored at —80°C for subsequent LTB, analysis. The concentration of LTB, in cell supernatants was as-
sayed using an ELISA, according to manufacturer’s directions (R&D systems).

Quantification of soluble mediators
The concentration of LTA4H in mouse BAL fluid, serum and liver homogenate were assessed using an ELISA, according to the man-
ufacturer’s instruction (USCN Life Science).

Lactate dehydrogenase (LDH) activity in mouse BAL fluid was assessed using the Lactate Dehydrogenase Activity Assay Kit
(Sigma-Aldrich). Equal volumes of LDH substrate, LDH assay dye and LDH assay cofactor preparation were combined and
100 pL was added to 50 pL of sample. The samples were incubated at room temperature in the dark for 30 min. The reaction was
stopped using 30 puL 1N HCI and absorbance determined using a spectrophotometer (490 nm; Tecan microplate reader).

Flow cytometry

Cells were stained with the LIVE/DEAD Fixable Near-IR-Dead Cell staining kit (Molecular Probes, Invitrogen) for 10 min in PBS before
being blocked with anti-CD16/CD32 Fc receptor block (BD Biosciences) for 20 min. Cells were then washed in PBS and stained for
surface markers for 30 min at 4°C in PBS containing 0.1% (w/v) sodium azide and 1% (w/v) BSA and were fixed with 2% (v/v) para-
formaldehyde. All samples were acquired immediately on a BD LSR Fortessa cell analyzer (BD Biosystems) and analyzed using BD
FACSDIVA (BD Biosystems). To identify neutrophils, cells were stained with anti-Ly6G-FITC (1A8; BD Biosciences; 1/100 dilution),
anti-CD11b-PerCP (M1/70; eBioscience; 1/400 dilution), anti-CD11c-APC (HL3; BD Biosciences; 1/200 dilution) and anti-F480-PE
(BMB; eBioscience; 1/50 dilution), with neutrophils defined as Ly-6GM9" CD11b"9" CD11¢'°" F4/80'°%.

Western blot

Cell or tissue lysates (at concentrations defined in respective figure legends) were admixed with 10 x reducing agent (Thermo Fisher)
and 4 x loading buffer (Thermo Fisher), and then heated at 100°C for 5 min. Samples were cooled on ice and loaded into NUPAGE
4-12% Bis-Tris Protein Gels (Thermo Fisher) prior to electrophoresis in NUPAGE MES SDS Running Buffer (Thermo Fisher) at 125 V
for 90 min. Separated proteins were subsequently transferred on to nitrocellulose membranes in NUPAGE Transfer Buffer (Thermo
Fisher) at 35V for 90 min. Membranes were blocked in PBS containing 5% milk and 0.1% Tween 20 for 2 h at room temperature with
gentle agitation. Membranes were then incubated with either goat anti-LTA4H antibody (C-21; 1/500; Santa Cruz) or Human/Mouse
anti-LTA4H antibody (PMHs only; Bio-Techne) in PBS containing 5% milk and 0.1% Tween 20 overnight at 4°C with gentle agitation.
Membranes were subsequently washed 3 X 15 min in PBS/0.1% Tween 20 at room temperature, prior to incubation with either
donkey anti-goat-HRP (1/5000; Santa Cruz) or rabbit anti-sheep IgG HRP (PMHs only; Bio-Techne) in PBS containing 5% milk
and 0.1% Tween 20 for 2 h at room temperature with gentle agitation. Membranes were again washed, and reactivity was detected
utilizing ECL2 Western Blotting Substrate kit (ThermoFisher Scientific) according to manufacturer’s instructions.

Immunohistochemistry of liver tissue

Liver tissue was fixed in 10% neutral buffered formalin for 24 h before paraffin wax embedding. Paraffin embedded sections (4 um
thick) were subsequently dewaxed in Histoclear (2 x 15 min; National Diagnostics) followed by two washes in absolute alcohol.
Tissue endogenous peroxidases were blocked by incubation in methanol containing 1% H,O, for 10 min. Antigen retrieval was per-
formed in 10 mM trisodium citrate solution, pH 6, heated in a microwave for 10 min. Tissue sections were subsequently transferred to
PBS prior to avidin-biotin blocking, according to manufacturer’s instructions. Tissue sections were blocked for 1 h at room temper-
ature in PBS containing % goat serum and 0.1% BSA. Sections were subsequently incubated with goat anti-LTA4H antibody (C-21;
2 pg/mL; SantaCruz) diluted in PBS containing 5% goat serum and 0.1% BSA overnight at 4°C in a humidified chamber. Sections
were washed in PBS containing 0.1% Triton X- and 0.1% BSA (3 x 5 min), and then incubated in donkey anti-goat-HRP
(4 ng/mL; SantaCruz) diluted in PBS containing 5% donkey serum and 0.1% BSA for 2 h at room temperature. Cells were again
washed in PBS containing 0.1% Triton X- and 0.1% BSA (3 x 5 min) and incubated with DAB substrate for 10 min and ensuing coun-
terstain with hematoxylin.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was calculated with a nonparametric Mann-Whitney test (two-sided) and Prism software (GraphPad Software
Inc.). Results are depicted as means + SEM unless stated otherwise. Statistical significance for correlations was calculated using a
Spearman rank test with p values and r values noted on the respective graphs. “p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001
were considered significant and are referred to as such in the text. Details of specific statistical tests used for individual analysis and
number of replicates are detailed in respective Figure Legends.
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