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Abstract

Background Acute pancreatitis (AP) presents a significant clinical challenge with limited therapeutic options. The
complex etiology and pathophysiology of AP emphasize the need for innovative treatments. This study explores
mMRNA-based therapies delivering fibroblast growth factor 21 (FGF21) and apolipoprotein A1 (APOAT1), alone and in
combination, for treating experimental AP.

Methods Liver-targeted lipid nanoparticles (LNP)-mRNA formulations encoding FGF21, APOA1, and a chimeric
APOAT-FGF21, were first tested for protein expression and bioavailability in vitro and in mice fed a high-fat diet.
Efficacy studies were performed in the caerulein-induced AP (Cer-AP) model, and a new AP model combining ethanol
feeding with ethanol binge plus palmitoleic acid administration, the EtOH/POA-AP model. A single dose of the APOAT,
FGF21,and APOAT-FGF21 LNP-mRNAs formulations was administered in both models. Serum levels of pancreatic
lipase (LIPC), amylase (AMYL), and aspartate aminotransferase (AST), along with pancreatic tissue analyses using two
histopathological scores were performed to evaluate treatment effects.

Results In vitro studies demonstrated the translation and secretion of APOAT, FGF21, and APOA1-FGF21 proteins
encoded by the LNP-mRNAs. In vivo, LNP-mRNA administration increased serum levels of the respective proteins

in metabolically impaired (i.e. high fat diet-fed) mice. In the Cer-AP model, serum markers of pancreatic injury were
similarly reduced when mice were treated with APOAT, FGF21, and APOA1-FGF21 LNP-mRNA, and this effect was also
observed in the histopathological analyses. The EtOH/POA-AP model was more aggressive than the Cer-AP model.
FGF21 and APOAT-FGF21 LNP-mRNAs were protective according to LIPC and AMYL serum levels, while APOAT LNP-
mRNA had little effect. On the other hand, histological improvements were more evident in mice receiving APOAT
LNP-mRNA. In the EtOH/POA-AP model, FGF21 and APOA1-FGF21 LNP-mRNAs reduced serum AST levels, indicating
hepatoprotective activity.
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Discussion This proof-of-concept study demonstrates the potential of mRNA-based therapies delivering FGF21 and
APOAT1 in experimental AP. While individual treatments effectively reduced pancreatic injury, the APOA1-FGF21 fusion
molecule did not exhibit superior activity. Liver-targeted LNP-mRNA administration may offer a promising approach
for treating AP, leveraging endogenous production pathways for therapeutic proteins. Further research is warranted
to elucidate the mechanisms underlying their therapeutic efficacy and optimize treatment regimens for clinical

translation.
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Introduction

Acute pancreatitis (AP), a severe inflammatory disorder
of the pancreas, poses a significant clinical challenge,
necessitating a deeper understanding of its etiology and
pathophysiology to develop therapeutic strategies [1-3].
This acute and potentially life-threatening condition
manifests as the sudden inflammation of the pancreatic
tissue, with clinical presentations ranging from mild, self-
limiting episodes to severe forms associated with sys-
temic complications [3, 4]. In the last decades the global
incidence of AP decreased slightly [5], but increased in
Western countries, rendering it a growing concern in
clinical practice [6]. Moreover, hospitalizations due to
AP in countries with high social-demographic indexes
(Australasia, North America, and Western Europe) have
a better prognosis than those in lower-income coun-
tries [5]. Up to date, only moderately effective therapies
are available for AP, underscoring the pressing need for
innovative therapeutic strategies to address this complex
medical condition.

An intricate interplay of genetic and environmental
factors contributes to the complexity of this inflamma-
tory condition, necessitating novel therapeutic strate-
gies for effective intervention [2, 7]. The different causes
of AP can be easily identified in 75-85% of patients [2].
Current guidelines recommend the identification of the
cause of the disease as early as possible, as treatment and
follow-up depend on the etiology of pancreatitis [3]. In
developed countries, obstruction of the common bile
duct by stones (38—45%) and alcohol abuse (20-36%)
are the most frequent causes of AP [2, 3, 7]. However,
other etiologies should be considered, such as medica-
tion, endoscopic retrograde cholangiopancreatography
(ERCP), hypercalcemia, hypertriglyceridemia, infection,
genetics, autoimmune diseases, excess body weight and
(surgical) trauma [3, 8].

Rodents are mostly used to develop models of pancre-
atitis. In mice and rats, AP in the form of acute inflam-
mation with hemorrhage, when severe, can be induced
by injections of caerulein, bile salt infusion, alcohol,
duct obstruction, and a choline-deficient ethionine-sup-
plemented (CDE) diet, among others [8—10]. Our study
utilizes two distinct mouse models to simulate severe
AP: the caerulein-induced model [8, 10, 11] and a novel
model induced by a combination of chronic and binge

ethanol feeding [12, 13]—established as per the guide-
lines of the National Institute on Alcohol Abuse and
Alcoholism (NIAAA), also called the Gao-binge alcohol
model—plus palmitoleic acid (POA, C16:1), a nonoxi-
dative endogenous metabolite of ethanol [14—16]. The
selection of these models aligns with the complexity and
heterogeneity of AP, enabling a comprehensive evalua-
tion of potential new therapies.

