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Summary
Background Innate immunity plays a fundamental role in solid organ transplantation. Myeloid cells can sense danger
signals or DAMPs released after tissue or cell damage, such as during ischemia processes. This study aimed to
identify DAMPs released during cold ischemia storage of human liver and analyze their ability to activate the
inflammasome in myeloid cells and the possible implications in terms of short-term outcomes of liver
transplantation.

Methods 79 samples of organ preservation solution (OPS) from 79 deceased donors were collected after cold static
storage. We used different analytical methods to measure DAMPs in these end-ischemic OPS (eiOPS) samples. We
also used eiOPS in the human macrophage THP-1 cell line and primary monocyte cultures to study inflammasome
activation.

Findings Different DAMPs were identified in eiOPS, several of which induced both priming and activation of the
NLRP3 inflammasome in human myeloid cells. Cold ischemia time and donation after circulatory death negatively
influenced the DAMP signature. Moreover, the presence of oligomeric inflammasomes and interleukin-18 in eiOPS
correlated with early allograft dysfunction in liver transplant patients.

Interpretation DAMPs released during cold ischemia storage prime and activate the NLRP3 inflammasome in liver
macrophages after transplantation, inducing a pro-inflammatory environment that will complicate the outcome of the
graft. The use of pharmacological blockers targeting DAMPs or the NLRP3 inflammasome in liver ischemia during
static cold storage or through extracorporeal organ support could be a suitable strategy to increase the success of liver
transplantation.
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Research in context

Evidence before this study
“Danger hypothesis” proposed by Polly Matzinger in the early
1990s provides a link between activation of the innate and
adaptive immune systems, that could also be applied to solid
organ transplantation. Ischemic events affecting donated
organs involve the release of danger signals or DAMPs
(Danger-associated molecular patterns) from damaged cells to
extracellular space. Those DAMPs signal through innate
immune cells inducing a proinflammatory environment which
can influence the outcome of the graft. NLRP3 inflammasome
is one of the principal sensors of DAMPs in innate immune
cells, but has also been found in other cells, such as
endothelial cells and hepatocytes, and its activation has been
related to inflammation, fibrosis, and cell death in the liver.
This make the inflammasome one of the most emerging
targets, also in liver diseases. It is worth to note that Torreya
Capital’s Biopharmaceutical Sector Update Market Outlook
ranked “Inflammasome Science” as one of the top five
biopharma events of 2021.

Added value of this study
Although is widely described that NLRP3 plays a crucial role in
ischemia-reperfusion (I/R) injury, most studies have focused
on unravelling the mechanisms of the NLRP3 inflammasome
activation using warm I/R models, whereas a limited number
of works have studied cold storage conditions, principally in
animal models. In this regard, we have detected a myriad of
DAMPs of different origin in the organ preservation solution

(OPS) collected after cold ischemia static storage directly from
79 donated livers in our hospital. These DAMPs present in the
end-ischemic OPS (eiOPS) were able to activate the NLRP3
inflammasome in myeloid cells (monocyte/macrophages) of
human origin. A higher cold ischemia time and donation after
circulatory death (DCD) negatively influenced the DAMP
signature. Moreover, the presence of extracellular oligomeric
inflammasomes and IL-18 in eiOPS correlated with a poor
early allograft function in liver transplant recipients.
Therefore, blocking or degradation of different DAMPs, in
addition to the direct inhibition of NLRP3 inflammasome,
may be an important approach to both reduce the damage
evoked by organ storage and improve the outcome of liver
grafts. Moreover, the determination of release patterns of
DAMPs during ischemia storage could have an added value in
terms of better management of marginal organs.

Implications of all the available evidence
Extracorporeal machine perfusion (MP) is emerging into
clinical practice to maintain and deliver organs supplied with
oxygen and nutrients prior to implantation, and could serve
as an excellent platform to test therapeutic drugs during
ex vivo liver preservation. Moreover, the more widely
implanted postmortem normothermic regional perfusion
(NRP) in DCD donors, where femoral vasculature is cannulated
to reperfuse and reoxygenate organs while undertaken, might
be useful as a first delivery route for drugs designed to inhibit
the inflammasome pathway already in the donor.
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Introduction
Deceased donor liver transplantation is a routine pro-
cedure for the treatment of terminal liver failure and
often represents the only chance of a cure.1 Although
donation after brain death (DBD) accounts for the bulk
of organ donations, in recent years there has been
growing interest in increasing the donor pool.2 As a
result, organ donation after circulatory death (DCD) has
been reintroduced and has contributed to increasing the
number of donations in many countries.3 DCD
currently accounts for 32% of donations in Spain and
was a key factor in reaching the level of 46 donors per
million inhabitants in 2017.4 Likewise, advances in
immunosuppressive therapy have had a great impact on
the evolution and success of organ transplantation. With
the introduction of new immunosuppressive drugs, the
incidence of acute rejection has decreased considerably.5

These drugs inhibit the function of T cells of the
adaptive immune system, which are the main effectors
of the rejection phenomenon. However, the “danger
hypothesis”6 also provides a link between activation of
the innate and adaptive immune systems in trans-
plantation. The innate system is prepared to sense
“danger signals”, described as danger-associated mo-
lecular patterns (DAMPs), and respond to them,
generally by creating a proinflammatory environment.
DAMPs are formed mainly by self-molecules of the or-
ganism that are not usually found extracellularly and
appear after tissue damage, such as those produced
during ischemia, and can have an impact on the prog-
ress of transplantation and even on early rejection
events.7 Among others, heat sock proteins (HSPs),
alarmins such as high mobility group box 1 (HMGB1)
or the interleukin (IL)-1 family cytokine IL-33,8 extra-
cellular adenosine triphosphate (ATP), uric acid crystals,
free or protein-associated nuclear double-strand DNA
(dsDNA), high concentrations of free fatty acids, hep-
aran sulfate proteoglycans, and bile salts stand out as the
main DAMPs released after ischemia.9 Although they
take different pathways, all of these DAMPs are able to
activate formation of the inflammasome.

