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Abstract

Background Sepsis is characterized by a dysregulated immune response and metabolic alterations, includ-

ing decreased high-density lipoprotein cholesterol (HDL-C) levels. HDL exhibits beneficial properties, such as lipopoly-
saccharides (LPS) scavenging, exerting anti-inflammatory effects and providing endothelial protection. We inves-
tigated the effects of CER-001, an engineered HDL-mimetic, in a swine model of LPS-induced acute kidney injury

(AKI) and a Phase 2a clinical trial, aiming to better understand its molecular basis in systemic inflammation and renal
function.

Methods We carried out a translational approach to study the effects of HDL administration on sepsis. Sterile sys-
temic inflammation was induced in pigs by LPS infusion. Animals were randomized into LPS (n=6), CER20 (single dose
of CER-001 20 mg/kg; n=6), and CER20 % 2 (two doses of CER-001 20 mg/kg; n=6) groups. Survival rate, endothelial
dysfunction biomarkers, pro-inflammatory mediators, LPS, and apolipoprotein A-l (ApoA-l) levels were assessed. Renal
and liver histology and biochemistry were analyzed. Subsequently, we performed an open-label, randomized, dose-
ranging (Phase 2a) study included 20 patients with sepsis due to intra-abdominal infection or urosepsis, randomized
into Group A (conventional treatment, n=5), Group B (CER-001 5 mg/kg BID, n=5), Group C (CER-001 10 mg/kg BID,
n=>5),and Group D (CER-001 20 mg/kg BID, n=5). Primary outcomes were safety and efficacy in preventing AK| onset
and severity; secondary outcomes include changes in inflammatory and endothelial dysfunction markers.

Results CER-001 increased median survival, reduced inflammatory mediators, complement activation, and endothe-
lial dysfunction in endotoxemic pigs. It enhanced LPS elimination through the bile and preserved liver and renal
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parenchyma. In the clinical study, CER-001 was well-tolerated with no serious adverse events related to study treat-
ment. Rapid ApoA-I normalization was associated with enhanced LPS removal and immunomodulation with improve-
ment of clinical outcomes, independently of the type and gravity of the sepsis. CER-001-treated patients had reduced
risk for the onset and progression to severe AKI (stage 2 or 3) and, in a subset of critically ill patients, a reduced need

for organ support and shorter ICU length of stay.

Conclusions CER-001 shows promise as a therapeutic strategy for sepsis management, improving outcomes

and mitigating inflammation and organ damage.

Trial registration The study was approved by the Agenzia Italiana del Farmaco (AIFA) and by the Local Ethic Com-
mittee (N® EUDRACT 2020-004202-60, Protocol CER-001- SEP_AKI_01) and was added to the EU Clinical Trials Register

on January 13,2021,
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Background

Therapies to prevent organ dysfunction in sepsis and sep-
tic shock are limited [1]. During sepsis, early and appro-
priate antibiotic administration to counteract infection is
the cornerstone of treatment; additionally, current thera-
peutic strategies include supportive therapy mainly based
on hemodynamic stabilization and, when organ dysfunc-
tion occurs, organ support [2]. No specific treatments
to prevent or recover renal injury in septic patients are
available to date and renal replacement therapy (RRT) is
required when renal function is severely compromised
[3]. Moreover, the use of blood purification techniques,
including high-volume hemofiltration, polymyxin B
hemoperfusion, and cytokines absorber devices, has not
shown significant benefits to support their routine use in
clinical practice and they are not recommended by the
Surviving Sepsis Campaign Guidelines [4-7].

The cytokine storm induced by the underlying infection
can rapidly lead to multi-organ failure such as cardiovas-
cular and respiratory systems, liver or kidney dysfunc-
tions at advanced stages [8]. The cytokine storm is an
overwhelming reaction of the innate immune system fol-
lowing a bacterial or viral infection, which induces signif-
icant impairment of lipid and lipoprotein homeostasis in
particular the high-density lipoprotein (HDL) [9]. HDL
complexes in addition to their well-characterized reverse
cholesterol transport from peripheral cells to the liver,
display anti-inflammatory, antioxidant, and antithrom-
botic properties [10]. They regulate the function and
integrity of endothelial cells, interfering with inflam-
matory and apoptotic stimuli [11]. Furthermore, HDL
plays an essential role in shaping immune response and
may have a direct anti-infectious effect, thereby decreas-
ing infection severity [9, 12, 13]. Low HDL-cholesterol
(HDL-C) and apolipoprotein A-I (ApoA-I) levels dur-
ing the initial phase of sepsis is strongly associated with
30-day mortality and prolonged ICU stay, suggesting the
ability of HDL to reduce TNF-alpha production induced
by LPS [14]. Recently, a prospective observational study

including 205 septic patients admitted in ICU reported
that an HDL-C level at ICU admission < 0.4 mmol/l was
associated with increased mortality at day 28 [15]. In the
case of viral infection, such as SARS-CoV-2 infection, a
significant decrease in HDL-C and ApoA-I were reported
[16], and low levels of ApoA-I were associated with a
poor prognosis for recovery [17]. This phenomenon can
be generalized to sepsis regardless of infection source
[13-15]. Interestingly, a recent publication described
ApoA-I as the only lipid biomarker associated with long-
term survival (1 year) in patients with surgical sepsis [18].
Altogether, one can hypothesize that the rapid restora-
tion of small functional HDL particles containing ApoA-I
in critically ill patients could have beneficial effects.
Several experimental studies have been performed in
pre-clinical models of sepsis. Reconstituted HDL (CSL-
111) administration in a mouse model of sepsis by cecal
ligation and puncture or intraperitoneal injection of E.
coli or Pseudomonas aeruginosa pneumonia improved
overall survival, reducing the inflammatory burden and
decreasing bacterial count [19]. Similarly, the supplemen-
tation of a synthetic HDL (sHDL ETC-642) improved
organ dysfunction and 7-day survival in septic mice, not
only by neutralizing LPS, but also by a significant sup-
pression of TLR4-NF-kB signaling and pro-inflamma-
tory cytokine production [20]. To date, there have been
no significant experiences with HDL administration
in the clinical setting in sepsis. In humans, the effect of
infused synthetic reconstituted HDL in volunteers chal-
lenged with a sub-pathologic dose of LPS showed a
decrease of cytokines such as IL-6 [21, 22]. This observa-
tion was attributed mainly to the scavenger effect of the
HDL [21, 22]. Cases of patients with SARS-CoV-2 infec-
tion admitted to the ICU receiving short-term treatment
(q12h for 1-2 days) with a synthetic HDL composed of
a human recombinant ApoA-I and phospholipids, CER-
001, were reported [23, 24]. In all cases, CER-001 was
able to rapidly decrease the level of different cytokines
with commensurate improvement of the patients’ clinical
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conditions [23]. These observations suggest that ApoA-
I-complexes could have effects other than a scavenger
effect per se and that there is some rationale to treat
other patients such as septic patients with ApoA-I-
complexes. To this purpose, we first studied the in vitro
effect of CER-001 on peripheral blood mononuclear cell
(PBMC) and endothelial cells, and based on the results
obtained, we tested the effect of CER-001 in a swine
model of LPS-induced acute kidney injury (AKI) and in
an open-label Phase 2a pilot clinical trial. Our hypoth-
esis was that CER-001 could provide anti-inflammatory
and endothelial-protective effects, preserving kidney and
liver integrity and function, reducing the risk of AKI as
well as improving clinical outcomes.