FGF21, known for its anti-inflammatory and metabolic
regulatory properties, has been explored in the context of
AP therapy [17-19]. These previous studies have paved
the way for our investigation into engineered FGF2I
mRNA therapies. On the other hand, reduced serum
levels of APOA]1, a key component of high-density lipo-
proteins (HDL), have been associated with inflammation
and disease severity in patients with AP [20-24]. Inter-
estingly, recent experimental studies demonstrated a pro-
tective role for HDLs and an APOAl-mimetic peptide
in AP in vivo models, suggesting potential therapeutic
applications [25].

Notably, our work marks the first foray into the appli-
cation of liver-targeted mRNA-based therapies in the
treatment of AP, and introduces an innovative mRNA
construct, combining the beneficial elements of both
APOA1 and FGF21. Our findings reveal a consistent
reduction in inflammation, restoration of pancreatic
enzyme levels, and significant improvement in pancreatic
histology across all treatments. This collective efficacy
underscores the potential synergy between FGF21 and
APOAL1 in addressing the multifaceted challenges posed
by AP.

Materials and methods

mRNAs formulation

Codon-optimized mRNAs encoding human FGF2I,
human APOA I, and fused human APOAI-FGF21 mRNA
molecules were synthesized in vitro by T7 RNA poly-
merase-mediated transcription. The mRNAs include
a cap, followed by a 5 untranslated region (UTR), an
open reading frame (ORF) encoding FGF21, APOAI or
APOAI-GS10-FGF21, a 3’ UTR, and a poly-adenylated
tail. Uridine was globally replaced with 1-methylpseu-
douridine. The constructs used in this study are schemat-
ically shown in Fig. 1A. For in vivo delivery, the mRNAs
were administered i.v. in LNP formulations prepared as
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Fig. 1 FGF21, APOAT, and fused APOAT-FGF21 human mRNAs are translated and secreted in mammalian cells. Schematic representation of the different
proteins encoded by the tested mRNAs (A). HEK293T cells were transfected with 2.5 ug FGF21, human APOAT, and human fused APOAT-FGF21 mRNAs,
and 24 h later, FGF21 was detected by Western blotting in cell lysates (left blots) and APOAT1 in cell culture supernatant (right blot) (B). Representative
blots are shown. Ponceau staining of membranes is shown to denote equal loading of the gels. SP: signal peptide; GS10: GS linker with 10 amino acids

described [26]. Briefly, mRNA and lipids were mixed at
a molar ratio of 3:1 (mRNA/lipid), with lipids composed
at a 30:30:38.5:1.5 molar ratio (ionizable lipid/fusogenic
lipid/structural lipid/PEG lipid). mRNA-loaded nanopar-
ticles were resuspended in a storage buffer with particle
sizes of 80-100 nm, >80% encapsulation of the mRNA
by a RiboGreen assay, and <10 endotoxin units (EU)/
ml. mRNA and LNP were manufactured and provided by
Moderna, Inc.

Cell cultures and reagents

The human embryonic kidney (HEK) 293T cells (ATCC®
CRL-3216™) were cultured at 37 °C in a humidified atmo-
sphere containing 5% CO, in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco BRL) supplemented with 10%
fetal bovine serum (FBS), 2 mM glutamine, and antibiot-
ics (penicillin 100 U/mL and streptomycin 100 pg/mL).
Cells seeded at 3x10° in 6-well plates were transfected
with 2.5 uyg mRNA (FGF21, APOA1, and APOA1-FGF21
human mRNA) per well and the TransIT-mRNA trans-
fection reagent. After 24 h, supernatants and cell lysates
were harvested for further analysis.

Animal experiments

For the acute pharmacokinetic in vivo study, 11-week-old
C57Bl/6NTac male mice fed with a high-fat diet (HFD)
(Research Diets, D12492) for six weeks from Taconic

Biosciences (Germantown, NY, USA) were received
in our animal facility (CIMA-University of Navarra),
where they continued on this diet. Food and water were
available ad [libitum. Upon arrival, mice received an
i.p. administration of streptozotocin (STZ) (125 mg/
kg). Two weeks later, mice were distributed into LNP-
Control-mRNA (from now on Control [27]), and the
LNP-APOAI-mRNA, LNP-FGF21-mRNA, and LNP-
APOAI-FGF21-mRNA, treatment groups in a ran-
domized manner based on their body weights. Animals
received the LNP-mRNAs (0.5 mg/kg, i.v.), and blood
was collected 6, 12, and 24 h after treatments. Mice were
sacrificed 24 h after LNP-mRNA administration, and
blood was drawn. The liver and epididymal white adipose
tissue (eWAT) of these mice were collected to evaluate
the effect of the acute LNP-mRNA administrations.

For the efficacy study in AP models, six-week-old
C57BL/6JOlaHsd male mice (Envigo, Indianapolis, IN,
USA) were received in our animal facility. They were
group-housed (4 mice per cage) under standard condi-
tions with ad libitum access to water and a standard
chow diet.