The inflammasome is a cytoplasmic multiprotein
complex involved in initiating the inflammatory
response following a stimulus.10 This complex is formed
by a sensor, which can be NOD-type receptor (NLR) or
absent in melanoma 2-like receptor (ALR). The most
representative members of these groups are NLRP3 and
AIM2, respectively.11 The first step of canonical inflam-
masome activation involves the stimulation of Toll-like
receptors (TLRs) by pathogen-associated molecular
www.thelancet.com Vol 87 January, 2023
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patterns (PAMPs) or DAMPs and further activation of
nuclear factor kappa B (NF-kB). This priming increases
transcription of NLRP3, IL1B, and IL18.12 Subsequently,
triggering by DAMPs leads to activation of the NLRP3
inflammasome oligomer and recruitment of the adaptor
protein apoptosis-associated speck-like protein (ASC)
through a pyrin domain, which, in turn, recruits pro-
caspase 1 through CARD–CARD interactions. Inflamma-
some assembly leads to caspase 1 activation by auto-
proteolysis, which will activate the formation of mature
IL-1β and IL-18 and lead to cell death by pyroptosis and
subsequent release of these cytokines, which then act in an
autocrine and paracrine manner on the tissue through IL-1
and IL1-8 receptors, evoking an inflammatory environ-
ment.12 AIM2 is mainly activated by cytosolic dsDNA,
while NLRP3 can be activated by a plethora of DAMPs,
including several described previously.13 Inflammasome is
mainly found in macrophages, but has also been found in
other cells, such as endothelial cells and hepatocytes, and
its activation has been related to inflammation, fibrosis,
and cell death in the liver.14

Here we show how the type of donation, DBD or
DCD, or the cold ischemia time (CIT) has an influence
in the presence of DAMPs in the organ preservation
solution (OPS) collected after cold ischemia and how
DAMPs are able to activate the inflammasome in
myeloid cells, such as monocytes/macrophages. More-
over, we show the impact of several of these DAMPs in
early allograft dysfunction, which could influence graft
and patient outcomes.
Methods
Cells and reagents
The human macrophage THP-1 cell line was from the
American Type Culture Collection (Cat# TIB-202, RRID:
CVCL_0006). HEK-Blue™ TLR4 (Cat# hkb-mtlr4; RRID:
CVCL_IM89) and RAW-Blue™ cells (Cat# Raw-sp; RRID:
CVCL_X594), Pam3csK4, and anti-TLR2 (Cat# mab2-
mtlr2; RRID: AB_1277471) were from InvivoGen (San
Diego, USA). E. coli lipopolysaccharide (LPS) 055:B5,
phorbol 12-myristate 13-acetate (PMA), nigericin,
MCC950, cytochalasin D, monodansylcadaverine, N-acetyl-
L-cysteine, ATP and A438079 were from Sigma–Aldrich
(San Luis, USA). Ac-YVAD-AOM and mitoTEMPO were
from Merck-Millipore (Burlington, USA). Proteinase
K was from Roche (Basel, Switzerland), DNase I from
Qiagen (Hilden, Germany), Uricase from Worthington
(Lakewood, USA), anti-HMGB1 (Cat# 651,401; RRID:
AB_10945159) from Biolegend (San Diego, USA), and
recombinant human IL-18 binding protein (IL-18BP) from
GeneScript (Piscataway, USA).
Organ preservation solution collection
In this work, 50 mL of OPS of explanted livers from 79
deceased donors were recovered aseptically after cold
www.thelancet.com Vol 87 January, 2023
ischemia storage and before implantation into the
recipient. Donor aorta and donor portal vein were each
flushed with 3 L of Celsior® solution (IGL, Lissieu,
France) after supraceliac aortic cross-clamping and liver
grafts were stored refrigerated at 4 ◦C in a Celsior®

bath. After static cold storage and before implantation,
the infrahepatic inferior vena cava was ligated and liver
grafts were flushed with 500 mL of 5% human albumin
(Grifols, Barcelona, Spain) via the portal vein. At that
moment, the first 50 mL of intrahepatic end-ischemic
OPS (eiOPS) were retrieved directly from the hepatic
veins outflow into the suprahepatic inferior vena cava.
eiOPS was stored refrigerated, then centrifuged at
400 ×g for 10 min, and supernatants were aliquoted and
frozen at −80 ◦C until use.
Patients
A total of 79 liver transplant patients who received one
of the studied donated livers participated in the present
study under informed consent; the study was approved
by the ethical committee of Hospital Clínico Uni-
versitario Virgen de la Arrixaca (2019-6-2-HCUVA) and
conforms to the ethical guidelines of the 1975 Declara-
tion of Helsinki. The demographic characteristics of
donors and recipients are summarized in Table 1.
Cell culture and monocyte isolation
Cell lines were validated by the corresponding
repositories and used before passage 12. The cell lines
were regularly tested for mycoplasma contamination
using the MycoProbe Mycoplasma Detection Kit (RnD
Systems, Cat#CUL001B), and all the experiments were
performed using mycoplasma free cells. All cell lines
were cultured at 37 ◦C and 5% CO2 in a humidified
incubator.

THP-1 cells were cultured in RPMI medium
supplemented with 2 mM of L-glutamine and 10% fetal
bovine serum (FBS). Blood from healthy volunteers was
collected upon informed consent for monocyte purifi-
cation. Monocytes were isolated from peripheral blood
mononuclear cells (PBMCs) by means of an EasySep
Human Monocyte Enrichment Kit without CD16
Depletion (StemCell Technologies, Vancouver, Canada).
The purity of monocytes was ≥80%. THP-1 cells were
treated with 0.5 μM PMA for 30 min and then primed
with 500 ng/mL LPS for 4 h. After that, cells were
washed and incubated with eiOPS from liver after cold
ischemia. Supernatants were collected after different
incubation times and assayed for the presence of IL-1β.
Control for canonical NLRP3 inflammasome activation
was achieved with nigericin (10 μM) or ATP (3 mM).
Isolated monocytes were usually primed with
500 ng/mL LPS and then cultured for different amounts
of time with eiOPS. Where indicated, monocytes were
directly incubated in eiOPS.
3
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Variables

Age

Sex

Male

Female

Body mass index

Cold ischemia (min)

Functional warm ischemi

Diseases

Alcoholic cirrhosis

HCV

Arterial thrombosis

Primary biliary cirrhosis

Cryptogenic liver Cirrho

NASH

HBV

Polycystic disease

Autoimmune hepatitis

Other

Re-transplant patients

Anastomoses

With T-tube

Without T-tube

Exitus at surgery

Length of hospital stay (

Continuous variables are exp
normothermic regional perfu
test.

