ARTICLE - Red Cell Biology & its Disorders

Epeleuton, a novel synthetic 0-3 fatty acid, reduces hypoxia/

reperfusion stress in a mouse model of sickle cell disease

Alessandro Matte,” Enrica Federti,”” Antonio Recchiuti,?* Moayed Hamza,® Giulia Ferri,2 Veronica

Riccardi, Jacopo Ceolan, Alice Passarini, Filippo Mazzi,' Angela Siciliano,! Deepak L. Bhatt,*

David Coughlan,® John Climax,® Elisa Gremese,*® Carlo Brugnara’ and Lucia De Franceschi’

'Department of Medicine, University of Verona & AOUI Verona, Verona, Italy; 2Department of

Correspondence: C. Brugnara
carlo.brugnara@childrens.harvard.edu

Received: August 11, 2023.
Accepted: December 7, 2023.
Early view: December 14, 2023.

Medical, Oral, and Biotechnology Science, “G. d’Annunzio” University Chieti Pescara, Chieti,

Italy; *Afimmune Ltd., Dublin, Ireland; *“Mount Sinai Heart, Icahn School of Medicine at Mount

Sinai, New York, NY, USA; °Division of Clinical Immunology, Fondazione Policlinico Universitario

https://doi.org/10.3324/haematol.2023.284028

©2024 Ferrata Storti Foundation

Published under a CC BY-NC license

A. Gemelli-IRCCS, Universita Cattolica del Sacro Cuore, Rome, Italy; ®immunology Core Facility,

Fondazione Policlinico Universitario A. Gemelli-IRCCS, Rome, Italy and "Department of

Laboratory Medicine, Boston Children’s Hospital, Department of Pathology, Harvard Medical

School, Boston, MA, USA

"AM, EF and AR contributed equally as first authors.

Abstract

Inflammatory vasculopathy is critical in sickle cell disease (SCD)-associated organ damage. An imbalance between pro-in-
flammmatory and pro-resolving mechanisms in response to different triggers such as hypoxia/reoxygenation or infections has
been proposed to contribute to the progression of SCD. Administration of specialized pro-resolving lipid mediators may
provide an effective therapeutic strategy to target inflammatory vasculopathy and to modulate inflammatory response.
Epeleuton (15 hydroxy eicosapentaenoic acid ethyl ester) is a novel, orally administered, second-generation w-3 fatty acid
with a favorable clinical safety profile. In this study we show that epeleuton re-programs the lipidomic pattern of target
organs for SCD towards a pro-resolving pattern. This protects against systemic and local inflammatory responses and im-
proves red cell features, resulting in reduced hemolysis and sickling compared with that in vehicle-treated SCD mice. In
addition, epeleuton prevents hypoxia/reoxygenation-induced activation of nuclear factor-kB with downregulation of the
NLRP3 inflammasome in lung, kidney, and liver. This was associated with downregulation of markers of vascular activation
in epeleuton-treated SCD mice when compared to vehicle-treated animals. Collectively our data support the potential
therapeutic utility of epeleuton and provide the rationale for the design of clinical trials to evaluate the efficacy of epeleu-

ton in patients with SCD.

Introduction

Sickle cell disease (SCD) is a genetic disease in which a
point mutation of the globin gene at the 7 position leads to
the production of hemoglobin S (HbS), resulting in chronic
hemolysis and anemia.! SCD is also characterized by acute
vaso-occlusive crises (VOC), a name based on the notion
that occlusion of small vessels and/or capillaries by sick-
led cells is the triggering mechanism for the generation of
inflammation and pain.! This inflammatory vasculopathy
plays a key role in the pathogenesis of both acute and
chronic sickle cell-related complications, interfacing the
whole blood compartment and being involved in cell-cell
pro-adhesion phenomena.? Regulatory-body approvals of
new treatments such as voxelotor, an inhibitor of HbS po-

lymerization, are important recent milestones.® However,
the persistence of VOC, as well as chronic disease pro-
gression, still represent unmet therapeutic needs, which
require additional approaches.

Studies in different models of inflammatory vasculopathy,
such as atherosclerosis, diabetes or ischemic cardiomy-
opathy, have highlighted the yin-yang role of inflammatory
response and pro-resolving mechanisms.*® Evidence from
this laboratory demonstrates that the pathophysiology
of SCD goes beyond the well-known role of polymerized
HbS and includes imbalances in pro-inflammatory versus
pro-resolving mechanisms.® This imbalance in turn might
promote disease progression and influence the severity
of clinical manifestations.*® Consistent with this notion,
multiple independent clinical studies profiling plasma, red
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cells, or platelet fatty acid composition in patients with SCD
demonstrate that there is an underlying relative deficiency
of w-3 fatty acids and their pro-resolving metabolites in SCD
under both basal and inflammatory conditions.”™ The ob-
served decreases in fatty acids in SCD have also been shown
to correlate with inflammation and hemoglobin in patients
with SCD."™ An attempt to target inflammatory vasculopathy
and to modulate inflammatory response through pro-resolv-
ing mechanisms has been made in other diseases, such as
cardiovascular diseases, by administering w-3 fatty acids (w-3
polyunsaturated fatty acids [PUFA]). Indeed, supplementation
with w-3 fatty acids might act as multimodal therapy by: (i)
affecting cell membrane lipid composition; (ii) modulating
soluble and cellular inflammatory responses and the coag-
ulation cascade; and (iii) favoring nitric oxide production.>"
Previously, we reported that in the humanized mouse mod-
el for SCD, PUFA supplementation protected against acute
sickle cell-related organ damage induced by hypoxia/reoxy-
genation (H/R) stress as a model for VOC.® These data were
complemented by evidence from human studies that the
administration of w-3 PUFA to SCD subjects reduced VOC, pain
episodes, and the need for blood transfusions.® However, the
limited clinical and molecular data on PUFA administration
for SCD patients still represents an obstacle to the routine
use of PUFA as a therapeutic approach for patients with SCD.
In addition, the specific formulation of PUFA supplements
markedly affects their bioavailability and clinical outcomes,
as demonstrated by the different effects of eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) formulations on
cardiovascular outcomes.”