Caerulein-induced AP (Cer-AP) model: Two weeks
after arrival, mice were randomly distributed into the
following groups: Tris-sucrose (vehicle), LNP-Con-
trol-mRNA, LNP-APOAI-mRNA and LNP-APOAI-
FGF2ImRNA, each containing 8 mice (except for the
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Tris-sucrose group, containing 3 mice). To alleviate signs
of pain caused by the severe AP protocol, analgesia was
given starting 12 h before and throughout the experi-
ment. Briefly, for a dosage of 1 mg/kg buprenorphine,
0.0094 mg/ml Buprecare (0,3 mg/ml, DFV, Barcelona,
Spain) was added to drinking water. On the day of the
experiment, mice received seven hourlies intraperito-
neal (i.p.) caerulein injections (50 pg/Kg Tocris Biosci-
ence, in 0.9% NacCl), and the Tris-sucrose group received
the vehicle (0.9% NaCl). LNP-mRNAs were administered
retro-orbitally (0.5 mg/kg, intravenously, i.v.) at the time
of the sixth caerulein injection. Tris-sucrose (mRNAs
vehicle) was administered retro-orbitally (0.5 mg/kg, i.v.)
at the time of the sixth saline injection in the Tris-sucrose
group serving as healthy controls. Blood was collected
just before the first caerulein/saline injection and after 6,
12, and 24 h. Mice were sacrificed 24 h after the first cae-
rulein/saline injection.

Ethanol/palmitoleic acid-AP (EtOH/POA-AP) model:
Two weeks after arriving at our animal facility, mice
started the acclimation to the Lieber-DeCarli liquid diet
for 3 days. On the first day, mice received a 25% control
liquid diet (Rodent Liquid Diet, Lieber-DeCarli 14-726-
531 Control Diet Bio-Serv™ F1259SP) and a 75% standard
diet. On the second day, mice received a 50% control liq-
uid diet and a 50% standard diet. On the third and last
day of acclimation, mice received a 100% control liquid
diet. The next day, 3 mice were randomly allocated to the
Tris-sucrose (vehicle), and 8 mice were assigned to each
one of the LNP-mRNAs groups: LNP-Control-mRNA,
LNP-APOAI-mRNA, LNP-FGF21-mRNA, and LNP-
APOAI-FGF21-mRNA. Animals in the Tris-sucrose
group were fed ad libitum for 10 days with the control
liquid diet, whereas the animals in the LNP-mRNAs
groups were fed for 10 days with 5% (vol/vol) ethanol fat-
enriched liquid diet (Rodent Liquid Diet, Lieber-DeCarli
14-726-532 Ethanol Diet Bio-Serv™ F1258SP) supple-
mented with maltose dextrin (Bio-Serv 10DE, ref.3585),
as previously described [12, 13]. Mice were offered ad
libitum access to Lieber-DeCarli Rodent Liquid Diets.
The liquid diet was the only source of food and water, and
no additional diet or drinking water was provided. Feed-
ing tubes were washed and refilled every day with each
freshly prepared diet in the late afternoon, closer to the
onset of the dark period of the diurnal cycle, ensuring the
availability of diet at the beginning of their maximal food
intake period. After the first day of ethanol feeding, the
control diet was limited (pair-fed) with the same amount
of food consumed by ethanol-fed mice. On the morning
of the eleventh day, the mice in the LNP-mRNAs groups
received an oral gavage with ethanol (5 g/kg, equivalent
to 31.5% vol/vol ethanol solution), and a single i.p. injec-
tion of PAO (150 mg/kg in DMSO). The mice in the Tris-
sucrose group received an oral gavage of a calorie- and
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volume-matched maltose dextrin, and an i.p. injection of
the vehicle (DMSO). Immediately after the binge and i.p.
administration, animals received the LNP-mRNAs retro-
orbitally (0.5 mg/kg, i.v.). Blood was collected just before
the oral binge and after 6, 12, and 24 h. Mice were sacri-
ficed 24 h after the oral binge.

Blood collected at the specified time points was kept at
room temperature for 30 min. The serum and blood cells
were separated by centrifugation at 1600xg for 10 min at
room temperature. The pancreas was collected at sac-
rifice and either stored at -80°C for evaluation for gene
expression analyses or collected for formalin-fixed paraf-
fin-embedded (FFPE). The Ethics Committee for Animal
Experimentation of the University of Navarra approved
all animal studies (protocol #065 - 22).

Biochemical parameters

Serum levels of alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), lipase, and amylase were
measured using a C311 Cobas Analyzer (Roche Diagnos-
tics GmbH, Mannheim, Germany) following manufac-
turer’s instructions.

ELISAs

The serum concentration of FGF21 and APOA1 after i.v.
administration of LNP-mRNAs was determined in serum
samples obtained at several time points with a commer-
cial ELISA kit to determine the active moiety (Human
FGF21 DuoSet ELISA Kit R&D Systems DY2539, and
Human Apolipoprotein A-1 Mabtech ELISA Pro 3710-
1HP-2). Serum levels of interleukin 1p (IL-1p) were
determined using a commercial ELISA kit (IL-13/IL-1F2
DuoSet ELISA Kit R&D Systems DY401). All tests were
performed according to the manufacturer’s instructions.