Methods

Animal model

The animal study was performed in domestic swine,
after approval by the ethical committee of the Italian
Ministry of Education, University and Research (MIUR)
(Prot. n.1234/2020-PR). The number of animals was cho-
sen for an appropriate analysis by calculating the num-
ber of subjects necessary, using the calculator program
Anastat (http://www.anastats.fr/). The evaluation of
six pigs for each group was made in relation to the data
obtained in our previous studies published on pig mod-
els of acute kidney injury [25-30]. We performed the
statistical analysis with a significance level of p=0.05.
Briefly, endotoxemia was induced by intravenous infu-
sion of a saline solution containing 300 pg/kg of LPS
(lipopolysaccharide membrane of Escherichia coli), left
untreated, the swine will progress to LPS-induced AKI,
as previously described [29]. The animal model utilized
represents a sterile inflammation model induced by LPS
administration.

The animals were randomized into three groups: LPS
(endotoxemic pigs, n=6), CER20 (endotoxemic pigs
treated with a single dose of CER-001 [Abionyx Pharma,
Toulouse, France] 20 mg/kg, a few minutes after the start
of LPS infusion; n=6), and CER20x 2 (endotoxemic pigs
treated with two doses of CER001 20 mg/kg a few min-
utes after the start of LPS infusion and 3 h later; n=6).

For all CER-001 dosing, the drug product was thawed
and then diluted with normal saline to a volume of
250 mL containing 20 mg/kg of CER-001, individual-
ized for each animal based on weight, and administered
over a period of 1 h using an infusion pump at a fixed rate
of 250 mL/h. The LPS group received 250 ml of normal
saline solution at the same infusion rate.

Since CER-001 is a negatively charged lipoprotein
complex that mimics natural HDL, consisting of a com-
bination of recombinant human apolipoprotein A-I
(ApoA-I) and two phospholipids, the administered dose
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of CER-001 will reflect the concentration of human
ApoA-I to be delivered in the animal model.

Surviving animals were sacrificed after approximately
24 h from LPS/saline infusion with an overdose of IV
propofol, immediately followed by a 10-ml IV bolus of an
oversaturated solution of potassium chloride (2 mEq/ml,
Galenica Senese, srl, Italy).

Collection of samples
At sacrifice or earlier death, kidneys and livers were col-
lected from all animals and processed using standard
procedures as previously described [29]. Urine samples
were collected via catheter from all animals and uri-
nary output was recorded every hour. Swine sera were
collected at baseline (TO; before LPS infusion), and at
intermediate time points up to 24 h from an indwelling
arterial blood catheter. Bile samples were collected from
all animals at sacrifice. LPS was extracted from bile sam-
ples using the phenol-water extraction method [31], with
an LPS extraction kit (Intron Biotechnology, Kyungki-
Do, Korea) according to the manufacturer’s instructions.
Total protein extraction was performed from all bile
samples [32, 33]. One thousand microliters of bile of each
sample was centrifuged at 9000 X g for 3 min at 4 °C, and
the supernatant containing the soluble proteins was used
for assessment of ApoA-I levels.

Assessment of LPS and ApoA-I levels

The ApoA-I content of sera and bile samples was deter-
mined by ELISA assay (R&D Systems, Minneapolis MN,
USA) as well as LPS (R&D Systems, Minneapolis MN,
USA).

Assessment of pro-inflammatory cytokines and markers

of endothelial dysfunction

Serum IL-6 and TNF-a levels were measured by ELISA
(R&D Systems, Minneapolis MN, USA) as well as
s-VCAM-1, s-ICAM-1, and MCP-1 (MyBioSource, San
Diego CA, USA).

Assessment of the activity of classical, lectin, and alternative
complement pathways

Complement function in swine sera was assessed using
ELISA (WIESLAB® Complement System Screen COMPL
300, Euro-Diagnostica) as previously described [34].

Kidney and Liver function measurements

Serum/urine creatinine, serum/urine Kidney Injury
Molecule-1 (KIM-1), and serum/urine Cystatin C
measurements were performed with commercially
available ELISA kits (MyBioSource, San Diego, USA)
according to the manufacturer’s instructions. Liver func-
tion was assessed by serum measurements of alanine
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aminotransferase (ALT) enzyme with commercially avail-
able ELISA (MyBioSource, San Diego, USA).

Histological analysis of renal and hepatic tissue

Renal and hepatic tissues were processed for histologic
staining [hematoxylin and eosin (HE) (Millipore Sigma)].
Digital slides were acquired and analyzed using the
AperioScanScope CS2 device (Aperio, Vista, CA, USA)
as previously described [26, 29]. HE staining was per-
formed to evaluate histological injury in both kidneys
and livers. Tubular and glomerular damage was scored
semi-quantitatively by two blinded observers. The score
index in each animal was expressed as a mean value of all
scores obtained. Both tubular and glomerular pathologi-
cal scores for each group were expressed as mean + SEM.
Hepatic injury was defined as the amount of destruc-
tion of hepatic lobules, infiltration of inflammatory cells,
hemorrhage, and hepatocyte necrosis [35]. The score,
from 1 through 4, was assessed using criteria from a pre-
viously published study [35]. Pathological score for each
group was expressed as mean + SEM.