Epeleuton, 15S-hydroxy eicosapentaenoic acid (15[S] HEPE)
ethyl ester, is a second-generation synthetic w-3 fatty acid de-
rivative of C20:5 n-3 EPA.® 15(S)-HEPE, an oxylipin downstream
of the 15-lipoxygenase metabolism of EPA, is endogenously
produced by hypoxic vascular endothelial cells and can be
further transformed to produce lipoxins A; and Bs.'*?° At the
time of submitting this article for publication, epeleuton has
completed an extensive toxicological evaluation and been
administered to more than 340 subjects in phase | and phase
Il clinical trials, with a favorable safety and tolerability profile.
Studies in animal models of atherosclerosis and in patients
with non-alcoholic fatty liver disease show that epeleuton
has protective effects against inflammatory vasculopathy and
markers of systemic inflammation, suggesting its possible
transferability to SCD.”® Notably, decreased concentrations of
15-HEPE were observed in humanized SCD mice under both
normoxic and hypoxic conditions compared to those in healthy
controls, a finding which is consistent with previously reported
decreased fatty acid concentrations in patients with SCD.®
In this study, using a humanized mouse model of SCD, we
found that epeleuton significantly increased organ concen-
trations of 15-HEPE, which has both anti-inflammatory and
pro-resolving functions. We show the benefit of the oral ad-
ministration of epeleuton in protecting against (H/R-induced
stress in lung, liver, and kidney, known target organs for SCD.

A. Matte et al.

We also found that epeleuton reprograms the functional pro-
file of spleen macrophages towards a pro-resolving signature
and prevents H/R-induced vascular endothelial overactivation.
Collectively our data support the potential therapeutic utility
of epeleuton, elucidate further mechanisms for the beneficial
effects of w-3 fatty acids, and provide the rationale for the
design of clinical trials to evaluate the efficacy of epeleuton
in patients with SCD.

Methods

Animals and design of the study

Experiments were performed on 4- to 5-month-old and
sex-matched (56.7% males and 43.3% females) healthy
control mice (AA: Hbatm(HBATow | [ptm3(HBG1, HBB) Tow) gand mice
with SCD (SS: HbatmHBATow |y |ptm2(HBG1, HBEBY) Tow) \Ne chose to
use 4- to 5-month-old mice since we and others have
previously reported that the sickle cell-related organ dam-
age in animals of this age is not so severe as to generate
confounding factors when the impact of H/R-induced
stress is evaluated.®®?"-2* This is also corroborated by
the observation of Kasztan et al., who found that gen-
der-related differences in kidney function of humanized
SCD mice became significant after 24 weeks (6 months)
of age.?? The size of our mouse groups was established
based on studies with the same mouse model for SCD
generated by us and other laboratories.®™?'-2* The ani-
mal protocol was approved by the Animal Care and Use
Committee of the University of Verona (CIRSAL) and the
Italian Ministry of Health (protocol # 56DC9.64), following
European directive 2010/63/EU and the Federation for
Laboratory Animal Science Associations guidelines and
recommendations. Mice were randomly assigned to the
different treatment groups and analysis. Healthy and
SCD mice were treated with either vehicle (hydroxypropyl
methyl cellulose, 0.5%) alone or with epeleuton (1,000
mg/kg/day) in the vehicle, administered by gavage daily
for 6 weeks. The dosage of epeleuton was based on pre-
vious pharmacokinetic studies in rodents, which yielded
concentrations in plasma comparable to those observed
in patients.” When indicated, mice underwent H/R stress:
10 hours of hypoxia (8% oxygen) followed by 3 hours of
reoxygenation (21% oxygen) to mimic an acute VOC, as
previously described.®”™ Whole blood and organs were
collected from each mouse under isoflurane anesthesia.
Details on organ collection, as well as evaluation of the
biochemical and hematologic parameters are reported
in the Online Supplementary Methods.

Organ lipidomics
Details are reported in the Online Supplementary Methods.

Histological and immunoblot analyses
Histological analysis of lung, kidney and liver tissue and
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immunoblot analyses were carried out as previously de-
scribed.®"?" Details are provided in the Online Supplemen-
tary Methods.

Analysis of circulating and spleen neutrophils and
kidney leukocytes

Circulating and splenic total leukocytes and neutrophils
were identified in freshly collected blood and spleen by
flow cytometry as CD45" cells and CD45*Ly6G" cells.?® De-
tails are provided in the Online Supplementary Methods.

Analysis of efferocytosis and macrophage receptors
Details are reported in the Online Supplementary Methods.®

Statistical analysis

A two-tailed unpaired Student t test or two-way analysis of
variance with Tukey multiple comparisons test were used
for data analyses. Whenever indicated we used an unpaired
Student t test with Bonferroni correction. Normality was
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assessed with the Shapiro-Wilk test. Lipidomic data were
analyzed using the non-parametric Kruskal Wallis test be-
cause normality was not met.

A post-hoc analysis was performed to determine the sta-
tistical power of the study (with computations carried out
using G*Power 3.1.9.4). The achieved power for Figures 1A,
3A, 3B, and Online Supplementary Figure S2 was greater
than or equal to 88%.

Data show values from individual mice and are presented
as the meanztstandard error of mean (SEM). Differences
with P<0.05 were considered statistically significant. Whis-
ker plots show data points and mean + SEM.