Histological analyses

Mouse pancreatic tissues were fixed in 10% formalin
overnight at 4°C. Paraffin sections were embedded, and
preparations were sectioned at 4 pum thickness. Sec-
tions from FFPE were stained with hematoxylin-eosin
(H&E) for histopathological scoring analysis of the pan-
creas according to previously described methods [9, 28].
Briefly, based on Schmidt’s scoring criteria for pancreas
H&E staining, the first and most detailed scoring system
published, the degree of pancreatic injury was assessed
using a scoring system and grading on an equal weight
score (from 0 to 4, average counts per 10 fields at 400x)
for edema (expansion: O=absent; 0.5-1=focal-diffuse
interlobar septa; 1.5-2=focal-diffuse interlobular septa;
2.5-3 =focal-diffuse interacinar septa; 3.5-4=focal-dif-
fuse intercellular spaces), inflammation (inflammation by
intralobular or perivascular infiltrate: 0=0-1 leukocytes;
0.5=2-5 leukocytes: 1=6-10 leukocytes; 1.5=11-15
leukocytes; 2=16-20 leukocytes; 2.5=21-25 leukocytes;
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3=26-30 leukocytes; 3.5=more than 30 leukocytes or
focal microabscesses; 4=more than 35 leukocytes or
confluent microabscesses), acinar necrosis (focal or dif-
fuse necrotic death: O=absent; 0.5-1=focal-diffuse 1-4
necrotic cells; 1.5-2=focal-diffuse 5-10 necrotic cells;
2.5-3 =focal-diffuse 11-16 necrotic cells; 3.5=focal
occurrence of more than 16 necrotic cells; 4 =extensive
confluent necrosis with more than 16 necrotic cells), and
a 16-point total severity score (sum of edema, inflam-
matory infiltrate, and necrosis scores) as previously
described [9].

Additionally, we validated the classical histopatho-
logical pancreatic score, with a simplified method for the
H&E-stained pancreas grading on an equal weight score
(0 to 4, 10 fields 400x) for edema (diffuse expansion:
O=absent; 1=interlobar septa; 2=interlobular septa;
3 =interacinar septa; 4 =intercellular spaces), inflamma-
tion (inflammatory infiltrate: 0 = 0-5 leukocytes; 1=6-15
leukocytes; 2=16-25 leukocytes; 3=26-35 leukocytes;
4=more than 36 leukocytes), acinar necrosis (necrotic
death: 0 =absent; 1 =1-4 necrotic cells; 2=5-10 necrotic
cells; 3=11-16 necrotic cells; 4=more than 16 necrotic
cells), and total severity score (sum of edema, inflamma-
tory infiltrate, and necrosis scores, up to 12 points) also
as previously described [28]. The whole preparation for
each H&E-stained section was analyzed in a blinded
fashion, and calculations were made to the size of the
equivalence standard scoring system consisting of the
average counts per 10 fields at a magnification of 400x.
Images were acquired with an Aperio GT 450 DX slide
scanner, and automated quantification was performed
using the QuPath software v0.4.2.

Immunohistochemical analyses of CD45 and F4/80
positive cells in pancreatic tissues were performed as pre-
viously described [29] using the following primary anti-
bodies: ab10558 for CD45 (1:250 dilution) and ab111101
for F4/80 (1:50 dilution), both from Abcam. HRP-conju-
gated Envision secondary antibody (K4003, DAKO) fol-
lowed by DAB reagent (K3468, DAKO) were applied for
the detection procedure.

Western blot

As we previously described [30], cell culture samples
were homogenized in RIPA lysis buffer (25 mM Tris-HCI
pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycho-
late, 0.1% SDS) containing 1x complete protease inhibitor
cocktail (Roche). Samples were sonicated for 30 s at max-
imum intensity with a Bioruptor UCD-200 (Diagenode),
then centrifuged at 13,000xg for 20 min at 4 °C, and the
supernatants were collected as the whole cell lysates. Pro-
tein concentrations were determined using a Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific, Waltham,
MA, USA). Whole-cell lysates (20 pg/lane) were resolved
on a 10% SDS-PAGE gel, and proteins were transferred
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onto a nitrocellulose membrane (Amersham GE Health-
care, Little Chalfont, UK). Membranes were stained with
Ponceau S staining solution (ThermoFisher Scientific)
to demonstrate equal loading and then were blocked
in 5% skimmed milk (also used for antibody dilution),
incubated with a-FGF21 primary antibody (Abcam,
ab171941) at 1:1000 and for 1 h in secondary antibody
(Anti Rabbit IgG 1:5000 Sigma A0545). For the analysis
of cells’ conditioned media equal volumes were loaded on
gels and membranes were probed with a-APOAI primary
antibody (R&D Systems, AF3664) at 1:500 and for 1 h in
secondary antibody (Anti Goat IgG 1:5000 Santa Cruz
sc-2020). Target antigens were visualized using Super-
Signal™ West Pico PLUS chemiluminescent substrate
(Thermo Fisher Scientific). Images were scanned with
a ChemiDoc Imaging System (Bio-Rad, Hercules, CA,
USA) and analyzed using Image] software.