Table 1: Demographic da
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IL-1β determination
IL-1β was measured by an IL-1β Human Instant ELISA
kit (Invitrogen, Carlsbad, USA) following the manufac-
turer’s instructions and read in a Synergy Mx plate
reader (BioTek, Vermont, USA).
Determination of DAMPs in organ preservation
solution
High mobility group box 1 (HMGB1) (Tecan, Män-
nedorf, Switzerland), heat shock protein 70 (HSP70),
HSP90 and IL-18BP (Invitrogen), IL-33 (Sigma–Aldrich)
and nucleosomes (Merck-Millipore) were determined by
ELISA. Uric, bile, and free fatty acids were determined
by fluorometric enzymatic assays (Sigma–Aldrich).
A Luminex multiplex assay (Invitrogen) was carried out
to detect the presence of 9 pro-inflammatory cytokines
(IL-6, IL-8, IL-18, IL-1α, IL-10, IL-12p70, IL-17A, IFN-γ
and TNFα) and measured in a MagPix System (Lumi-
nex, Austin, USA). ATP was quantified by using an ATP
Bioluminescent Assay Kit (Sigma-Aldrich),15 and total
free dsDNA was determined by means of a Quant-iT
PicoGreen dsDNA Assay Kit (Invitrogen). Caspases
Donors (n = 79)

DBD (n = 49) DCD (n = 30)

SRR (n = 22)

60.9 ± 13.6; 65 (22–87) 59.9 ± 13.8; 65 (30–77)

24 (49) 13 (59.1)

25 (51) 9 (40.9)

25.3 ± 4.2; 24.7 (18.4–36.2) 25.1 ± 3.3; 25.3 (16.7–31.6)

319.5 ± 158.9; 300 (90–960) 366.2 ± 136.5; 333 (180–630)

a (min) 17.5 ± 7.4; 16 (5–30)

sis

days)

ressed as mean ± SD; median (range). Qualitative variables are expressed as frequency (%
sion; SRR, super rapid recovery; HCV, hepatitis C virus; HBV, hepatitis B virus; NASH, non-

ta of organ donors and recipients included in the study.
activity was measured by monitoring of cleavage of
specific fluorescent substrate at 400 nm and 505 nm
with a Synergy Mx plate reader (BioTek) for 2 h at
10-min intervals. The presence of endotoxins was
measured by a LAL Chromo Endotoxin Quanti Kit
(Thermo Fisher Scientific, Waltham, USA) following the
manufacturer’s instructions. Extracellular oligomeric
inflammasome particles was detected as ASC specks16

on 0.5 mL of eiOPS by flow cytometry using a poly-
clonal unconjugated rabbit anti-ASC (AL177) antibody
(Adipogen Cat# AG-25B-0006, RRID: AB_2490441) at
1:1000 dilution and a secondary Alexa Fluor 647 F (ab’)
fragment of goat anti-rabbit IgG (H + L) (Invitrogen
Cat# A48285, RRID: AB_2896349) at 1:2000 dilution.
Immunofluorescence microscopy
THP-1 cells were seeded in 24-well culture plates
(50.000 cells/well) and incubated for 30 min at 37 ◦C
with 0.5 μM PMA, and then cells were primed with
100 ng/mL of LPS overnight in complete DMEM. After
priming, the supernatants were removed, washed with
ET buffer twice, and incubated with eiOPS for 8 h at
p Recipients (n = 79)

NRP (n = 8)

60.4 ± 20.1; 67.5 (26–82) 0.964a 57.0 ± 9.6; 59 (24–72)

5 (62.5) 0.627b 44 (64.7)

3 (37.5) 24 (35.3)

28.0 ± 3.4; 28.1 (23.4–32.3) 0.184a 26.8 ± 4.2; 26.7 (18.7–36.8)

312 ± 144.6; 283 (150–540) 0.455a

13.4 ± 3.7; 15 (7–18) 0.146a

37 (46.8)

8 (10.1)

6 (7.6)

5 (6.3)

4 (5.1)

4 (5.1)

3 (3.8)

3 (3.8)

3 (3.8)

6 (7.6)

11 (13.9)

25 (31.6)

54 (68.4)

2 (2.5)

25.21 ± 2.01; 20.5 (1–108)