Results

Epeleuton reduces neutrophil counts and modulates
inflammatory response in mice with sickle cell disease
Epeleuton was well tolerated and did not cause major
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Figure 1. Epeleuton reduces circulating neutrophils and promotes a pro-resolving lipidomic profile in lung and liver of mice with
sickle cell disease. (A) Circulating neutrophils identified by flow cytometric analysis as CD45*Ly6G* cells in healthy mice (AA) and
sickle cell disease (SCD) mice (SS) treated with either vehicle or epeleuton (1,000 mg/kg/day for 6 weeks). Data are presented as
mean * standard error of mean (SEM) (N=4-9). *P<0.05 compared to healthy mice; °P<0.05 compared to vehicle-treated SS an-
imals by one-way analysis of variance. (B, C) Liquid chromatography tandem mass spectrometry-based lipidomics of oxylipins in
lung (B) and liver (C) from AA, vehicle-treated SCD, or epeleuton-treated SCD mice. Results are mean * SEM (N=3-4). °P<0.05
compared to vehicle-treated SS animals by the Kruskal Wallis test. 15-HEPE: 15-hydroxyeicosanopentaenoic acid; 12-HETE: 12-hy-
droxyeicosatetetraenoic acid; 4-HDHA: 4-hydroxydocosahexaenoic acid; LTB,: leukotriene B4.
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changes in body weight of the mice (Online Supplementary
Figure S1A). We observed a trend toward a reduction of se-
rum creatinine in epeleuton-treated SCD mice compared to
vehicle-treated mice, with no change in blood urea nitrogen
(Online Supplementary Figure S1B). A significant reduction
in the level of alanine aminotransferase was observed in
epeleuton-treated SCD mice compared to the level in either
healthy or vehicle-treated SCD mice, with no change in
aspartate aminotransferase (Online Supplementary Figure
S1C). We found a significant reduction in C-reactive pro-
tein, and a trend toward a reduction of pentraxin-2, two
markers of systemic inflammation (Online Supplementary
Figure S2A), in epeleuton-treated SCD mice. These changes
were accompanied by a lower plasma level of CCL2 mono-
cyte chemoattractant protein 1, a mediator of neutrophil
recruitment and function?® (Online Supplementary Figure
S2B). These data indicate a systemic anti-inflammatory
effect of epeleuton in humanized SCD mice.

Under normoxia, epeleuton-treated SCD mice did not show
significant changes in either hemoglobin concentration or
reticulocyte counts (Online Supplementary Figure S2C),
whereas we observed a significant reduction in circulating
neutrophils (Figure 1A, Online Supplementary Figure S3A).
Since the spleen might act as reservoir of inflammatory cells
but also contribute to their clearance,* spleen-associated
neutrophils were evaluated. No major changes in spleen
weight/mouse weight ratio and or in spleen neutrophils
were observed between epeleuton-treated SCD mice and
vehicle-treated SCD animals (Online Supplementary Figure
S3B, C).

Epeleuton promotes a pro-resolving profile in target
organs and prevents the activation of the nuclear
factor-kB pathway in mice with sickle cell disease

We carried out a lipidomic analysis of lung and liver from
both mouse strains treated with either vehicle or epeleu-
ton. In agreement with our previous study, we found ab-
normalities in the composition of both mono- and po-
ly-unsaturated fatty acids in lung and liver from SCD mice
compared to AA animals (Online Supplementary Table
S7) despite the two mouse colonies having been fed the
same diet.® These abnormalities consisted of a significant-
ly lower w-3 content, mainly a linolenic acid (C18:3 n-3),
docosapentaenoic acid (DPA:5 -3), eicosatetraenoic acid
(C20:4 n-3), and a lower w-6/w-3 ratio compared to that
in healthy animals (Online Supplementary Tables S1 and
S2). As expected, there was a significant increase in lung
and liver concentrations of 15-HEPE in epeleuton-treated
SCD mice compared to vehicle-treated SCD or AA mice
(Figure 1B, C). Total and differential amounts of saturated
and unsaturated fatty acids in liver and spleen, as well
as the w-6/w-3 ratio were not significantly different in
epeleuton-treated SCD mice compared to vehicle-treated
SCD or AA mice (Online Supplementary Tables ST and S2).
In contrast, epeleuton caused striking changes in select

A. Matte et al.

oxylipins, increasing 12-HETE and 4-HDHA in lung from
SCD when compared with the levels in vehicle-treated SCD
mice (Figure 1B). This may have organo-protective effects,
as observed in retinal tissue following H/R.?® 12-HETE was
significantly reduced by epeleuton in liver, which could
reflect a blunted response of liver macrophages and/or
platelets (which are 12-lipoxygenase-bearing cells)?® and
there was a trend towards an increase of liver 4-HDHA
(Figure 1C). Furthermore, significantly lower concentrations
of leukotriene B4, which is a main driver of neutrophil infil-
tration, and of the w-3 docosapentaenoic acid (C22:5 n-3)
were measured in liver from epeleuton-treated SCD mice
than in vehicle-treated SCD mice (Figure 1C). These results
indicate that the changes in SCD lipid profile produced by
epeleuton are specific and not related to broad changes
in lipid absorption or metabolism.

The transcriptional factor NF-xB is a key regulator of in-
flammation, and of the expression of genes involved in
initiation of inflammation with cell-specific actions such
as the modulation of vascular pro-adhesion molecules,
including vascular cell adhesion molecule 1 (VCAM-1)
and intercellular adhesion molecule 1 (ICAM-1).* We pre-
viously found that w-3 fatty acid administration to SCD
mice prevented the activation of NF-kB p65 in target or-
gans for SCD, such as lung, kidney, and liver.® As shown
in Figure 2A-C, the activation of NF-kB was significantly
reduced in lungs, kidneys, and livers from humanized SCD
mice treated with epeleuton compared to the activation
in SCD mice treated with vehicle (Online Supplementary
Figure S4A). Consistent with these observations, in lungs,
kidneys, and livers from epeleuton-treated SCD mice we
found significant reductions in the expression of VCAM-1
and ICAM-1, markers of inflammatory vasculopathy and
endothelial activation, and in the expression of endothelin-1
(ET-1) a potent vaso- and broncho-constrictive cytokine
involved in SCD-related organ damage® (Figure 2D, E;
Online Supplementary Figures S4B and S5A). Livers from
epeleuton-treated mice also displayed a marked reduc-
tion in liver protein oxidation, reaching values similar to
those of healthy mice (Figure 2F, G; Online Supplementary
Figure S5B).