RNA isolation and quantitative reverse transcription PCR
(qRT-PCR)

Tissues were mechanically disrupted using a pellet pes-
tle cordless motor in 200 pl of homogenization solution
from the simplyRNA Tissue kit (Promega, Madison, W1,
USA) and immediately proceeded to RNA extraction
with the above-mentioned kit in the automated Maxwell
system (Promega). RNA samples (1 pg) were retrotran-
scribed to cDNA in a thermocycler (1 min at 90 °C for
denaturalization followed by 1 h at 37 °C) using a mix
containing 50 mM Tris-HCI pH 8.3, 75 mM KCl, and
3 mM MgCl,, 10 ng/pl of random primers, 0.5 mM of
each deoxyribonucleic triphosphate (ANTP, Roche Diag-
nostics, Mannheim, Germany), 5 mM of dithiothreitol
(DTT), 1.2 U/ul RNase inhibitors (RNase out) and 6 U/
ul of M-MLYV reverse transcriptase enzyme. Otherwise
stated, all reagents were from Invitrogen (Carlsbad, CA,
USA). Quantitative PCR (qPCR) was performed on 25 ng
c¢DNA with iQ SYBR Green Supermix (Bio-Rad) and 0.2
UM of each forward and reverse primer in a CFX96 sys-
tem, essentially as described [31]. Primer sequences are
available upon request. Gene expression was normalized
relative to the H3.3 histone A (H3f34) as the housekeep-
ing gene.

Statistical analyses

For comparing multiple groups to the reference group
(AP-induced mice treated with LNP-Control-mRNA),
one-way ANOVA or the Kruskal-Wallis tests were used
according to sample distribution. Multiple compari-
sons were controlled by the False Discovery Rate (FDR)
using the two-stage linear step-up procedure of Ben-
jamini, Krieger, and Yekutieli correction (Q=>5%) Graph-
Pad Prism 9.0.2 software (GraphPad Prism, San Diego,
CA, USA) was used for these statistical analyses and
the corresponding boxplots. All reported p values were
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two-tailed, and differences were considered significant
when p<0.05. Where indicated, effect sizes were calcu-
lated using Cohen’s d as described [32] to assess the mag-
nitude of treatment effects in molecular assays. Cohen’s
d values indicate a small (0.2-0.5), medium (0.5-0.8), or
large (>0.8) effect, providing a standardized measure of
the impact of treatments on molecular studies.

Results

Assessment of FGF21, APOA1, and fusion APOA1-FGF21
mRNAs expression and biological activity

HEK293T cells were used to test the protein expres-
sion of human FGF21, APOA1, and the APOA1-FGF21
fusion from LNP-mRNAs (Fig. 1A). Twenty-four hours
post-transfection, cell media was collected, and cells were
lysed for Western blot analysis. Lysates were probed with
an anti-FGF21 antibody (a-FGF21) (Fig. 1B, left panels).
In FGF21 LNP-mRNAs transfected cells, this antibody
detected a band of approximately 20 kDa, correspond-
ing to FGF21. This 20 kDa band was not detected in cells
transfected with APOA1-FGF21 LNP-mRNAs, indicating
the specificity of the signal obtained with the a-FGF21
antibody. On the other hand, in these APOAI-FGF21
LNP-mRNA transfected cells, the a-FGF21 antibody
detected a band of approximately 50 kDa, corresponding
to the expected size of the fusion APOA1-FGF21 protein.
The analysis of supernatants from cells transfected with
APOAIL, FGF21, or APOA1-FGF21 LNP-mRNAs using
anti-APOA1 (a-APOA1) antibodies revealed a band
of about 28 KDa in samples from cells transfected with
APOAI LNP-mRNA, corresponding to secreted APOA1
protein (Fig. 1B, right panel). This band was not detected
in supernatants from cells transfected with FGF21 LNP-
mRNA, indicating undetectable levels of endogenous
APOAL1 protein production and the specificity of the sig-
nal obtained with the a-APOALI antibody. Finally, a band
of approximately 50 kDa was detected with a-APOA1
antibodies in supernatants from cells transfected with
APOAI-FGF21 LNP-mRNA, corresponding to the
expected size of the fusion protein (Fig. 1B, right panel).
Altogether, these observations demonstrate that the cor-
responding mRNAs are properly expressed in mamma-
lian cells.

We next tested the in vivo expression of human FGF21,
APOAI, and APOAI-FGF21 LNP-mRNAs delivered
in LNPs to mice treated with STZ and fed with an HFD
(H/S mice), to evaluate the protein production and secre-
tion in a model of metabolically impaired and overweight
mice. H/S mice received a single dose of human FGF21,
human APOAI, and human APOAI-FGF21 LNP-
mRNAs (0.5 mg/kg, i.v.) and protein levels of APOA1
and FGF21 were analyzed at 12-, and 24-hours post-
injections. As shown in Fig. 2A, all LNP-mRNAs were
translated, and the corresponding proteins were readily
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detected in circulation. In agreement with our previous
studies on APOA1-fused proteins [30], the stability of
APOA1-FGF21 was markedly higher than that of FGF21.

eWAT gene expression in H/S mice 24 h after LNP-
mRNAs administration was evaluated. In WAT, APOA1I-
FGF21 LNP-mRNA-treated mice showed an increase in
Adipoq and Pparg expression, two FGF21 target genes
[33] compared to saline-treated mice (Fig. 2B). The lack
of biological response to FGF21 LNP-mRNA at this time-
point may be attributable to the reduced and less persis-
tent elevation of FGF21 protein levels in serum compared
to APOA1-FGF21 (Fig. 2A).