Western blotting analysis

Liver tissues were homogenized and treated with RIPA
lysis buffer (1 mM PMSE, 5 mM EDTA, 1 mM sodium
orthovanadate, 150 mM sodium chloride, 8 ug/mL leu-
peptin, and 1.5% Nonidet P-40, and 20 mM Tris—HCl,
pH 7.4) with phosphatase and protease inhibitors. The
samples (30 pg of proteins) were separated in 4-15%
polyacrylamide gel and then transferred to PVDF mem-
brane (0.2 mM) by Trans-Blot Turbo (BioRad, Hercules,
CA, USA). Nonspecific binding sites on the blots were
blocked by incubation in 5% BSA for 1 h, and the mem-
branes were then incubated overnight with primary anti-
bodies and incubated with secondary antibodies for 1 h.
Immune complexes were detected by the ECL chemilu-
minescence system (Amersham Pharmacia, Little Chal-
font, UK), according to the manufacturer’s instructions.
The primary antibodies used were anti-LPS (Abcam)
and anti-f-actin antibody (1:20,000; Sigma). The sec-
ondary antibodies used were HRP-conjugated anti-rab-
bit (Abcam) and anti-mouse antibodies (Abcam). The
chemiluminescent blots were acquired by Chemidoc and
analyzed using Image] software. The protein expression
levels were standardized relative to the level of B-actin.

Cell culture

Human umbilical vein endothelial cells (HUVEC, EC)
were purchased from American Type Culture Collec-
tion (ATCC-LGC Standards S.rl., Sesto San Giovanni,
Milan, Italy). EC were maintained in their recommended
medium, EndGro (Merck Millipore, Darmstadt, Ger-
many). Peripheral blood mononuclear cells (PBMCs)
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were isolated by gradient centrifugation with the Ficoll-
Hypaque method from buffy coats of healthy donors
(selected from our research repository) as previously
described [36]. PBMCs were maintained in their rec-
ommended media [36]. When cells became confluent,
they were stimulated with LPS 0.3 pug/ml, 4 pg/ml (E.
coli O111:B4, Sigma-Aldrich, Milan, Italy) and CER-001
50, 100, and 500 pg/ml for the indicated time period.
PBMC culture supernatants were collected and analyzed
by ELISA for TNF-a (R&D Systems, Minneapolis MN,
USA).

MTT assay

EC and PBMCs were incubated with LPS and CER-
001 for 24 h. Proliferation rate was measured by MTT
Cell Proliferation Assay Kit, according to the manufac-
turer instructions (Sigma-Aldrich). Briefly, 3104 cells/
well were seeded in a 96-well plate, and then cells were
treated with LPS and CER-001 as indicated. Absorbance
at 570 nm was then measured by a spectrophotometer.

Immunophenotypic analysis

After stimulations, EC were permeabilized with IntraPrep
kit (Instrumentation Laboratory) and incubated with
unconjugated primary antibody p-ENOS (Abcam) for
25 min at 4 °C. Cells were then washed and labeled with
secondary Antibody AlexaFluor 488 (Molecular Probes)
for 25 min at 4 °C. Finally, cells were washed twice and
resuspended in FACS buffer for acquisition. PBMCs
were stained with the following monoclonal antibody,
CD14 Monoclonal Antibody (61D3)-PE, (eBioscience,
Thermo Fisher Scientific, Italy), for 20 min in the dark
at room temperature, washed twice, and resuspended in
FACS buffer. Stained PBMCs were then acquired.

Data were obtained by using a FC500 (Beckman Coul-
ter) flow cytometer and analyzed with Kaluza software.
Three independent experiments were performed for both
EC and PBMC:s. The area of positivity was determined by
using an isotype-matched mAb, and in total, 104 events
for each sample were acquired.

Statistical analysis

Survival data were analyzed using a log-rank test for
trend; values were censored for surviving animals using
the time of sacrifice. LPS, cytokines (TNF-a, MCP-1,
IL-6), endothelial markers (VCAM-1, ICAM-1), comple-
ment (classical, alternate, lectin pathways), kidney bio-
markers in serum (sCR, sKIM-1, sCystatin C) and urine
(uUKIM-1, uCystatin C), and ALT were analyzed using
two-way ANOVA with repeated measures, corrected
for multiple comparison of pairwise treatment group
differences using Tukey’s method. For these analyses,
data was transformed to change from baseline, and the
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last observation was carried forward when necessary to
handle any missing values. Urine output, tubular injury
score, glomerular injury score, and hepatic injury score
were analyzed using one-way ANOVA, corrected for
multiple comparison of pairwise treatment group differ-
ences using Tukey’s method. For the ANOVA analyses,
pairwise treatments were also tested without correction
for multiple comparisons (Additional File 1: Table S1).
For in vitro analysis, data were shown as mean + standard
deviation (SD) and compared with the Student ¢ test. All
analyses were performed by using GraphPad Prism 9.2.0
(GraphPad software, Inc., San Diego, CA, USA).

Clinical trial design and setting

We performed an open-label, randomized, dose-ranging
(Phase 2a) study including patients with sepsis due to
intra-abdominal cavity infection or urosepsis, admitted
at the intensive care units (ICUs) and the Sub-intensive
Nephrology Unit at Azienda Ospedaliero-Universitaria
Policlinico, Bari, Italy. The study was approved by the
Agenzia Italiana del Farmaco (AIFA) and by the Local
Ethic Committee ("A RAndomized pilot study comparing
short-term CER-001 infusions at different doses to pre-
vent sepsis-induced acute kidney injury, RACERS study’,
N° EUDRACT 2020-004202-60, Protocol CER-001-SEP_
AKI_01). All enrolled patients or legally authorized rep-
resentatives provided written informed consent. A total
of twenty patients were enrolled between June 2021 and
September 2022 with the last follow-up visit occurring in
October 2022.

Study population/participants

Adults aged 18 years or older with a diagnosis of sepsis
were eligible to participate in the study if they met the
following main inclusion criteria: (1) sepsis sustained
by Gram-negative bacteria receiving antibiotic treat-
ment; (2) met Sepsis 3 criteria [37]; (3) endotoxin activity
assay (EEA"™, Spectral Medical, Toronto, Canada) > 0.60;
and (4) signed and dated informed consent provided by
the patient or by a legal representative. Patients were
excluded if they had conditions which either precluded
the use of CER-001 or prevented the evaluation of CER-
001’s effect on kidney or other organ systems.