Collectively our data indicate that epeleuton diminishes
local sickle cell-related inflammatory responses and vas-
cular endothelial activation in SCD-target organs.

Epeleuton protects against hypoxia/reoxygenation-
induced hemolysis and re-programs spleen macrophages
towards a pro-resolving pattern in mice with sickle cell
disease

We tested epeleuton in sickle cell mice exposed to H/R
stress, which is an experimental model of sickle cell-re-
lated VOC.®3° As shown in Figure 3A, the administration
of epeleuton to SCD mice prevented the H/R-induced re-
duction in hematocrit and hemoglobin and decreased the
amount of sickled red cells (Online Supplementary Figure
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S6A). This suggests that in SCD mice epeleuton protects red
cells against H/R-induced stress. The improvement of red
cell membrane features was also supported by a reduction
in the tyrosine phosphorylation state of band 3, an integral
red cell membrane protein involved in membrane stability
and release of erythroid microparticles® (Figure 3C, Online
Supplementary Figure S6B), and the reduction in lactate
dehydrogenase, a known marker of hemolysis (Figure 2D).
In SCD mice epeleuton significantly reduced the H/R-induced
increase in neutrophil counts (Figure 3E). This was associated

A

Lung Kidney

Normoxia Normoxia
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with lower plasma C-reactive protein and pentraxin-2 levels
(Online Supplementary Figure S6C) in epeleuton-treated SCD
mice than in vehicle-treated mice. We also found a signif-
icant decrease of spleen neutrophils in epeleuton-treated
SCD mice exposed to H/R compared to the counts in vehi-
cle-treated SS animals (Online Supplementary Figure S6D).
This was associated with a significant reduction in classic
spleen macrophage inflammatory markers (CD80, CD68)
(Figure 3F) and a trend towards a reduction in the clear-
ance of damaged red blood cells in SCD mice treated with

Figure 2. Epeleuton modulates inflammatory re-
sponse with downregulation of markers of inflam-
matory vasculopathy. (A-C) Immunoblot analyses
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Figure 3. In sickle cell disease mice exposed to hypoxia/reoxygenation stress, epeleuton reduces the stress-induced hemo-
lysis, modulates the inflammatory response, and reprograms spleen macrophages towards a pro-resolving pattern. (A) He-
matocrit (left panel) and hemoglobin (right panel) in healthy mice (AA) and sickle cell disease (SCD) mice (SS) exposed to
hypoxia/reoxygenation (H/R): stress, hypoxia (8% oxygen; 10 hours) followed by reoxygenation (21% oxygen; 3 hours), treated
with either vehicle or epeleuton (1,000 mg/kg/day for 6 weeks). Data are presented as means * standard error of mean (SEM)
(N=4-9). *P<0.05 compared to AA mice; °P<0.05 compared to vehicle-treated mice by an unpaired t test with Bonferroni cor-
rection. (B) Erythrocyte morphology in a blood smear of SCD mice treated as in (A). One representative image is shown. Orig-
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inal magnification 100x. Quantification is shown in Online Supplementary Figure S6A. (C) Immunoblot analysis using specific
anti-phospho-tyrosine antibody of red cell membrane proteins from mice treated as in (A). Lane 1: vehicle-treated AA mouse
exposed to H/R; lane 2: vehicle-treated SCD mouse exposed to H/R; lane 3: epeleuton-treated SS mouse exposed to H/R.
Proteins (75 ug) were loaded on an 8% T, 2.5% C polyacrylamide gel (see Online Supplementary Figure S6B for Coomassie stain-
ing, used as the loading control). Densitometric analysis of the phosphorylation of band-3 is shown on the right. Data are
presented as means * standard error of mean (SEM) (N=3). *P<0.05 compared to AA mice; °P<0.05 compared to vehicle-treat-
ed mice by an unpaired t test with the Bonferroni correction. (D) Plasma concentrations of lactate dehydrogenase in AA and
SCD mice under conditions of normoxia or exposed to H/R and treated as in (A). Data are mean = SEM (N=5). *P<0.05 compared
to AA mice; °P<0.05 compared to vehicle-treated mice by one-way analysis of variance (ANOVA). (E) Circulating neutrophils
identified by flow cytometric analysis as CD45*Ly6G"* cells in mice treated as in (A). Data are mean * SEM (N=4-7), *P<0.05
compared to AA mice; °P<0.05 compared to vehicle-treated mice by one-way ANOVA. (F) Flow cytometry gating strategy and
representative plots of spleen macrophages from AA or SCD mice treated with vehicle or epeleuton. M1 marker expression on
spleen macrophages and red blood cell clearance from AA or SS mice fed with epeleuton, as determined by flow cytometry in
F4/80* cells. Results are means + standard deviation (N=4 mice/group); *P<0.05 (one-way ANOVA). Hct: hematocrit; Hb: he-
moglobin; Wb: western blot; PY: phosphotyrosine; B3: band 3; DU: densitometric units; LDH: lactate dehydrogenase; SSC: side

scatter; MFIl: mean fluorescence intensity.

epeleuton compared with that in mice treated with vehicle
(Online Supplementary Figure S6E). It is noteworthy that
the effects of epeleuton on neutrophils and macrophage
re-programing in SCD mice are consistent with the pro-re-
solving actions we previously established for 17R-RvD1 in
SCD mice.®

Taken together, these data indicate that epeleuton protects
against H/R-induced stress, attenuating inflammation, and
leading to early initiation of resolution events.