Effect of FGF21, APOA1, and APOA1-FGF21 mRNAs on
experimental AP

After testing the functionality of our LNP-mRNA vec-
tors, we implemented two AP models, Cer-AP and
EtOH/POA-AP, whose experimental designs are illus-
trated in Figs. 3A and 4A, to test their efficacy against
acute pancreatic damage. First, we validated the expres-
sion and secretion of our engineered LNP-mRNAs in
the context of these AP models. In the Cer-AP model,
serum APOAL1 levels increased at 24 h in the APOAI and
FGF21-APOAI mRNA-treated mice (Fig. 3B). Serum
FGF21 levels increased at 6-, 12-, and 24 h of AP induc-
tion in the FGF21 and FGF21-APOAI mRNA-treated
mice (Fig. 3C) in this model. Interestingly, adipose tissue
lipolysis leading to the accumulation of circulating free
fatty acids and the induction of lipotoxicity has emerged
as a pathogenic mechanism in AP, as supported by clini-
cal [34] and experimental observations in the Cer-AP
model [35]. On the other hand, the expression of peroxi-
some proliferator-activated receptor gamma (PPARG) in
adipose tissue is known to be induced by increased fat
availability [36, 37]. Consistent with all these notions,
we found enhanced levels of Pparg expression in the adi-
pose tissue of Cer-AP mice, and treatment with APOAI,
FGF21, and FGF21-APOA1 mRNAs attenuated this
response, constituting a preliminary observation that
further supports the biological activity of these mRNAs
(Supplementary Fig. 1).

In the EtOH/POA-AP model, APOA1 increased at
6-, 12-, and 24 h in the serum of FGF21-APOA1 LNP-
mRNA-treated mice (Fig. 4B). In this model, serum
FGF21 increased at 6-, 12-, and 24 h of AP induction
in the serum of FGF2I-APOA1 LNP-mRNA-treated
mice and at 6 h in the FGF2I LNP-mRNA-treated
mice (Fig. 4C). In summary, the detection of both pro-
tein moieties, APOA1 and FGF21, demonstrate higher
serum stability of the fusion proteins produced upon
administration of APOA1-FGF21 LNP-mRNA than that
observed upon administration of the corresponding
APOAI or FGF21 LNP-mRNAs.
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Fig. 2 Metabolically impaired and overweight mice (H/S mice) administered with a single dose of human FGF21, APOAT, APOAT-FGF21 LNP-mRNAs ex-
pressed and secreted the corresponding proteins. Evaluation of human APOAT1 protein levels in serum from mice after a single administration of human
APOAT LNP-mRNA, and evaluation of human FGF21 levels in serum from mice after a single administration of FGF21 or APOAT-FGF21 LNP-mRNAs at
the indicated time-points (A). mRNA levels of the indicated genes in the epididymal white adipose tissue from H/S-treated mice 24 h after LNP-mRNAs
administration (B). N=3 mice in the Lean_Tris-Suc and H/S_Tris-Suc groups, and n=5 in H/S_APOA1, H/S_APOA1-FGF21,and H/S_FGF21 groups. A and B:
mean and SEM. * p-value < 0.05; H/S: high fat-fed and streptozotocin-treated; LNP: lipid nanoparticles; SEM: standard error of the mean

After proving the mRNASs’ expression in vivo in the
two relevant AP models (Cer-AP and EtOH/POA-AP),
we tested the efficacy of these LNP-mRNAs against pan-
creatic damage in these AP models. Our LNP-mRNAs
are targeted to the liver, where the corresponding pro-
teins will be released into circulation [38]. Therefore,
first, we tested the serum levels of alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST) as
indicators of potential liver injury. We did not detect
significant changes in these parameters among the dif-
ferent treatment groups in the Cer-AP model (Fig. 3D-
E). In the EtOH/POA-AP model, while no changes were
found in ALT levels, serum AST increased upon EtOH/
POA administration in the AP-LNP-Control-mRNA
group, compared to control mice (Tris-Suc) that did not
receive EtOH/POA (Fig. 4D-E). Interestingly, FGF21 and
APOAI-FGF21 LNP-mRNA treatments were able to
reduce serum AST levels, indicating a hepatoprotective

activity towards EtOH/POA-induced liver injury
(Fig. 4E). Consistent with this hepatoprotective effect,
the expression levels of heme oxygenase-1 (Hmox1), Mn-
superoxide dismutase (Sod2) and C-C motif chemokine
ligand 2 (Ccl2), genes that are upregulated in tissue injury
and oxidative stress conditions, tended to be reduced
in mice treated with FGF21 and APOAI-FGF21 LNP-
mRNAs (Supplementary Fig. 2). To quantify the severity
of AP, serum amylase (AMYL) and lipase (LIPC) levels
were measured. In both AP mouse models, increased
serum levels of these markers were found in the vehicle
group (LNP-Control-mRNA-treated mice) compared to
control mice (Tris-Suc) (Figs. 3F-G and 4-F-G). In the
Cer-AP model, LIPC was reduced in mice treated with
APOAI mRNA at 6- and 12 h of AP induction (1-and 7 h
after mRNAs administration, respectively), with FGF21
mRNA at 12 h, and APOAI-FGF21 mRNA at 6- and
12 h after AP induction (Fig. 3F). AMYL was reduced
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by APOAI, FGF21, and APOAI-FGF21 mRNAs at 12 h
after the Cer-AP induction (Fig. 3G). In the EEOH/POA-
AP-induced mice, LIPC was reduced in the FGF21 and
APOA1-FGF21 mRNAs at 6- and 12 h after AP induc-
tion and simultaneous mRNAs administration (Fig. 4F).
In this model, AMYL was reduced in the APOAI mRNA
at 24 h, and by FGF21, and APOAI-FGF21 mRNAs at 6-
12- and 24 h after AP induction and mRNAs administra-
tion (Fig. 4G).