). DBD, donation after brain death; DCD, donation after circulatory death; NRP,
alcoholic steohepatitis; LT, liver transplantation. aOne-way ANOVA. bFisher’s exact
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37 ◦C. As a control, one well was stimulated with 10 μM
nigericin for 1 h at 37 ◦C. After stimulation, the cells were
fixed for 15 min at room temperature with 4% formalde-
hyde in PBS, and then washed 6 times with PBS.
Nonspecific binding in cells was blocked with 0.5% bovine
serum albumin (Sigma–Aldrich), and cells were per-
meabilized for 40 min at room temperature with 0.1%
Triton-X100 (Sigma–Aldrich) in PBS before incubation for
2 h at room temperature with anti-ASC rabbit polyclonal
primary antibody (1:500 dilution; Santa Cruz Biotech-
nology Cat# Sc-22514-R, RRID: AB_2174874). Cells were
washed with PBS and then incubated for 1 h at room
temperature with fluorescence-conjugated secondary anti-
body (Alexa Fluor 488 donkey anti-rabbit IgG, 1:800 dilu-
tion; Invitrogen Cat# A-21206, RRID: AB_2535792),
then rinsed in PBS and incubated for 10 min with DAPI
(1 μg/mL). Cells were washed with PBS 3 times, and
images were acquired with a Nikon Eclipse Ti microscope
equipped with ×20 S Plan Fluor objective (numerical
aperture, 0.45) and a digital Sight DS-QiMc camera
(Nikon, Tokyo, Japan) with 387/447 nm and 472/520 nm
filter sets (Semrock). Images were achieved with NIS-
Elements AR software (Nikon) and analyzed by ImageJ
software (US National Institutes of Health).
Liver biopsies procurement
A small piece of biopsy was taken from 6 donated livers
(see Table S1 for demographic characteristics) at 2
different times. First, a biopsy was taken before liver
procurement, whereas a second biopsy was taken after
static cold ischemia storage, just before implantation in
the recipient. Both pieces were fixed in PaxGene Tissue
Containers (PreAnalytiX GmbH, Feldbachstrasse,
Switzerland) and embedded in paraffin.
Liver biopsies immunohistochemistry
An indirect ABC immunohistochemical procedure was
performed. Briefly, 3-μm-thick sections of liver samples
were analysed by using a specific commercial kit (Vector
ImmPress®, Vector Laboratories, Newark, USA)
following the manufacturer’s recommendations. After
deparaffination and rehydration, liver sections underwent
a heat-induced demasking antigen procedure (Dako
PT-Link, Agilent, Santa Clara, USA) followed by the
blocking of endogenous peroxidase and nonspecific
background. Liver sections were then incubated overnight
with the primary rabbit polyclonal anti-ASC antibody
(1:500 dilution; Santa Cruz Biotechnology Cat# Sc-22514-
R, RRID: AB_2174874), followed by incubation with the
secondary goat anti-rabbit labelled polymer (Vector Labo-
ratories). Immunoreaction was revealed using 3–30-
diaminobencicine (DAB) (Vector Laboratories) and coun-
terstained with hematoxylin. The slides were digitalized by
using an automatic digital slide scanner (Pannoramic
MIDI II, 3D Histech, Budapets, Hungary) with a specific
www.thelancet.com Vol 87 January, 2023
software (Pannoramic Scanner 3.0.2, 3D Histech).
Digitalized sections were examined and representative
images were also obtained by using a specialized software
(Slide Viewer ver. 2.6 (64-bit version), 3D Histech).
Quantitative reverse transcriptase–polymerase
chain reaction (qRT-PCR)
Total RNA was extracted from monocytes with an
RNAqueous Micro Kit (Invitrogen), or from two 10-μm-
thick liver biopsy sections by using RNeasy FFPE kit
(Qiagen), followed by reverse transcription. qRT-PCR
was performed using SYBR Premix ExTaq (Takara Bio
Inc., Kusatsu, Japan). The samples were run in dupli-
cate, and the relative gene expression levels were
calculated using the 2-ΔCt method, normalizing to
18SRNA.
Western blot
Detailed methods used for Western blot analysis have
been previously described.17 Immunoblot analysis
results were analyzed by densitometry with ImageLab
5.0 software (Bio-Rad, Hercules, USA).
NF-kB reporter experiments
HEK-Blue™ TLR4 and RAW-Blue™ cells were cultured
in DMEM high-glucose medium supplemented with
10% FBS, zeocin, and normocin. Cells were plated in a
96-well plate in non-supplemented DMEM and incu-
bated for 16 h with 500 ng/mL of LPS or eiOPS.
Supernatants were collected from the wells, and the
amount of alkaline phosphatase released into the me-
dium was detected using QUANTI-Blue™ solution
(InvivoGen) following the manufacturer’s instructions.
Briefly, 180 μL of QUANTI-Blue™ solution was added
to 20 μL of supernatant in a 96-well plate. Once the
mixing was complete, the plate was quickly placed in a
microplate reader at 37 ◦C to measure the optical
density at 620–655 nm. A reading was taken every 2 min
for 1 h. Finally, the slope of the line was used to estimate
the concentration of alkaline phosphatase in the
medium.
Model for early allograft function score
The model for early allograft function (MEAF) score
was calculated as previously described18 based on
the maximum alanine aminotransferase (ALT) and in-
ternational normalized ratio (INR) during the first
3 postoperative days and the serum bilirubin on day 3
after transplantation.
Statistical analysis
Statistics were calculated with GraphPad Prism 8.0.2
software (GraphPad Software Inc., San Diego, USA).
Data were tested for normal distribution with the
5
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Shapiro–Wilk normality test. The homogeneity of data
(homoscedasticity) was analyzed with the F test. A two-
tailed unpaired T test for two-group comparison or
ANOVA with the Bonferroni post-test for multiple group
comparison was used wherever parametrical testing
applied (normal distribution and homoscedasticity), and
the Mann–Whitney test or the Kruskal–Wallis test with the
Dunn post-test was used when the dataset had to be
analyzed nonparametrically. Correlation analyses were
evaluated by using Spearman’s rank correlation. Two-
tailed values of p < 0.05 were regarded as significant. For
all figures, n ≥ 3 single experiments were performed.
eiOPS used for each experiment came from a different
pool of donors and each sample was tested in duplicate.
Role of funders
Funding sources provided financial support but had no
involvement in study design, collection, analysis and
interpretation of data.
DAMPs Concentration

HMGB1 (ng/mL) 119.90 ± 47.28

IL-33 (pg/mL) 97.16 (12.29–639.41)

Nucleosomes (RU/mL) 37 (6–183)

Total free dsDNA (ng/mL) 271.3 (139–1063)

Uric acid (nmol/μL) 0.273 ± 0.122

Bile acid (μM) 55.91 (0–6808)

Free fatty acids (nmol/μL) 0.414 ± 0.188

HSP70 (pg/mL) 51.2 (0–1469)

HSP90 (pg/mL) 81.10 ± 20.76

Free ASC specks (number/mL) 25,762 (1936–303,268)

Endotoxins (EU/mL) 0.077 (0.039–0.242)

Inflammasome related proteins Concentration

IL-18 (pg/mL) 94.51 (0–5998)

IL-18BP (pg/mL) 302.20 (101.1–1175)

IL-6 (pg/mL) 62.94 (0–1059)

IL-8 (pg/mL) 3.24 (0–337)

IL-10 (pg/mL) 0.25 (0–15.39)

Caspase-1 (RU/mL) 37.40 (0–8210)

Caspase-3 (RU/mL) 38.00 (0–5701)

Caspase-8 (RU/mL) 118.80 (0–34,813)

LDH (RU/mL) 2.40 ± 0.55

Variables are expressed as mean ± SD when they followed a normal distribution
and as median (range) when they did not. HMGB1, High-mobility group box 1;
dsDNA, double strand DNA; HSP, Heat sock protein; ASC, Apoptosis-associated
speck-like protein containing a CARD; LPS, Lipopolysaccharide; RU, Relative
units; EU, Endotoxin units. RU, Relative units.