Epeleuton reduces lung injury and prevents the
overactivation of nuclear factor kB and hypoxia-induced
lung inflammatory vasculopathy in mice with sickle cell
disease

In SCD mice treated with epeleuton, we observed a trend
towards a reduction in lung inflammatory cell infiltrates
compared to those in SCD mice treated with the vehicle
(Figure 4A, Online Supplementary Table S3). Consistent
with these observations, we found a significant decrease
in the active forms of NF-xB p65 induced by H/R in SCD
mice treated with epeleuton (Figure 4B). To assess whether
epeleuton was protective against H/R-induced inflam-
mation and vascular dysfunction, we evaluated lung ex-
pression of: (i) the NLRP3 inflammasome, a key player in
sterile inflammation; (ii) vascular endothelial activation;
and (iii) neutrophil vascular recruitment.® As shown in Fig-
ure 4C, in lung tissue from epeleuton-treated SCD mice
exposed to H/R, we found downregulation of the NLRP3
inflammasome, which has been reported to participate in
inflammation in models of acute lung injury such as acute
respiratory disease syndrome and asthma.*? In addition,
epeleuton reduced the expression of VCAM-1, E-selectin,
and thromboxane synthase 1 (TXAS) (Figure 4C). TXAS is
controlled by the NF-kB p65 signaling pathway, and it has
been linked to activation of both vascular endothelial cells
and platelets in other models of ischemia-reperfusion
damage.63334

These data provide evidence that epeleuton protects SCD
mice against H/R-induced lung injury by modulation of
NF-kB and key mediators of vascular damage.

Epeleuton diminishes hypoxia/reoxygenation-induced
kidney damage and markers of vascular dysfunction in
mice with sickle cell disease

Histopathological analysis of kidney tissue from SCD mice
exposed to H/R revealed no major effect of epeleuton on
kidney inflammatory cell infiltrates in hematoxylin and
eosin-stained preparations (Figure 5A, Online Supplemen-
tary Table S3), whereas we found a significant reduction
in total leukocyte infiltrates, as determined by flow-cy-
tometric analysis, in kidney from epeleuton-treated SCD
mice compared to vehicle-treated animals (Figure 5B).
We also observed a reduction of H/R-induced increases
in plasma creatinine and blood urea nitrogen levels in the
epeleuton-treated SCD mice compared to the levels in the
vehicle-treated SCD animals (Figure 5C). This is consistent
with the decreased H/R-induced activation of NF-kB p65
in kidneys from epeleuton-treated SCD mice compared
to activation in vehicle-treated animals (Figure 5D). The
beneficial effects of epeleuton in SCD mice were further
supported by the reduction in H/R-induced increase in
expression of NLRP3, VCAM-1, ET-1, and TXAS-1, which are
involved in vascular activation, reduction of kidney vascular
tone, and inflammation (Figure 5E, Online Supplementary
Figure S7).

Taken together our data indicate that epeleuton mitigates
H/R-induced acute kidney damage and modulates the
related amplified inflammation and vascular dysfunction.

In sickle cell disease mice exposed to hypoxia/
reoxygenation stress, epeleuton reduces liver injury and
prevents the overactivation of inflammatory and redox-
related pathways

Compared to vehicle-treated mice, SCD mice treated with
epeleuton and exposed to H/R stress had fewer inflamma-
tory cell infiltrates and a significant reduction in thrombi
formation (Figure 6A). In addition, we found a significant
reduction in liver iron accumulation, mainly characterized
by decreased iron accumulation in hepatocytes of SCD
mice treated with epeleuton and exposed to H/R stress
(Figure 6A, lower panel; Online Supplementary Figure S8A).
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Figure 4. Epeleuton reduces lung injury, preventing the overactivation of nuclear factor kB and hypoxia-induced lung inflamma-
tory vasculopathy in mice with sickle cell disease. (A) Representative micro-picture of hematoxylin and eosin-stained sections
of lung at 200x magnification from sickle cell disease (SCD) mice (SS) in conditions of normoxia and exposed to hypoxia/reoxy-
genation (H/R),hypoxia (8% oxygen; 10 hours) followed by reoxygenation (21% oxygen; 3 hours), treated with either vehicle or
epeleuton (1,000 mg/kg/day for 6 weeks) (scale bar: 50 pm) (see also Online Supplementary Table S3). (B) Left panel. Immunoblot

Continued on following page.
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analysis using specific antibodies against phosphorylated (p-)NF-kB p65 and NF-xB p65 in lung from AA and SS mice treated as
(A). Lane 1: AA mouse under normoxia; lane 2: SS mouse under normoxia; lane 3: vehicle-treated AA mouse exposed to H/R; lane
4; vehicle-treated SS mouse exposed to H/R; lanes 5 and 6: epeleuton-treated SS mice exposed to H/R (results from 2 separate
animals are shown). Protein (75 ug) was loaded on an 8% T, 2.5% C polyacrylamide gel. GAPDH served as the protein loading
control. One representative gel from four with similar results is shown. Right panel. Densitometric analysis of the immunoblots.
Data are presented as means * standard error of mean (SEM) (N=4). *P<0.05 compared to AA mice; *P<0.05 compared to nor-
moxia; °P<0.05 compared to vehicle by one-way analysis of variance (ANOVA). (C) Left panel. Immunoblot analysis using specific
antibodies against NLRP3, VCAM-1, E-selectin and TXAS in lung from AA and SS mice treated as in (A). Lane 1: AA mouse under
normoxia; lane 2: SS mouse under normoxia; lane 3: vehicle-treated AA mouse exposed to H/R; lane 4: vehicle-treated SS mouse
exposed to H/R; lanes 5 and 6: epeleuton-treated SS mice exposed to H/R (results for 2 separate animals are shown). Protein
(75 ug) was loaded on an 8% T, 2.5% C polyacrylamide gel. GAPDH served as the protein loading control. One representative gel
from four with similar results is shown. Right panels. Densitometric analyses of the immunoblot. Data are presented as means
+ SEM (N=4). *P<0.05 compared to AA mice; “P<0.05 compared to normoxia; °P<0.05 compared to vehicle by one-way ANOVA.
H&E: hematoxylin and eosin; Wb: western blot; NFkB: nuclear factor kB; GAPDH: glyceraldehyde-3-phosphate dehydrogenase;