Treatment allocation and study interventions

Twenty patients meeting the eligibility criteria, with a
signed and dated an Ethical Committee (EC)-approved
informed consent form, were randomized and assigned
in a 1:1:1:1 ratio to one of four treatment groups, as
shown in Additional File 2: Fig. S1. All patients received
any and all necessary conventional (non-experimental)
therapy (antibiotic treatments, sedation, pain relief,
organ support, etc.), modulated according to the clinical
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conditions. Group A received no experimental treatment.
Group B patients received CER-001 5 mg/kg BID; Group
C patients received CER-001 10 mg/kg BID; and Group D
patients received CER-001 20 mg/kg BID. CER-001 treat-
ment was administered twice a day on days 1, 2, 3, and 6
and each dose was preceded with a dose of antihistamine
to avoid any potential infusion reactions, which have
been previously reported [38, 39].

Clinical and laboratory data were collected during each
study visit, planned at treatment start (day 1), day 2, day
3, day 6, and day 9. Samples were drawn prior to the first
dose on days 1, 2, 3, and 6. A final visit was performed on
day 30. In addition to daily routine laboratory assessment
performed at the hospital laboratory, biological samples
(serum, plasma, and urine) were collected and adequately
stored for each study visit to perform additional inflam-
matory cytokines and biomarkers included in the study
protocol. Additional exploratory biomarkers were also
tested on these banked specimens, which the patients
had consented to prior to enrollment. Biomarker and
cytokine testing was performed at the Research Labora-
tory at Nephrology Unit. Serum levels of LPS, IL-6, IL-8,
MCP-1, TNF-q, soluble triggering receptor expressed on
myeloid cells-1 (STREM-1), s-VCAM-1, and s-ICAM-1
were measured by ELISA (R&D Systems, Minneapolis
MN, USA).

Study objectives

The primary endpoint of the study was to determine an
optimal dose of CER-001 in combination with standard
of care in septic patients based on safety. In addition, the
study aims to analyze whether CER-001 treatment had an
effect on AKI onset and severity according to KDIGO cri-
teria [40]. Secondary endpoints included the change from
baseline (the last measurement taken prior to dosing on
day 1) to days 3, 6, and 9 for endotoxin and IL-6 levels,
SOFA score, and other key inflammatory and endothelial
dysfunction markers. Data on mortality at day 30 were
also reported and analyzed.

Statistical analysis

We did not perform a formal calculation of sample size
since the present randomized trial was designed as a
safety and dose-ranging study and the sample size was
based on feasibility only. Comparisons between treat-
ment and control groups were performed using the
appropriate statistical tests: all continuous variables were
compared by analysis of variance (ANOVA) or non-para-
metric equivalents, as appropriate. For most parameters,
changes from baseline (day 1) to days 3, 6, and 9 were
compared and graphically represented. Proportion of
patients with each AKI stage and the mortality rate were
calculated for each group. A p-value of less than 0.05 was
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considered statistically significant. No adjustments for
multiple testing were made in this pilot study.

Results

In vitro effect of the ApoA-l complexes (CER-001)

We first analyzed the in vitro effect of CER-001 on both
the endothelial integrity and its LPS scavenger effects on
human PBMC. In our in vitro model, using human vas-
cular endothelial cells, endothelial nitric oxide synthase
(eNOS) phosphorylation and activation is altered by LPS
and upregulated by CER-001 (Additional File 2: Fig. S2
A-B). In addition, CER-001 modulates the response of
PBMC, decreasing mCD14 expression and TNF-a secre-
tion both markers of LPS innate immunity system stimu-
lation (Additional File 2: Fig. S2 C-E).

ApoA-l complexes (CER-001) increased survival rate

and dramatically decreased systemic inflammation

and endothelial dysfunction in a swine model of sepsis
Domestic swine (Sus scrofa domesticus) were infused
with 300 pg/kg of LPS without (control group) or with
infusion of CER-001 at 20 mg/kg (CER20 group) fol-
lowed for half of this group by a second infusion at 3 h
of 20 mg/kg of CER-001 (CER20%2 group). Untreated
pigs were highly susceptible to LPS challenge and usually
succumbed before completing the study protocol with a
survival rate of approximately 16.7%. CER-001 treatment
significantly increased median survival of endotoxemic
pigs by 50 and 66.7%, in CER20 and CER20X2 groups,
respectively (Fig. 1A).

Then, we assessed a representative set of pro-inflam-
matory molecules. TNF-«, rapidly rises, followed in
time by increasing MCP-1 and IL-6 in endotoxemic
animals (LPS group, Fig. 1B-D). This increase was sig-
nificantly diminished by CER-001 (T24, CER20 vs LPS
group: TNF-a, p=0.0004) with a more potent effect
after 2 doses of CER-001 (T24, CER20X2 vs LPS group,
TNF-«, p<0.0001; MCP-1, p=0.0009; IL-6, p=0.0086).
In addition, CER-001 treatments significantly inhibited
the systemic complement activation cascade, resulting
in a notable decrease of the original activating pathway,
including the classical, alternative, and lectin pathways,
with the latter being less stimulated by LPS infusion
(Fig. 1IE-G).

Finally, we evaluated systemic biomarkers of endothe-
lial dysfunction. High levels of s-VCAM-1 and s-ICAM-1
were measured in endotoxemic pigs after LPS infusion
(Fig. 1H, I). CER-001 infusion ameliorated systemic
endothelial dysfunction by reducing VCAM-1 (Fig. 1H)
and ICAM-1 (Fig. 1I) serum levels in both treated groups,
with an increased effect of the two doses of ApoA-I com-
plexes as emphasized at T6 time points.
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ApoA-l complexes (CER-001) treatment prevented liver

and renal dysfunction

In endotoxemic pigs, we observed early manifesta-
tions of hepatic dysfunction which included histological
changes such as hepatic areas with micro-vacuolization
and infiltrating inflammatory cells and increased ALT
levels (Fig. 2A—C). The hepatocytes appeared swollen,
and the hepatic cords were disorganized. In this setting,
the hepatic damage was resolved by CER-001 infusion
(as measured by the modest increase in ALT and a sta-
tistically significant decrease of liver histology score),
underscoring the protection that this drug mediates at
the hepatic level, thereby preserving its physiological
function.