Table 2: Quantification of several DAMPs and different proteins
detected in OPS collected after cold ischemia static storage.
Results
Several DAMPs can be detected in the organ
preservation solution after liver cold ischemia
storage
During cold ischemia, several endogenous molecules
are released to the extracellular medium.9 These mole-
cules can act as DAMPs and activate the immune sys-
tem. So, we analyzed the presence of different DAMPs
in OPS coming from explanted liver and collected after
cold ischemia storage. Extracellular ATP, one of the
most studied NLRP3 activators, signals through the
purinergic P2X7 receptor (P2X7R) in M1 polarized
macrophages.19 However, ATP was undetectable in
eiOPS (data not shown). Nevertheless, several DAMPs
were detected in eiOPS after cold ischemia (Table 2).
Furthermore, other molecules related to inflammasome
signaling were detected in the eiOPS, including active
caspase-1 and -8, IL-18, and IL-18 binding protein
(IL-18BP) (Table 2). However, IL-1β was not detected in
the range of pg/mL. Further, IL-6, IL-8, and IL-10 were
also detected in eiOPS (Table 2), whereas IL-1α,
IL-12p70, IL-17 A, IFN-γ and TNFα were not. Active
caspase-3 was also detected in eiOPS, suggesting that
during cold ischemia, different types of cell death are
induced, including apoptosis and pyroptosis (Table 2).
This was further confirmed by the detection of lactate
dehydrogenase (LDH) activity in eiOPS (Table 2), indi-
cating that intracellular content was released to the
extracellular milieu.

The time during which the liver is in static cold
ischemia conditions had an influence in the release of
DAMPs; for example, several detected DAMPs had a
positive correlation with CIT, including HMGB1, uric
acid, HSP70, total free dsDNA, nucleosomes or ASC
specks, and IL-18 and its ratio with IL-18BP (Fig. 1a). Also,
the type of organ donation affected the concentrations of
DAMPs found in eiOPS; in particular, ASC specks,
HSP70, IL-33, IL-18, IL-18/IL-18BP ratio, active caspases,
and LDH were significantly increased in organs from
DCD compared with DBD donors (Fig. 1b), whereas IL-6
was found in higher concentrations in eiOPS from DBD
donors (Fig. 1b). Both kinds of donors had similar CIT
(Fig. S1). On the contrary, normothermic regional perfu-
sion (NRP) technique showed no differences in DAMPs
release with either DCD super-rapid recovery (SRR)
donors or with DBD donors (data not shown).
Organ preservation solution from cold ischemic
liver activates NLRP3 inflammasome in THP-1 cells
and primary monocytes
Different DAMPs are activators of the NLRP3 inflam-
masome.20 Therefore, we aimed to find out whether
OPS from cold ischemic livers could activate the
inflammasome in innate immune cells such as macro-
phages or monocytes. eiOPS induced the release of
IL-1β from LPS-primed THP-1 human macrophages-
derived cells after 16 h, but not 4 h of incubation
when compared to Celsior® solution as a negative control
(Fig. 2a). This release was lower than the induced by the
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Fig. 1: DAMPs present in eiOPS are influenced by cold ischemia time and type of donation. (a) Correlation matrix between CIT and different
DAMPs present in eiOPS recovered after cold ischemia storage of liver. (b) Concentration of DAMPs in eiOPS, showing significant differences
with regard to type of donation. Each dot represents a single patient; outliers from datasets were identified by the ROUT method, with Q = 1%,
and were eliminated from analysis and representation. Results are presented as median, interquartile range, minimum and maximum; each
sample was tested in duplicate; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 [Mann–Whitney test].
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potassium ionophore nigericin, a strong NLRP3 activator,
but similar to that exerted by ATP (Fig. 2a). The release of
IL-1β was inhibited by both the caspase-1 inhibitor
Ac-YVAD-AOM and the specific NLRP3 inhibitor
MCC950 (Fig. 2b). Moreover, IL-1β release induced by
eiOPS was reduced in THP-1 cells deficient in inflam-
masome component ASC, NLRP3, or caspase-1 (Fig. 2c).
On the contrary, when dsDNA present in eiOPS was
degraded by DNase I treatment (Fig. S2a), the release of
IL-1β remained unaffected (Fig. S2b), suggesting that
AIM2 inflammasome activation was not involved. After
inflammasome activation, ASC accumulates into a large
protein complex termed “speck”. Hence, ASC speck
development can be used as a simple upstream readout for
inflammasome activation.21 In this regard, the percentage
of THP-1 cells containing accumulated ASC or specks also
increased after treatment with eiOPS when compared with
cells incubated with Celsior® (Fig. 2d).

Likewise, eiOPS was able to activate the inflamma-
some in human primary monocytes (Fig. 2e). Mono-
cytes primed with LPS for 4 h released IL-1β after
incubation for 16 h with eiOPS (Fig. 2e). As observed
with THP-1 cells, MCC950 and Ac-YVAD-AOM inhibi-
ted eiOPS-mediated IL-1β secretion (Fig. 2e).

We then analyzed the relationship between the
different DAMPs present in eiOPS and activation of the
NLRP3 inflammasome. Among all analyzed DAMPs, we
found that the concentrations of HMGB1, uric acid,
HSP70, ASC specks, and IL-18 were positively correlated
with the release of IL-1β from THP-1 cells incubated with
eiOPS (Fig. 3a). Mechanistically, degradation of proteins
(by proteinase K treatment) or uric acid (by uricase treat-
ment) inhibited the activation of NLRP3 mediated by
eiOPS (Fig. 3b). On the contrary, inhibition of P2X7R with
A438079 had no effect in IL-1β release (Fig. 3b). Beyond
specific receptor signaling, clathrin-mediated endocytosis,
but not phagocytosis, appeared to be a pathway for
inflammasome activation; for example, the presence of
monodansylcadaverine (MDC), but not cytochalasin D,
was able to inhibit the release of IL-1β from LPS-primed
monocytes (Fig. 3c). Likewise, inhibition of reactive oxy-
gen species (ROS), a common signal for NLRP3 activation
in response to several triggers,20 by N-acetyl-L-cysteine
(NAC), an antioxidant, or mitoTEMPO, a specific scav-
enger of mitochondrial superoxide, reduced the release of
IL-1β induced by eiOPS (Fig. 3d). Furthermore, at the
protein level, neutralization of IL-18 and HMGB1 (by in-
cubation with IL-18BP or anti-HMGB1, respectively)
inhibited the activation of NLRP3 by eiOPS (Fig. 3e).