DU: densitometric units; NLRP3: nucleotide-binding domain, leucine-rich-containing family, pyrin domain-containing-3; VCAM-1:
vascular cell adhesion molecule 1; TXAS: thromboxane synthase.
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Figure 5. Epeleuton diminishes hypoxia/reoxygenation-induced kidney damage and markers of vascular dysfunction in mice with
sickle cell disease. (A) Representative micro-pictures of hematoxylin and eosin-stained sections of kidney at 200x magnification
from sickle cell disease (SCD) mice (SS) exposed to hypoxia/reoxygenation (H/R): hypoxia (8% oxygen; 10 hours), followed by re-
oxygenation (21% oxygen; 3 hours) treated with either vehicle or epeleuton (1,000 mg/kg/day for 6 weeks) (scale bar: 50 pm) (see
also Online Supplementary Table S3). (B) Kidney leukocyte infiltrates determined by flow cytometry gating analysis (the gating
strategy is shown in Online Supplementary Figure S8). Data are presented as means * standard error of mean (SEM) (N=4-6).
AP<0.05 compared to normoxia; °P<0.05 compared to vehicle by an unpaired t test with Bonferroni correction. (C) Plasma blood
urea nitrogen (left panel) and creatinine (right panel) in healthy (AA) and SCD (SS) mice under conditions of normoxia or exposed
to H/R as in (A). Data are means £ SEM (N=6). *P<0.05 compared to AA mice; *P<0.05 compared to normoxia; °P<0.05 compared
to vehicle by one-way analysis of variance (ANOVA). (D) Left panel. Immunoblot analysis using specific antibodies against phos-
phorylated (p-) NF-kB p65 and NF-xB p65 in kidney from AA and SS mice treated as in (A). Lane 1: AA mouse under normoxia;
lane 2: SS mouse under normoxia; lane 3: vehicle-treated AA mouse exposed to H/R; lane 4: vehicle-treated SS mouse exposed
to H/R; lanes 5 and 6: epeleuton-treated SS mice exposed to H/R (results from 2 separate animals are shown). Protein (75 pg)
was loaded on an 8% T, 2.5% C polyacrylamide gel. One representative gel from four with similar results is shown. Right panel.
Densitometric analysis of the immunoblots. Data are presented as means = SEM (N=4). *P<0.05 compared to AA mice; “P<0.05
compared to normoxia; °P<0.05 compared to vehicle by one-way ANOVA. (E) Immunoblot analysis, using specific antibodies against
NLRP3, VCAM-1, ET-1 and TBXS in kidney from AA and SS mice treated as in (A). Lane 1: AA mouse under normoxia; lane 2: SS
mouse under normoxia; lane 3: vehicle-treated AA mouse exposed to H/R; lane 4: vehicle-treated SS mouse exposed to H/R;
lanes 5 and 6: epeleuton-treated SS mice exposed to H/R (results for 2 separate animals are shown). Protein (75 ug) was loaded
on an 1% T, 2.5% C polyacrylamide gel. One representative gel from four with similar results is shown. Densitometric analysis of
immunoblots is shown on the right. Data are presented as means £ SEM (N=4). *P<0.05 compared to AA mice; *P<0.05 compared
to normoxia; °P<0.05 compared to vehicle by one-way ANOVA. GAPDH served as the protein loading control (D, E). H&E: hema-
toxylin and eosin; BUN: blood urea nitrogen; Wb: western blot; NFkB: nuclear factor kB; GAPDH: glyceraldehyde-3-phosphate
dehydrogenase; DU: densitometric units; Ssc: side scatter; Fsc: forward scatter; PE-Cy7: phycoerythrin cyanine 7; NLRP3: nucle-
otide-binding domain, leucine-rich-containing family, pyrin domain-containing-3; VCAM-1: vascular cell adhesion molecule 1; ET-
1: endothelin 1; TBXS: thromboxane synthase.

In agreement with modulation of local inflammatory re-
sponse and oxidation, we found reduced activation of both
acute phase inflammatory and redox-related transcrip-
tional factors NF-kB p65 and Nrf2 in epeleuton-treated
SCD mice exposed to H/R (Figure 6B). This was associated
with a marked reduction in liver protein oxidation (Online
Supplementary Figure S8B) and a consistent downreg-
ulation of the antioxidants NQO1 and HO-1, which are
regulated by Nfr2®* (Online Supplementary Figure S8C).
We then explored the effects of epeleuton on markers of
inflammatory response and vascular activation. As shown
in Figure 6C, we found lower expression of NLRP3 in livers
from epeleuton-treated SCD mice exposed to H/R. Simi-
lar NLRP3 inflammasome activation has been reported in
models of liver diseases, such as chronic hepatitis B or C
and non-alcoholic steatohepatitis.®*® In addition, epeleuton
prevented the H/R-induced upregulation of VCAM-1 in liv-

ers from SCD mice exposed to H/R stress, while we found
a trend towards a reduction of ET-1in the same group of
mice when compared to vehicle-treated animals (Figure 6C).

Epeleuton protects against progression of inflammatory
vasculopathy related to acute hypoxia/reoxygenation
stress in mice with sickle cell disease

Given the beneficial effects of epeleuton on vascular dys-
function in SCD target organs and of fatty acid supple-
mentation on different models of vascular dysfunction and
inflammatory vasculopathy,®'®'® we evaluated the impact of
epeleuton treatment on sickle cell-related inflammatory
vasculopathy.