Administration of FGF21, APOA1, and APOA1-FGF21 mRNAs
improve histological injury in AP models

To evaluate whether the positive serological effects of
LNP-mRNAs correlated with histological improvements,
we next examined the pancreatic tissues 24 h after their
administration alongside corresponding tissues from
control animals. Representative histological images dem-
onstrate an AP phenotype in the Cer-AP and EtOH/
POA-AP experimental models (Figs. 5A and 6A). Consis-
tent with previous reports, these AP models showed the
histologic macroscopic hallmarks of AP, with increased
tissue edema and markedly increased amounts of acinar
necrosis and inflammatory foci. In addition, severe AP is
evidenced through hemorrhage and fat necrosis. FGF21,
APOAI, and fusion APOA1-FGF21 LNP-mRNA-treated
mice had better appearance and showed less evident
edema and inflammation (Figs. 5A and 6A). To quantify
pancreatic injury we evaluated pancreas histology using
the Schmidt’s score [9], which combines parameters of
edema, inflammatory infiltrate, necrosis, hemorrhage,
and fat necrosis. As expected, the Schmidt’s score was
markedly increased in both AP models, and in Cer-AP
it was reduced in mice treated with APOAI and FGF21
LNP-mRNAs, whereas in the EtOH/POA-AP model
APOAI LNP-mRNA significantly reduced this score, and
FGF21 and APOA1-FGF21 LNP-mRNAs showed a trend
toward a therapeutic effect (p-value=0.05) (Figs. 5B and
6B). We also validated these effects with a second pan-
creatic histopathological score with a simplified method
scoring for edema, inflammatory infiltrate, and necrosis
[28]. This pancreatic injury score was reduced in Cer-AP
mice upon treatment with FGF21, APOAI, and fusion
APOAI-FGF21 LNP-mRNAs (Fig. 5C). In line with these
findings, we found that the serum levels of the inflam-
matory cytokine IL-1(, as well as the pancreatic gene
expression of HmoxI and insulin-like growth factor-
binding protein-1 (IgfbpI), known to be upregulated
as a reaction to pancreatic injury [25, 39, 40], tended to
be reduced by these treatments (Supplementary Fig. 3).
These observations are also in agreement with the
reduced infiltration of CD45" cells (lymphocytes) and
F4/80" cells (macrophages) observed in pancreatic tis-
sue sections from mice treated with these three mRNAs
(Supplementary Fig. 4). In the EEOH/POA-AP mice the
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Schmidt’s score was only reduced upon APOAI LNP-
mRNA administration (Fig. 6C). Overall, pancreatic
histological evaluation indicated a marked reduction in
injury-related parameters comprising pancreatic edema,
inflammatory infiltrate, and the extent of necrosis in mice
treated with the FGF21, APOA1, and fusion APOAI-
FGF21 LNP-mRNAs.

Discussion

AP presents a great challenge in clinical practice due
to its substantial morbidity and mortality and the lim-
ited therapeutic options, which are mainly restricted
to supportive care [1, 41, 42]. Characterized by sudden
inflammation of the pancreas with diverse clinical mani-
festations, AP ranges from mild self-limiting episodes to
severe forms with systemic complications [3, 4]. There-
fore, there is a pressing need for effective therapeutic
approaches to mitigate the multifaceted pathophysiology
of the disease and to improve patients’ outcomes [5, 6].
Human and experimental AP is characterized by a deple-
tion in pancreatic FGF21, and the recurrent administra-
tion of recombinant FGF21 efficiently protected from
experimental AP induced by caerulein or ethanol plus
POA injection [17]. On the other hand, several studies
reported a marked decrease in serum APOA1 levels in
association with AP severity and multiple organ failure
[20-24]. Importantly, APOA1 has pleiotropic properties
that include antioxidant, anti-inflammatory, and cyto-
protective effects [43, 44], and a recent report described
the protective activity of human HDLs and the repeated
injection of an APOA1-mimic peptide in AP models [25].
However, recombinant proteins and peptides have some
drawbacks, such as their high production cost, immu-
nogenicity, and generally limited half-life in vivo [38].
In recent years, substantial efforts have been directed
toward the development of mRNA therapeutics for the
treatment of a variety of metabolic, inflammatory, and
neoplastic diseases [45-47]. The innovative potential
of mRNAs lies in reduced immune activation, a higher
shelf-life, and the use of the individual’s body to translate
and produce any protein in a relatively sustained manner
[38, 48]. In this study, we explored the therapeutic poten-
tial of mRNA therapies based on FGF21 and APOAL1 in
experimental AP. Our pioneering effort testing liver-
targeted LNP-mRNAs included a novel APOA1-FGF21
fusion chimera to evaluate if the benefits of both mol-
ecules could be harnessed in an additive or synergistic
effect mitigating AP.