Altogether, these data indicate that eiOPS induces
the release of IL-1β in innate immune cells through
activation of the NLRP3 inflammasome.

Organ preservation solution primes monocytes and
induces expression of IL-1β and NLRP3
The first step of NLRP3 inflammasome activation is
priming, generally induced by PAMPs and DAMPs,
which stimulates TLR receptors and the translocation of
NF-κB to the cell nucleus, which in turn increases
the transcription of NLRP3 and the expression of
pro-IL-1β.22 We wanted to find out whether eiOPS was
also able to induce NLRP3–inflammasome priming in
human monocytes. After monocytes were incubated for
16 h in the presence of eiOPS, there was a significant
increase in the expression of IL6, IL1B, and NLRP3, but
little increase in TNFA (Fig. 4a). At the protein level,
variable expression of pro-IL-1β could be detected after
incubation with eiOPS from different donors (Fig. 4b).
Likewise, each eiOPS sample had a different ability to
activate the NF-κB pathway when incubated with the
reporter cell line RAW-Blue™ (Fig. S3). We found low
levels of endotoxins in the eiOPS (Table 2). However,
although LPS concentrations corresponding to those
EU/mL (≈0.01 ng/mL) were able to activate HEK-
Blue™ TLR4 cells (Fig. S4a), they had no effect on the
expression of pro-IL-1β in primary monocytes (Fig. 4c
and Fig. S4b). Priming and expression of pro-IL-1β by
monocytes after eiOPS activation could be inhibited
when TLR2 or clathrin-mediated endocytosis were
blocked (Fig. 4d and Fig. S4c). Also, degradation of DNA
or proteins by DNase I or proteinase K incubation,
respectively, inhibited the priming of these monocytes
(Fig. 4d and Fig. S4c).

In response to LPS, human monocytes secrete IL-1β
independently of a second signal by means of an alter-
native inflammasome activation pathway (Fig. 4e and
Fig. S4d).17,23 However, LPS at a low concentration did
not activate the inflammasome by the alternative
pathway after 16 h of stimulation (Fig. S4d). Likewise,
monocytes incubated with eiOPS in the absence of LPS
priming had no effect on inflammasome activation
(Fig. 4e). However, after 16 h of eiOPS incubation,
monocytes were able to release mature IL-1β when
activated by nigericin (Fig. 4e). Furthermore, although
priming with the synthetic triacylated lipopeptide and
TLR2 ligand Pam3CSK4 allowed inflammasome activa-
tion mediated by eiOPS incubation, this was signifi-
cantly lower than that observed after LPS priming
(Fig. 4f), even though the expression of pro-IL-1β
induced by TLR2 engagement was not significantly
different to that induced through TLR4 activation
(Fig. 4d and Fig. S4c).

To gain insight about inflammasome activation in
the transplanted graft, we took biopsies from 6 consec-
utive donated livers before (T1) and after (T2) cold
ischemia storage. As observed in Fig. 5a, an increased
staining for ASC was found in macrophage-like cells
within human liver grafts after cold ischemia storage,
when analyzed by immunohistochemistry. This is
consistent with the increase of the gene expression of
ASC in donor tissue (Fig. 5b), similar to the expression
of other inflammasome-related genes (NLRP3, CASP1
and IL1B) (Fig. 5b). Expression was variable in T1,
although relatively higher in DCD livers (Fig. 5b).
www.thelancet.com Vol 87 January, 2023

www.thelancet.com/digital-health


<

< <
>
>

>

<

>

LPS
eiOPS

Ac-YVAD-AOM
MCC950

+
+
-
-

+
+
+
-

+
+
-
+

THP-1
LPS

Celsior �
eiOPS

Nigericin
ATP

-
-
+
-
-
-

-
-
-
+
-
-

+
+
-
-
+
-

+
+
-
4h
-
-

+
+
-
16h
-
-

+
+
16h
-
-
-

LPS
Nigericin

ATP
Celsior
eiOPS

MCC950
Ac-YVAD-AOM

+
-
-
+
-
-
-

-
-
-
+
-
-
-

+
-
-
-
+
-
+

+
+
-
-
-
-
-

+
-
-
-
+
-
-

+
-
-
-
+
+
-

-
-
-
-
+
-
-

LPS
Celsior
eiOPS

Nigericin

+
-
-
-

+
-
-
+

+
+
-
-

+
-
+
-

LPS LPS+eiOPS

LPS+celsiorLPS+Nig

0

100

200

300

IL
-1

(p
g/
m
l)

*** ***

WT PYCARD-/- NLRP3-/- CASP1-/-
0

100

200

300

400

IL
-1

(p
g/
m
l)

***
***

***

0

5

10

15

20

25

Ce
lls
w
ith

A
SC

sp
ec
ks
(%
)

***

**

*

0

200

400

600

IL
-1

(p
g/
m
l)

+
+
-
-
-
+

0

500

1000

1500

IL
-1

(p
g/
m
l)

**

+
-
+
-
-
-
-

a b

c

d

e

Fig. 2: eiOPS activates NLRP3 inflammasome in human myeloid cells. (a) Release of IL-1β by LPS-primed THP-1 cells after incubation with
Celsior® or eiOPS for 4 or 16 h. Incubation for 30 min with potassium ionophore nigericin (10 μM) or ATP (3 mM) were used as positive control
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DAMPs in eiOPS influence early allograft function in
liver transplantation
With the aim to find out whether DAMPs could influ-
ence liver transplantation outcomes, we analyzed early
allograft dysfunction after liver transplantation by using
the MEAF score, which predicts recipient and graft
survival.18 Recipients with DCD grafts had significantly
higher scores than those with DBD grafts (Fig. 6a).
Moreover, only ASC specks and IL-18 present in eiOPS
as well as the IL-18/IL-18BP ratio, which are closely
associated with the NLRP3 inflammasome, were found
to be positively correlated with the MEAF score (Fig. 6b;
Table S2).