In isolated aorta from SCD mice under normoxia, epeleuton
significantly downregulated the expression of ICAM-1 and
ET- 1 but not of VCAM-1 compared to the expression in
vehicle-treated SCD mice (Online Supplementary Figure S9)
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Figure 6. In sickle cell disease mice exposed to hypoxia/reoxygenation stress, epeleuton reduces liver injury and prevents the
overactivation of inflammatory and redox-related pathways. (A) Representative micro-picture of hematoxylin and eosin-stained
and Perls-stained sections of liver at 200x magnification from sickle cell disease (SCD) mice (SS) exposed to hypoxia/reoxygen-
ation (H/R), hypoxia (8% oxygen; 10 hours) followed by reoxygenation (21% oxygen; 3 hours), treated with either vehicle or epeleu-
ton (1,000 mg/kg/day for 6 weeks) (scale bar: 50 um) (see also Online Supplementary Table S3). (B) Immunoblot analysis using
specific antibodies against phosphorylated (p-)NF-kB p65, NF-kB p65, p-Nrf2, and Nrf2 in liver from normal (AA) and SS mice as
in (A). Lane 1: AA mouse under normoxia; lane 2: SS mouse under normoxia; lane 3: vehicle-treated AA mouse exposed to H/R;
lane 4: vehicle-treated SS mouse exposed to H/R; lanes 5 and 6: epeleuton-treated SS mice exposed to H/R (results from 2
separate animals are shown). Protein (75 pg) was loaded on an 8% T, 2.5% C polyacrylamide gel. One representative gel from four
with similar results is shown. Densitometric analyses of the immunoblots are shown in the panels below. Data are presented as
means * standard error of mean (SEM) (N=4)*P<0.05 compared to AA mice; “P<0.05 compared to normoxia; °P<0.05 compared
to vehicle by one-way analysis of variance (ANOVA). (C) Immunoblot analysis, using specific antibodies against NLRP3, NQO1,
VCAM-1 and ET-1in liver from AA and SS mice treated as in (A). Lane 1: AA mouse under normoxia; lane 2: SS mouse under nor-
moxia; lane 3: vehicle-treated AA mouse exposed to H/R; lane 4: vehicle-treated SS mouse exposed to H/R; lanes 5 and 6: epeleu-
ton-treated SS mice exposed to H/R (results from 2 separate animals are shown). Protein (75 ug) was loaded on an 11% T, 2.5%
C polyacrylamide gel. One representative gel from four or five with similar results is shown. Densitometric analyses of the im-
munoblots are shown in the panels below. Data are presented as means £ SEM (N=4/5). *P<0.05 compared to AA mice; “P<0.05
compared to normoxia; °P<0.05 compared to vehicle by one-way ANOVA. GAPDH served as the protein loading control (B, C). H&E:
hematoxylin and eosin; Wb: western blot; NFkB: nuclear factor kB; Nrf2: nuclear factor erythroid 2-related factor 2; GAPDH: glyc-
eraldehyde-3-phosphate dehydrogenase; DU: densitometric units; Ssc: side scatter; Fsc: forward scatter; PE-Cy7: phycoerythrin
cyanine 7; NLRP3: nucleotide-binding domain, leucine-rich-containing family, pyrin domain-containing-3; NQO1: NAD(P)H quinone
dehydrogenase 1; VCAM1: vascular cell adhesion molecule 1; ET1: endothelin 1.
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As shown in Figure 7A, we found a significant reduction in
H/R-induced expression of VCAM-1in epeluton-treated SCD
mice compared with vehicle-treated SCD mice. These data
indicate that treatment with epeleuton may prevent the
worsening of vascular dysfunction induced by H/R stress,
with a potential to delay disease progression.

Discussion

In this study, we show that epeleuton, a novel synthetic
w-3 fatty acid derivative, protects against cellular stress
associated with SCD and supports early initiation of the
resolution phase of inflammation. The observed effects may
limit disease progression and the initiation of acute VOC,
which have a negative impact on patients’ quality of life.*”
Previous studies have shown the beneficial effects of dietary
w-3 fatty acid supplementation on SCD phenotype.'®3%3* How-

A. Matte et al.

ever, the formulation, the route of administration and the
bioavailability of w-3 fatty acids influence the use of such
supplementation in clinical practice for patients with SCD.
Epeleuton has an advantageous functional profile compared
to that of other formulations of w-3 fatty acids tested in
SCD such as purified w-3 formulations including Lovaza™
(w-3 acid ethyl esters) or SC411 and fish 0ils.’®**4° Lovaza™
is a prescription esterified w-3-acid mixture (~55.1% EPA, ~
44.9% DHA), while SC411 is a DHA ethyl ester formulation
with minimal food-drug interaction. As a second-generation
-3 enzymatic derivative that is metabolically downstream
of EPA, epeleuton has advantages as a therapeutic for SCD.
From biochemical and pharmacological perspectives, ther-
apeutics on downstream purified w-3 derivatives are likely
to be more rapidly and potently bioactive per se or upon
further enzymatic reactions. The advantage conferred in
SCD from bypassing the initial stages of metabolism of fatty
acids such as EPA and DHA is highlighted by the previous
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Figure 7. Epeleuton protects against progression of inflammatory vasculopathy related to acute hypoxia/reoxygenation stress in mice
with sickle cell disease. (A) Immunoblot analysis, using specific antibodies against VCAM-1 (40 pg of protein loaded on an 8% T, 2.5%
C polyacrylamide gel) in isolated aorta from healthy mice (AA) and sickle cell disease (SCD) mice (SS) under normoxia or exposed to
hypoxia/reoxygenation (H/R) treated with either vehicle or epeleuton (1,000 mg/kg/day for 6 weeks). Lane 1: AA mouse under normox-
ia; lane 2: SS mouse under normoxia; lane 3: vehicle-treated AA mouse exposed to H/R; lane 4: vehicle-treated SS mouse exposed to
H/R; lanes 5 and 6: epeleuton-treated SS mice exposed to H/R (results from 2 separate animals are shown). Actin served as the pro-
tein loading control. One representative gel from five with similar results is shown. Densitometric analysis of immunoblots is shown
in the lower panel. Data are presented as means + standard error of mean (N=5). *P<0.05 compared to AA mice; *P<0.05 compared
to normoxia; °P<0.05 compared to vehicle by one-way analysis of variance. (B) Schematic diagram of the dual anti-inflammatory and
pro-resolution effects of epeleuton in the humanized mouse model of SCD. Epeleuton and its active moiety 15(S)-HEPE favor pro-re-
solving mechanisms targeting inflammation, the reactive oxygen species burst, NF-kB activation and NLRP3 inflammasome expression.
This results in prevention of red blood cell sickling, inflammatory vasculopathy reduction and macrophages pro-resolving reprogram-
ming (CD68 and CD80) in target organs for SCD. Wb: western blot; VCAM-1: vascular cell adhesion molecule 1; GAPDH: glyceralde-
hyde-3-phosphate dehydrogenase; DU: densitometric units; RBC: red blood cells; ICAM-1: intercellular adhesion molecule 1; TXAS-1:
thromboxane synthase 1; ROS: reactive oxygen species; NF-kB: nuclear factor kB; NLRP3: nucleotide-binding domain, leucine-rich-con-
taining family, pyrin domain-containing-3; 15(S)-HEPE: 15(S) hydroxy eicosapentaenoic acid.