Kidney injury in the swine model was assessed by a
time-dependent increase of serum creatinine with signifi-
cant reduction in urinary output (mL/kg/h) (Fig. 3A, D)
compared to basal level (T0). Moreover, the expression
of biomarkers of tubular damage, Cystatin C and KIM-
1, both in serum (Fig. 3B, C) and urine samples (Fig. 3E,
F) were increased compared with the basal level (TO0),
whereas CER-001 treatment maintained creatinine level,
urine output, the expression of serum/urine Cystatin C,
and KIM-1 to the median baseline level (T0) as compared
to control animals. This renal damage was highlighted by
significant morphological changes in renal parenchyma,
including tubular vacuolization, epithelial flattening,
necrosis, infiltration of inflammatory cells, and marked
fibrin deposition and reduced number of capillaries in
numerous glomeruli (Fig. 3G, LPS group). Those obser-
vations were reflected by the histopathological score
which shows significantly less kidney damage in treated
groups especially after two doses of ApoA-I complexes
(Fig. 3H, I).

Excretion of LPS into the bile via CER-001 transport
Consistent with CER-001’s positive effects, we observed
that serum LPS levels were reduced in treated ani-
mals (Fig. 4A) and the effects were especially evident
after the second infusion of CER-001 (T6, CER20X2 vs
LPS, p=0.0015) with a sustained effect up to 24 h post-
infection in both treated groups. Then, we assessed the
levels of LPS in both liver tissue and bile samples. The
amount of LPS measured in the liver was higher for LPS
group than for both CER-001 treated groups whereas,
as shown in Fig. 4, a dose-dependent increase of endo-
toxin in the bile of CER-001-treated septic pigs was
detected (Fig. 4C). Interestingly, a parallel dose-depend-
ent increase of human ApoA-I was found in bile sam-
ples (Fig. 4D). Moreover, a significant increase in serum
ApoA-I levels was observed in animals treated with CER-
001 (Fig. 4E).
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Fig. 1 Improvement of survival rate and decrease of systemic pro-inflammatory response and endothelial dysfunction in a swine model

of LPS-induced AKI. All animals received an infusion of LPS 300 pg/kg (T0) without (control group) or with infusion of CER-001 at 20 mg/kg

(CER20 group) followed for half of this group by a second infusion at 3 h of 20 mg/kg of CER-001 (CER20 %X 2 group). At T24, surviving animals

were sacrificed (gray band). A Survival curve of pigs upon challenge with LPS and CER-001 infusions. A significant statistical treatment trend

was observed by log-rank, in the three groups (p =0.0265 log-rank trend test, n=6). B-D Serum levels of TNF-a, MCP-1, and IL-6 were measured

by ELISA assay (n=6 independent samples per time point and group). E-G Systemic complement activation was measured by Wieslab assay
(n=6independent samples per time point and group). H, I Serum levels of VCAM-1 and ICAM-1 were measured by ELISA assay (n=6 independent
samples per time point and group). In each graph, the gray bands show two infusions (0-1 h and 3-4 h) of saline or CER-001 with flow rates

of 250 ml/h. Results are presented as mean + SEM. Significant differences were assessed using a two-way ANOVA for repeated measures with Tukey
correction for multiple comparisons (*p < 0.05 **p < 0.005, ***p < 0.0005 vs the LPS group; §p < 0.05; §§p < 0.005, §5§§p < 0.0005 vs the CER20 group).
Details of differences between Tukey correction and uncorrected Fisher's LSD for significant comparisons are listed in Additional File 1: Table S1
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Fig. 2 Improvement of liver dysfunction following ApoA-I-complexes (CER-001) infusions. A Top panel shows representative H&E staining

of hepatic tissue of LPS and treated groups (n=6 independent pigs per group). Liver sections (upper panel, scale bar=400 um; middle panel,
scale bar=200 pm; lower panel, scale bar=80 um). Hepatic injury was defined as the amount of destruction of hepatic lobules (black arrow)

and infiltration of inflammatory cells (black dashed arrow). B Liver injury was calculated from whole images of stained liver, as calculated from five
randomly selected fields per sample (n=6 independent pigs per group) and scored from 1 through 4 according to % area of involvement per HPF.
Results are presented as mean + SEM. Significant differences were assessed by one-way ANOVA with Tukey correction (*p <0.05, **p < 0.005,

**¥p <0.0005). C Serum levels of ALT enzyme were measured by ELISA assay (n=6 independent samples per time point and group). The gray bands
show two infusions (0-1 h and 3-4 h) of saline or CER-001 with flow rates 250 ml/h. Results are presented as mean + SEM. Significant differences
were assessed using a two-way ANOVA for repeated measures with Tukey correction (n.s.: p>0.05, *p < 0.05, **p < 0.005, ***p < 0.0005 vs the LPS
group; §p <0.05; §§p < 0.005, §55p < 0.0005 vs the CER20 group). Details of differences between corrected and uncorrected comparisons are listed
in Additional File 1: Table S1

Pilot study of infused ApoA-l complexes comparing a short course of CER-001 infusions,
in a heterogeneous population of sepsis patients added to standard therapeutic treatments, to stand-
We conducted an exploratory Phase 2a pilot study ard treatments alone, in septic patients (RACERS
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Fig. 3 Improvement of renal dysfunction following ApoA-l-complexes (CER-001) infusions. A-F sCr, sCystatin C, skKIM-1, UCr, U-Cys, and U-KIM-1

levels were measured by ELISA assay (n=6 independent samples per time point and group); urinary output (ml/kg/h) was recorded for each animal.
The gray bands show two infusions (0-1 h and 3-4 h) of saline or CER-001 with flow rates 250 mi/h. Results are presented as mean + SEM. Significant
differences were assessed using a two-way ANOVA for repeated measures with Tukey correction (n.s.: p>0.05, *p <0.05, **p < 0.005, ***p < 0.0005 vs

the LPS group; §p <0.05; §§p < 0.005, §§§p < 0.0005 vs the CER20 group).
(upper panel, scale bar=400 um; middle panel, scale bar=200 um; lowe
of proximal tubular epithelial cells (zoomed image, 80 um, black dashed
Bowman's capsule expansion (zoomed image, 80 um, black arrow), and i
were observed by H&E staining. H, I Tubular and glomerular pathologica
group). Results are presented as mean + SEM. Significant differences wer