In our study, we employed two complementary models
of AP: the frequently used caerulein model in which tran-
sient and mild AP is induced [10], and a new model com-
bining previous approaches based on ten days of ethanol
feeding plus a triggering ethanol binge, and a concomi-
tant injection of POA [13, 15], the EtOH/POA model.
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nanoparticles; H&E: hematoxylin-eosin

Treatment with FGF21, APOA1, and APOA-FGF21 LNP-
mRNAs resulted in a similarly significant reversion of
AD, as appreciated in the serological and histopathologi-
cal analyses, indicating that the APOA1-FGF21 chimera
does not have superior activity compared to the indi-
vidual molecules. It is worth noticing that in the recent
study demonstrating the protective effects of HDL and
an APOA1 mimetic peptide, repeated administrations

were given from the first caerulein injection [25], while
in our study, a single dose of LNP-mRNAs was admin-
istered when mice had already received five caerulein
injections, suggesting a better efficacy for our approach.
Interestingly, in our LNP-mRNA strategy, the therapeu-
tic proteins are mainly produced in the liver [38], which,
together with the intestine, is the natural source of most
circulating APOA1 and nascent HDLs [49]. Compared
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to the administration of exogenous HDLs, or recombi-
nant APOA1 or APOA1 mimetic peptides, the natural
incorporation into HDLs of APOA1 synthesized by the
hepatocytes could restore at least in part the constitu-
tion and protective function of HDLs, which is known
to be altered in inflammatory diseases including AP [23,
25, 49, 50]. This reasoning might also apply to FGF21, for

which the liver is the major source of the circulating hor-
mone [51]. The potent and favorable regulatory effects of
FGF21 on systemic metabolism have fostered the devel-
opment and clinical testing of several FGF21 analogs.
However, it has become clear that the potency and dura-
tion of action of these drugs, including the native recom-
binant FGF21, greatly differ from the endogenous FGF21
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[51]. Therefore, this endogenous and orthotopic produc-
tion of FGF21 may underlie the significant efficacy of a
single LNP-mRNA administration in the Cer-AP model.

In the EtOH/POA-AP model, pancreatic injury is
more pronounced and sustained than in the Cer-AP
model. POA administration boosts the generation of
fatty acids ethyl esters, which are toxic for pancreatic
acinar cells and are markedly elevated in patients dur-
ing alcoholic pancreatitis [52], making it a more clini-
cally relevant model. Interestingly, in this model, we
observed that FGF21 and APOA1-FGF21 LNP-mRNAs
showed protective effects according to serum levels of
LIPC and AMYL, while this response was not evident
with APOAI LNP-mRNA. On the other hand, histologi-
cal improvements were more evident in mice receiving
APOAI LNP-mRNA. While at the moment we do not
have an explanation for such discrepancy, it could be
possible that in this model FGF21 and APOA1-FGF21
mainly have a cytoprotective activity, while APOA1
would contribute more to pancreatic tissue repair (evalu-
ated at the end-point of the study), cosistently with the
recently reported effects of an APOA1-mimetic peptide
in experimental AP [25]. However, the chimeric mol-
ecule would not share this potential reparative activity of
APOAL. In patients with AP, the circulating levels of AST
are frequently elevated, and some disease scores include
this value in the assessment of disease severity [50, 53,
54]. Serum AST levels were also elevated in the EtOH/
POA-AP model, and these were significantly reduced by
FGF21 and APOAI-FGF21 LNP-mRNAs administration.
This is an interesting finding suggesting that these treat-
ments could also improve extrapancreatic organ dam-
age in the context of AP. Whether this response depends
on the beneficial effects of FGF21 in the pancreatic tis-
sue, or a more direct effect on the liver parenchyma, as
endogenous FGF21 has been shown to protect from
ethanol-associated liver injury [55], needs to be further
elucidated.

Conclusions

In summary, our findings demonstrate the efficacy of
APOAI and FGF21-based LNP-mRNA therapies in ame-
liorating pancreatic injury in two distinct mouse models
of AP driven by different etiologies (Fig. 7). Importantly,
even though we only performed a single administration
of our LNP-mRNA formulations, the therapeutic effects
were sustained over time, indicating the prolonged effi-
cacy and potential clinical relevance of these therapies in
AP management. Nevertheless, it would be interesting to
test if this efficacy could be further improved by repeated
administrations. The encouraging results of this proof-
of-concept study warrant future analyses elucidating the
long-term safety and efficacy of these therapies, as well
as the characterization of the underlying mechanisms.
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Finally, although the incidence of AP is higher in men
than in women, probably due to the higher prevalence of
risk factors for AP, such as smoking, alcohol, abdominal
obesity and diabetes [56], and that male sex is associated
with higher mortality [57], further studies should evalu-
ate these mRNA-based therapies in AP models imple-
mented in female mice.
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