Overall, this study suggests that the presence of
different DAMPs in eiOPS activates the NLRP3
inflammasome, and this could compromise the out-
comes of transplanted livers.
Discussion
Activation of the NLRP3 inflammasome is involved in
the progression of liver fibrosis and end-stage cirrhosis,
which is among the main etiologies of LT.24 Moreover,
the NLRP3 inflammasome is involved in ischemia–
reperfusion injury (IRI)25 and early inflammation and
rejection after LT.26 We found a plethora of DAMPs
released by liver cells during cold static storage that
activate the NLRP3 inflammasome in myeloid cells, also
in the graft, suggesting that after liver transplantation,
NLRP3 could be activated in infiltrated macrophages
and resident Kupffer cells, thus inducing a proin-
flammatory environment in the liver. Nevertheless,
beyond myeloid cells, other non-immune liver cells,
including hepatocytes and even HSCs, have been
reported to activate the NLRP3 inflammasome27

contributing to liver inflammation and fibrosis,14,28

hence further analysis of eiOPS-mediated inflamma-
some activation in those other cells could add valuable
information. Our data suggest direct activation of the
NLRP3 inflammasome in myeloid cells by several
DAMPs released during cold ischemia and disregard
the participation of AIM2 inflammasome, as DNA was
not involved in the activation, although AIM2 has pre-
viously been related to liver inflammation and disease.29

Although we cannot establish a particular DAMP found
for NLRP3 activation. Presence of IL-1β in Celsior® and eiOPS before incub
Release of IL-1β by LPS-primed THP-1 cells after incubation with eiOPS for
or NLRP3 inhibitor MCC950 (10 μM). n = 8. (c) Release of IL-1β by LPS-p
after incubation with eiOPS for 16 h n = 6. (d) Representative microsco
orescence, and percentage of THP-1 cells with at least one ASC speck. Qu
images/conditions in at least 3 independent experiments. (e) Release of I
eiOPS for 16 h in the presence of Ac-YVAD-AOM (100 μM) or MCC950 (
priming were used as canonical NLRP3 activation positive control. n = 5.
Results are presented as mean ± SEM; each sample was tested in duplicate
Bonferroni test (b, c and e) or unpaired Student’s t test (d)].
in eiOPS as the main trigger of the NLRP3 inflamma-
some, some of them, such as the alarmin HMGB1, uric
acid, HSP70, IL-18, and ASC specks, were shown to
have a positive correlation with the release of IL-1β from
primed monocytes/macrophages, suggesting that they
are the more plausible activators. Nevertheless, and
although ATP was not detected in eiOPS, we cannot
discard the role of ATP as an important DAMP after
tissue damage in transplantation,30,31 as a fast degrada-
tion of extracellular ATP by ecto- and exo-nucleotidases
in eiOPS could be happening.32 Except for uric acid, all
of the other mentioned DAMPs are proteins, which is in
line with the inhibition exerted by the degradation of
proteins in the presence of proteinase K, or, more spe-
cifically, by the direct blocking of HMGB1 or IL-18. In
this regard, HMGB1, a nuclear protein that participates
in nucleosome formation, DNA replication, and DNA
repair33 and was previously characterized in liver IRI,34

can also act as a DAMP, and even activates the NLRP3
inflammasome in acute glaucoma.35

IL-18, a member of the IL-1 family of cytokines, plays
an important role in organ transplantation.36 Our group
demonstrated that NLRP3 is activated in the establish-
ment of allograft rejection during mismatched tissue
transplantation through IL-18 production.30 Even more,
IL-18 derived from endothelial cells, released during
IRI, selectively expands T peripheral helper cells to
promote allo-antibody production and chronic antibody-
mediated rejection pathologies.37 Furthermore, our re-
sults show that the ratio between the concentrations of
IL-18 and IL-18BP released during cold ischemia ap-
pears to be correlated with early allograft dysfunction
and can be affected by the type of donation or CIT. The
pro-inflammatory activity of IL-18 is regulated by the
presence of a high-affinity, naturally occurring IL-18BP,
that impairs IL-18 from binding to its receptor.38 Over-
expression of IL-18BP suppressed IL-18-induced IFN-γ
production, significantly preventing hepatic injury in
transplant recipients.39 With respect to ACS inflamma-
some oligomers, our group previously showed that upon
activation of caspase-1, inflammasome oligomers are
released from macrophages, which are then internalized
by other macrophages, where they further activate
caspase-1 and spread the inflammatory response.40 In
this regard, our results point to endocytosis as an
ation with THP-1 cells was determined as negative control. n = 5. (b)
16 h in the presence of caspase-1 inhibitor Ac-YVAD-AOM (100 μM)
rimed wild-type (WT), NLRP3−/−, PYCARD−/−, and CASP1−/− THP-1 cells
py images of ASC specks in THP-1 cells as detected by immunoflu-
antification of intracellular ASC specks was done from 6 random ×20
L-1β by LPS-primed human primary monocytes after incubation with
10 μM). Incubation with nigericin (10 μM) or ATP (3 mM) after LPS
Representative pictures in (d) are from 4 independent experiments.
; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 [one-way ANOVA followed by
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Fig. 3: Different DAMPs in eiOPS are able to activate NLRP3 inflammasome in human primary monocytes. (a) Correlation matrix between
concentration of IL-1β released by LPS-primed THP-1 cells after incubation with eiOPS and concentrations of DAMPs present in OPS recovered
after cold ischemia storage of liver n = 6. (b–e) Release of IL-1β by LPS-primed human primary monocytes after incubation with eiOPS for 16 h
in the presence of specific P2X7R antagonist A438079 (50 μM) (b), phagocytosis inhibitor cytochalasin D (10 μM) or clathrin-mediated
endocytosis inhibitor monodansylcadaverine (MDC, 250 μM) (c), specific scavenger of mitochondrial superoxide mitoTEMPO (500 μM) or
anti-oxidant N-acetyl-L-cysteine (NAC, 10 mM) (d), and IL-18BP (100 ng/mL), anti-HMGB1, or mouse IgG isotype control (100 ng/mL) (e).
Alternatively, eiOPS previously incubated with proteinase K (1 mg/mL) or uricase (2 U/mL) was used (b). n = 6. Results are presented as
mean ± SEM; each sample was tested in duplicate; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 [one-way ANOVA followed by Bonferroni test].
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Fig. 4: DAMPs in eiOPS prime human primary monocytes. (a) Fold change of expression of IL6, TNFA, IL1B, and NLRP3 from human primary
monocytes treated with LPS (500 ng/mL) or eiOPS for 16 h as detected by RT-qPCR. n = 4. (b–d) Representative cropped Western blots of
intracellular pro-IL-1β (Santa Cruz Biotechnologies Cat# sc-7884, RRID: AB_2124476) and β-actin (Santa Cruz Biotechnologies Cat# Sc-47778
HRP, RRID: AB_2714189) from human primary monocytes primed for 16 h with eiOPS from different donors (b); different concentrations of LPS
(c); and eiOPS in the presence of cytochalasin D (10 μM), MDC (250 μM), IL-18BP (100 ng/mL), anti-HMGB1 (100 ng/mL), anti-TLR2 (100 ng/
mL), and mouse IgG isotype control (100 ng/mL), respectively (d). Alternatively, eiOPS previously incubated with proteinase K (1 mg/mL) or
DNase I (100 U/mL) was used, as well as TLR2 activator Pam3csK4 (1 μg/mL) (d). (e) Release of IL-1β from human primary monocytes primed
with LPS or eiOPS for 16 h, then activated with nigericin for 2 h. n = 4. (f) Release of IL-1β from human primary monocytes primed for 4 h with
LPS or Pam3csK4, then incubated with eiOPS for 16 h. n = 4. Representative images are shown from 3 independent experiments. Results are
presented as mean ± SEM; each sample was tested in duplicate; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 [one-way ANOVA followed by Bonferroni
test (a) or unpaired Student’s t test (e, f)].
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Fig. 5: NLRP3 inflammasome is increased in the liver graft after cold ischemia storage. Liver biopsies from donated livers were taken at two
different time points: before procurement from the donor (T1), and after static cold storage (before implantation in the recipient) (T2). (a)
Representative pictures for each sample as analyzed for immunohistochemistry staining of ASC protein. (b) Relative expression of ASC, NLRP3,
CASP1 and IL1B in tissue biopsies; DBD (black dots), DCD/NRP (blue dots) and DCD/SRR (red dots). n = 6.