G, H & E staining was performed on paraffin kidney sections. Renal sections
r panel, scale bar=80 um). The kidney desquamation and vacuolization
arrow), fibrin deposition and loss of capillaries in numerous glomeruli,
nterstitial inflammatory infiltrate (zoomed image, 80 um, blue arrow)

| score was obtained as described in the “Methods” section (n=6 for each

e assessed by one-way ANOVA with Tukey correction (*p <0.05 **p <0.005,

***p <0.0005). Details of differences between corrected and uncorrected comparisons are listed in Additional File 1: Table S1

study, EUDRACT number 2020-004202-60, Protocol
CER-001-SEP_AKI_01). Table 1 summarizes the main
baseline characteristics between treated and control

groups. Patients were generally similar between the two
groups, with a small imbalance in the underlying infec-
tion source (SOC patients were predominantly urinary
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Fig. 4 Excretion of LPS into the bile via CER-001 transport. A Serum levels of LPS were measured by ELISA assay (n=6 independent samples

per time point and group). B Representative western blot and densitometric analysis of LPS and B-actin protein expression (n=6 per group). C
Endotoxin levels in bile samples were dosed by ELISA assay. D Human ApoA-I levels in bile samples were evaluated by ELISA assay. E The serum
human ApoA-I for CER-001 was determined at different time points by ELISA assay. The gray bands show two infusions (0-1 h and 3-4 h) of saline
or CER-001 with flow rates 250 ml/h. The data are presented as the mean + SEM. Statistically significant differences were assessed by one-way
ANOVA with Tukey correction (*p < 0.05, **p < 0.005, ***p < 0.0005 vs the LPS group; §p < 0.05; §§p < 0.005, §§5p < 0.0005 vs the CER20 group)

tract infections), which did not affect the other baseline
clinical parameters. Patients were enrolled in an early
phase of sepsis, as the median time of enrollment from
hospital admission was 2 days. The severity of the dis-
ease as well as organ dysfunction scores did not differ
between SOC and treatment group.

Nine patients were enrolled in the ICU, 6 of them
developed post-surgical intra-abdominal sepsis with
blood culture and/or intra-abdominal drainage fluid
culture positive for Klebsiella pneumoniae (3 patients),
Pseudomonas aeruginosa (3 patients), and Acineto-
bacter baumanni (1 patient). Two ICU patients were
enrolled following sepsis/septic shock with posi-
tive blood culture for Klebsiella pneumoniae and

Acinetobacter baumanni, while one ICU patient was
enrolled with urosepsis and positive blood culture for
Bacteroides fragilis. Eleven patients were enrolled in
the Nephrology Unit, mainly related to urosepsis with
blood and/or urine culture positive for Klebsiella pneu-
moniae (1 patient), Proteus mirabilis (2 patients), while
microbiological results were negative in 7 patients,
although they were characterized by laboratory and
radiological signs of pyelonephritis and urosepsis.
Another patient was enrolled in the Nephrology Unit
due to central venous catheter infection sustained by
Klebsiella pneumoniae and Pseudomonas aeruginosa.
All patients were screened for high levels of endotoxin
activity to confirm the presence of Gram-negative
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Table 1 Baseline clinical and demographic characteristics of RACERS participants

Intervention SOC group CER-001 group p-value
n=5 n=15

Age (years), mean (SD) 59(10.29) 56.6 (18.63) 0.789
Male gender, n (%) 2 (40%) 4 (26.4%) 0.573
Site of infection/sepsis, n(%)

Urine 4 (80%) 7 (46.7%)

Intra-abdominal 6 (40%) 0.238

Other 1 (20%) 2(13.3%)

Septic shock, n (%) 1 (20%) 6 (40%) 0.795
Hospital unit, n(%)

Intensive care unit 2 (40%) 7 (46.7%) 0.795

Nephrology 3 (60%) 8(53.3%)
SOFA score, mean (SD) 6.6 (6.07) 6.07 (4.62) 0.830
SAPS Il score, mean (SD) 31.8(11.9) 276 (14.2) 0.569
Immunocompromised patients, n (%) 1 (20%) 1(13.3%) 0.717
Time for enroliment from hospital admission, median (IQR) 0(0-26) 2 (1-6) 1
Mean arterial pressure (MAP), mean (SD) 85.8(9.73) 81(14.22) 0.495
Vasopressors use, n (%) 1 (20%) 6 (40%) 0.573
Vasopressors dose (mcg/kg/min), mean (SD)? 0.2(0.1) 0.17 (0.1) 0.630
Mechanical ventilation, n(%) 2 (40%) 6 (40%) 1
Acute kidney injury (AKI), n (%) 3 (60%) 8 (53.3%) 0.795
Renal replacement therapy (RRT), n (%) 1 (20%) 2 (13.3%) 0.717

Legend. SD standard deviation, ICU intensive care unit, ARDS acute respiratory distress syndrome, SAPS Il Simplified Acute Physiology Score I, SOFA Sequential Organ

Failure Assessment

2Values calculated only on ICU patients on vasopressors at treatment start

infection prior to study enrollment and in advance of
culture results.

CER-001 was well-tolerated compared to SOC under
the conditions of this study. There were no serious
adverse events attributed to the use of CER-001 during
the study (Additional File 3: Table S2).

ApoA-I complexes decreased inflammation

and endothelial dysfunction in septic patients

Serum ApoA-I levels increased rapidly with CER-001
treatment, while the restoration of ApoA-I was delayed
in the SOC group (Fig. 5A1, A2). Consistent with ani-
mal data and the observed ApoA-I increase, treatment
with CER-001 significantly reduced bloodstream con-
centrations of LPS compared to SOC subjects and these
decreases were sustained even after the administration of
CER-001 ended (Fig. 5B).

Consequent to the scavenging of LPS, our data show
that CER-001 treatment is associated with rapid and
marked decreases in pro-inflammatory cytokines relative
to SOC alone (Fig. 5C-F), most notably in IL-6, IL-8, and
MCP-1. In addition, soluble triggering receptor expressed
on myeloid cells-1 (STREM-1) rapidly decreases with

CER-001 treatment and remains low and stable through
at least 30 days (Fig. 5G).

Finally, CER-001 treatment provided endothelial pro-
tection, as evidenced by markedly decreased values of
circulating s-VCAM-1 and s-ICAM-1 in treated patients
relative to increased values in patients on SOC alone
(Fig. 5H, I). Individual CER-001 groups were also evalu-
ated versus SOC (Additional File 2: Fig. S3).