Haematologica | 109 June 2024
1929



ARTICLE - Epeleuton protects against vascular activation

finding that humanized SCD mice were not as readily able
to synthesize downstream fatty acid metabolites compared
to healthy control mice.® Importantly, 15(S)-HEPE, which
has also been identified in resolving exudates from mice
treated with w-3 fatty acids, directly reduces polymorpho-
nuclear leukocyte trans-endothelial migration, as does its
metabolite lipoxin As; at a higher potency.*” In SCD mice,
epeleuton might attenuate the inflammatory response by
favoring pro-resolving mechanisms mediated by 15(S)-HEPE.
In agreement with this notion, we found increased organ
content of 15-HEPE and reduction of systemic inflamma-
tion, modulation of the CCL2 chemotactic cytokine and a
decrease in neutrophil counts in SCD mice treated with
epeleuton. This is of particular interest since epeleuton
reduces splenic neutrophils and reprograms spleen mac-
rophages towards a pro-resolution pattern, supporting
the peculiarity of epeleuton as a source of pro-resolving
lipid mediators. The peculiar effect of epeleuton on lung
leukotriene B4 content in SCD mice is concordant with a
pro-resolving effect of epeleuton, similar to the effects
described in the same model treated with exogenous
17R-RvD1.6

The dual anti-inflammatory and pro-resolution effects of
epeleuton in SCD mice are highlighted by changes in lip-
idomic profile and a reduction in NF-kB p65 activation in
target organs for SCD such as lung, liver, and kidney (Figures
1, 3, 4, and 5). This is further corroborated by decreased
expression of the NLRP3 inflammmasome, which activates
inflammatory reactions in response to disrupted cell ho-
meostasis in lung, kidney, and liver of SCD mice exposed to
H/R stress. Growing evidence in both patients with SCD and
cell/animal-based models of SCD support the importance
of NLRP3 inflammasome activation in the severity of the
clinical manifestations of SCD as well as in monocyte and
platelet function/activation.*>** Although the mechanism
of activation of NLRP3 in SCD is still under investigation,
oxidation and free heme/hemolysis have been suggested
to trigger the NLRP3 inflammasome in SCD.**#¢ |n this
model, epeleuton reduces both oxidation and hemolysis
when SCD mice are exposed to H/R stress and prevents the
worsening of liver iron overload and the activation of the
redox-related transcription factor Nrf2. It is worth noting
that previous studies have shown that the NLRP3 inflam-
masome might favor Nrf2 degradation, affecting total cell
antioxidant power, supporting the importance of limiting
reactive-oxygen species induced by activation of the NRLP3
inflammasome.*"*8 Here, we found that epeleuton protects
against NLRP3 inflammasome activation by: (i) preventing
the activation of NF-xB p65; (ii) decreasing oxidation and
the related activation of Nrf2; and (iii) reducing hemolysis.
Indeed, studies in different models of acute or acute-on-
chronic disease of lung, kidney or liver have previously shown
that inhibition of the NLRP3 inflammasome ameliorated
disease outcomes.??3%4% |In addition, the observations that
w-3 fatty acids and specialized pro-resolving mediators

A. Matte et al.

prevent NLRP3 inflammasome activation in different models
of inflammatory and degenerative disorders further support
the beneficial effects of epeleuton on sickle cell-related
organ damage.®® In agreement, epeleuton prevented the
expression of markers of inflammatory vasculopathy in
target organs for SCD, including isolated aorta, providing a
rationale for considering epeleuton as a potential, new ther-
apeutic tool for SCD. Finally, the improvement of hemolysis
in epeleuton-treated SCD mice exposed to H/R suggests
a possible beneficial effect also on red cell deformability,
which will be explored in future studies.

The present results support the designation of epeleuton
as an orphan drug, as determined by the USA Food and
Drug Administration (https:/www.accessdata.fda.gov/scripts/
opdlisting/oopd/detailedIindex.cfm?cfgridkey=880022) and
the European Medicines Agency (https:/www.ema.europa.eu/
en/medicines/human/orphan-designations/eu-3-22-2695).'®
In conclusion, we show here in humanized SCD mice that
epeleuton acts as a multimodal agent targeting hemoly-
sis, balancing inflammatory response and pro-resolving
mechanisms, and vascular dysfunction. Our data support
the potential therapeutic utility of epeleuton and provide
a rationale for the design of a clinical trial (NCT05861453)
to evaluate the efficacy of epeleuton in patients with SCD.
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