Effect of ApoA-l complexes on renal and liver dysfunction
in septic patients

We analyzed the effects of CER-001 treatment on limit-
ing renal dysfunction. Overall, we reported a low risk for
the onset and/or progression to moderate to severe AKI
(Stage 2 or 3) through day 6 among CER-001-treated
patients (26.6%) relative to SOC, in which about 60%
of patients presented such conditions (Fig. 6A, B). We
also analyzed the effects of CER-001 on liver function.
As shown in Fig. 6C, D, we did not observe significant
alteration of liver enzymes (AST, ALT) among CER-001
subjects; two patients in the treated group presented
non-clinically significant, transient increases in AST or
ALT. Conversely, we observed a general increase of albu-
min levels in the CER-001-treated group compared to
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Fig. 5 Effect of CER-001 on ApoA-l level, LPS removal, and inflammatory response in the pilot study RACERS. A-I Serum levels of ApoA-|, LPS, IL-6,
IL-8, MCP1, TNF-a, STREM-1, VCAM, and ICAM were measured using ELISA kits. Data for panels A2-I are represented as changes from baseline (day

1 pre-dose) values. Treatment differences were assessed by using a mixed model ANOVA for values on days 3, 6, and 9 with a significance level

of a=0.05; significant pairwise comparisons are shown. No adjustments were made for multiple comparisons. Abbreviations: ApoA-I apolipoprotein
A-l; ICAM endothelial intercellular adhesion molecule; IL-6 interleukin 6; IL-8 interleukin 8; IL-10 interleukin 10; LPS lipopolysaccharides; MCP-1
monocyte chemoattractant protein-1; TNF-a tumor necrosis factor a; STREM-1 soluble triggering receptor expressed on myeloid cells 1; VCAM

vascular cell adhesion molecule

Effect of ApoA-l complexes on clinical outcomes
We examined whether the observed beneficial biologi-
cal effects of CER-001 would impact survival. Figure 6G

SOC (Fig. 6E). A transient but significant increase in tri-
glycerides levels was documented on day 3 in 7 patients
treated with CER-001 (Fig. 6F).
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Fig. 6 Effect of CER-001 on organ systems and survival. A Evolution of AKI among patients randomized to CER-001, according to KDIGO criteria
from baseline (day 1 pre-dose) to day 6. B AKl stages among patients randomized to the Standard of Care group, according to KDIGO criteria
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H 30-day survival curves for all patients and for ICU patients. Treatment differences were assessed using the log-rank test with a significance level
of a=0.05. Abbreviations: AKl acute kidney injury; ALT Alanine aminotransferase; AST Aspartate aminotransferase

shows 30-day survival in all patients. One patient died
in the CER-001 group (6.7%) and one patient died on
standard treatment (20%) (Fig. 6H). In the subset of
ICU patients, the observed 30-day death rates were 50%
on SOC and 14.2% with CER-001 treatment.

We focused on a subset of critically ill patients
enrolled in the ICU to analyze the main clinical out-
comes (7 treated patients; 2 SOC subjects, Additional
File 4: Table S3). We observed a reduced length of ICU
stay among patients in the treatment group (mean days
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of ICU stay 23.2 vs 28.5) (Additional File 2: Fig. S4
A-B). In addition, the daily average mean arterial pres-
sure (MAP) during the study period improved with
CER-001 treatment as compared to SOC (Additional
File 2: Fig. S4 C; p=0.036 on day 6) even though the use
of vasopressors was similar for the two groups (Addi-
tional File 2: Fig. S4 D). Days on mechanical ventilation
were lower among CER-001-treated patients (mean
17.1 vs 26.5; Additional File 2: Fig. S4 E). Similarly, the
number of days on dialysis was also lower among CER-
001 treated patients (mean 3.7 vs 11.0; Additional File
2: Fig. S4 F). Finally, the need for any form of organ
support (a composite endpoint including mechanical
ventilation, dialysis, use of vasopressors and survival)
during the 30-day study period was lower in the treated
subjects (mean days alive and without organ support
5.9 vs 2.0; Additional File 2: Fig. S4 G).

Discussion

This translational study examined the potential role of an
engineered HDL-mimetic, CER-001, as a novel adjuvant
therapy in sepsis. Our findings demonstrated significant
scavenger effects of CER-001 on endotoxins through the
bile, as well as its ability to modulate the cytokine storm,
reduce endothelial dysfunction, and prevent organ dam-
age. Notably, we conducted a proof-of-concept clinical
study that confirmed the pleiotropic effects of CER-001
in septic patients, in reducing renal damage, the need for
organ support and ICU stay, emphasizing the potential
clinical significance of this therapeutic approach.

Current treatment protocols for septic patients are
based on hemodynamic resuscitation, supportive therapy,
and adequate antibiotic therapy [41]. However, in most
critically ill patients, these measures are not enough to
prevent sepsis-related organ dysfunction and the onset
of AKI Although the hemodynamic instability and kid-
ney hypoperfusion are historically considered the main
mechanism involved, multiple experimental studies have
highlighted the detrimental effects of an uncontrolled
systemic inflammatory response in the pathophysiology
of sepsis-associated AKI [42, 43]. Additionally, this sys-
temic inflammation is correlated with alterations in lipid
and lipoprotein metabolism [9]. Indeed, clinical obser-
vational studies report that decreased amount of HDL-C
in septic patients is positively correlated with the severity
of the illness [44]. Besides their well-documented role in
reverse cholesterol transport (RCT), HDLs are involved
in modulation of endothelial dysfunction, oxidative stress,
inflammation, immune response, and coagulation activ-
ity [45]. Previous studies using reconstituted HDL and
HDL-mimetic peptides have shown their ability to reduce
mortality and attenuate the pro-inflammatory response in
endotoxemia and sepsis [43]. Interestingly, the compelling
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evidence demonstrating the remarkable capacity of CER-
001, an HDL-mimetic lipoprotein containing recombi-
nant human ApoA-I, to enhance cholesterol mobilization,
promote reverse cholesterol transport, and exhibit in vitro
anti-inflammatory properties in an animal model of ath-
erosclerosis suggests a strong potential for its efficacy in
the treatment of septic conditions [46].

In the present animal study, we demonstrate the targeted
anti-inflammatory effects of CER-001 at the renal and
hepatic levels as well as at systemic circulatory system. The
potential mechanism of action is due to CER-001’s capac-
ity on the one hand to decrease the inflammatory cytokines
and on the other hand to counteract the action of LPS.
Our pre-clinical results suggest that CER-001 enhances the
transport of LPS to the liver and promotes its elimination
into the bile, indirectly attenuating inflammation. Inter-
estingly, LPS and ApoA-I levels increased in bile samples
of CER-001-treated animals. In addition, the pharmacoki-
netics of the human ApoA-I measured in the swine sera
of both treated groups was consistent with the decreased
amount of LPS, mediated by CER-001 treatment.

Furthermore, we demonstrated the ability of CER-
001 to ameliorate systemic endothelial dysfunction
and induced an increase in average survival time. The
subsequent activation of endothelial cells upregulates
the expression of different adhesion molecules, such
as s-ICAM-1, s-VCAM-1, and selectins, that enhance
leukocyte migration and homing, amplifying innate
and adaptative immune response [47]. Accordingly, we
observed an increased release of soluble adhesion mole-
cules, s-ICAM-1 and s-VCAM-1, in sera of endotoxemic
pigs and septic patients. Moreover, our analyses demon-
strated a dose-dependent inhibition of these mediators in
CER-001-treated subjects. In addition, our data showed
that CER-001 treatment reduced serum levels of pro-
inflammatory cytokines, such as TNF-a, MCP-1, and
IL-6, both in endotoxemic pigs and in CER-001-treated
patients. This observation is encouraging and suggests
that CER-001, by decreasing LPS levels and interact-
ing with the immune system through ApoA-I, limits the
cytokine cascade and provides endothelial protection.
Remarkably, we also found decreased levels of sSTREM-1
after CER-001 treatment in septic patients that could be
associated with increased survival and ameliorated prog-
nosis. STREM-1 has been suggested as a strong predictor
of poor prognosis and mortality in septic patients [48].
Persistently high sSTREM-1 levels during the first days fol-
lowing ICU admission are associated with mortality in
human septic shock [49]. Moreover, CER-001 treatment
reduced complement activation, demonstrating effective-
ness in regulating the innate immune response.

Since HDL-C levels significantly declined in severe sep-
sis and septic shock, several studies have evaluated the
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impact of HDL in worsening renal function as a poten-
tial predictive biomarker and therapeutic target. In line
with these findings, our study highlights the critical role
of CER-001 in recovering renal function and urine output
in endotoxemic animals. These results are consistent with
the clinical data that reported a low risk for the onset
and/or progression to severe AKI (Stage 2 or 3) among
CER-001-treated patients.

Liver dysfunction is a fairly common manifestation dur-
ing sepsis and it is strongly associated with mortality [50].
The relationship between HDL-C and sepsis-associated
liver dysfunction has been previously studied, as HDL-C
levels are typically lower in patients with liver dysfunc-
tion, although HDL-C concentration did not correlate with
hepatic dysfunction markers and overall mortality [51]. The
pathophysiology of such relationship is poorly understood;
while it could be suspected to be a decreased hepatic syn-
thesis of HDL during sepsis, an increased HDL elimina-
tion should be considered [51]. In this study, we observed
early manifestations of hepatic dysfunction which included
increased ALT levels and histological changes. Remarkably,
hepatic damage was resolved by CER-001 infusion, under-
scoring the hepatoprotective effects of this drug, thereby
preserving its physiological function.

Finally, the strong observed effect of CER-001 on the
cytokine cascade and endothelial dysfunction led us
to evaluate its potential impact on clinical outcomes,
although this small pilot clinical trial could only detect
trends in such clinical parameters. Interestingly, the
observed mortality rates for SOC are consistent with a
recent publication of a meta-analysis examining mortal-
ity from sepsis in hospitalized patients (30.1%) and in the
subset of ICU-treated patients (40.4%) in the European
region (as defined by the WHO) [52, 53]. We reported
a more rapid improvement of clinical conditions among
patients who received CER-001, as evidenced by a
reduced length of ICU stay and need for organ support
during the 30-day study period, as compared to SOC
patients. These results need to be confirmed by a larger
clinical trial examining these endpoints more rigorously.

Together, the present study has several strengths. We
demonstrated the safety and efficacy of a novel HDL-
mimetic compound in sepsis using a translational
approach. We provide valuable insights into the pleio-
tropic effects of HDL in a heterogeneous population of
septic patients. However, we acknowledge some limi-
tations in our research. The application of pre-clinical
results to the clinical setting is always questionable due
to the difficulty of simulating the complexities of human
disease. Another limitation is the open-label study design
of the clinical study. Additionally, the sample size of our
clinical study is limited as it was a proof-of-concept study,
warranting caution in the interpretation of the results.
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The findings of our research have profound implica-
tions for the management of sepsis and other critical ill-
nesses characterized by inflammation and organ failure.
Beyond sepsis, the multifaceted therapeutic potential
of CER-001 may extend to other high-mortality clinical
indications marked by inflammation. Notably, CER-001’s
pleiotropic effects could hold promise in mitigating the
severity and mortality of COVID-19 infection, as well as
other critical illnesses such as acute respiratory distress
syndrome (ARDS) and severe bacterial and viral infec-
tions. The ability to counteract inflammation, modu-
late the immune response, and protect endothelial cells
makes it a potential therapeutic option worth explor-
ing further. Considering the economic burden and high
mortality associated with sepsis, the novel therapeutic
approach related by CER-001 offers hope for addressing
unmet medical needs in critical care.

Therefore, based on the positive outcomes of the
human proof-of-concept trial, we will design and con-
duct a larger phase 2b/3 study. Phase 2b will be designed
to further refine the dose and dose regimen. Phase 3 will
allow us to demonstrate the clinical benefits of this prom-
ising therapy for patients, and to determine whether
there is an economic impact for the treatment of sepsis.

Conclusions

In conclusion, our translational study provides com-
pelling evidence for the potential role of CER-001, an
HDL-mimetic, as a novel adjuvant therapy in sepsis. The
significant scavenger effects on endotoxins, modulation
of the cytokine storm, reduction of endothelial dysfunc-
tion, and prevention of organ damage underscore the
therapeutic promise of CER-001. Importantly, the pleio-
tropic effects of CER-001 in restoring normal ApoA-I
levels in septic patients seems to translate into positive
clinical outcomes in the sepsis population studied, inde-
pendently of the type and gravity of the sepsis. Alto-
gether, CER-001 has the potential to be a gamechanger
for critical illnesses marked by inflammation and organ
failure across different high mortality clinical indications
which continue to have high unmet medical needs.
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