Articles

www.thelancet.com Vol 87 January, 2023 13

www.thelancet.com/digital-health


Fig. 6: DAMPs in eiOPS influence short-term outcome of liver
transplantation. (a) MEAF score for each type of donation. Each dot
represents a single patient; results are presented as median, inter-
quartile range, minimum and maximum. Each sample was tested in
duplicate; *p ≤ 0.05 [Mann–Whitney test]. (b) Correlation matrix
between MEAF score and ASC specks or IL-18 present in OPS
recovered after cold ischemia.
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important pathway for the second signal for NLRP3
inflammasome activation mediated by eiOPS. More-
over, activation of NLRP3 in primary human hepato-
cytes has been shown to lead to pyroptotic cell death and
the release of inflammasome oligomers into the extra-
cellular space, leading to hepatic stellate cells (HSCs)
activation by particle internalization.28

Uric acid, the end product of purine metabolism by
the liver,41 is released from ischemic tissues and dying
cells and, when crystalized, is internalized by macro-
phages, inducing lysosomal membrane damage and
activating the NLRP3 inflammasome.42 Internalization
of particulate matter in macrophages results in ROS
generation,43 and increased ROS results in oxidation of
thioredoxin (TRX) and its release form TRX-interacting
protein (TXNIP), leaving TXNIP free for binding to
NLRP3, inducing its activation.44 This is in line with our
results, which show that inhibition of both endocytosis
and ROS formation inhibited eiOPS-mediated inflam-
masome activation. In humans, uric acid crystallization
occurs when the level reaches 6.8 mg/dL in plasma.45

The concentration of uric acid in our eiOPS samples
fell into the normal range, although several samples
exceeded the limit for crystallization. However, tem-
perature is a factor that appears to play a role in mon-
osodium urate crystal formation through its effects on
solubility46; for example, a reduction of even 2 ◦C is
sufficient to lower the solubility point of urate in
aqueous solution.47 Nevertheless, soluble uric acid is
also able to induce IL-1β release in mouse macrophages,
although in humans it is not completely clear.48 This
process is followed by mitochondrial ROS production,
ASC speck formation, and caspase-1 activation. More-
over, there is a correlation between soluble uric acid,
inflammasome activation, and renal fibrosis.49

On the other hand, priming is an indispensable step
in NLRP3 inflammasome activation and is usually
mediated by PAMPs or DAMPs triggering TLRs.12 We
demonstrate the ability of eiOPS to stimulate TLRs and
prime myeloid cells. Scheuermann et al. also showed
the presence of HMGB1 and extracellular dsDNA in
eiOPS in a rat model of machine preservation of the
liver.50 Our study confirms that these DAMPs are also
found in humans and activated TLRs, leading to
increased gene expression of NLRP3 and IL1B. Like-
wise, several DAMPs, such as HSPs, nuclear DNA,
HMGB1, and debris produced from the digestion of the
extracellular matrix, are associated with tissue injury.51

Many of them are TLR agonists and NLRP3 inflamma-
some activators.52

One of the better characterized PAMPs is bacterial
LPS. Under normal conditions, LPS is undetectable in
the systemic circulation, but it has been found at levels
up to 1 ng/mL in portal venous blood.53 Portal venous
blood contains the products of digestion, along with
antigens and microbial products that originate from
bacteria in the small and large intestine. Although we
found endotoxins in eiOPS, the composition or con-
centration was not enough to activate TLR4 in mono-
cytes. Many cells of the innate immune system express
the LPS receptor TLR4; however, in the liver, these
receptors are continuously exposed to low levels of LPS,
resulting in altered responsiveness to potential LPS
challenge.54 Other TLRs, including TLR2 and probably
the intracellular DNA receptor TLR9, seem to be the
most plausible receptors involved in the priming
mediated by eiOPS. TLR2 has been described as being
activated by a wide variety of PAMPs, excluding LPS,55

but also several DAMPs, including HMGB1,56 his-
tones57 and HSPs. Histones and DNA are known
DAMPs that reside in the nucleus in the form of
nucleosomes. Vertebrate free dsDNA has been found to
inadequately activate TLR9.58 However, complexed
DNA, either with histones in the form of a nucleosome
or with certain DNA-binding proteins, has been
demonstrated to induce TLR9-mediated signaling.58

TLR9 is located in the endosomal compartment, so
DNA needs to be endocytosed in order to activate it. We
have shown that dsDNA and endocytosis are involved in
the eiOPS-induced priming step of myeloid cells.
Vertebrate dsDNA is not easily endocytosed, but several
proteins that bind DNA facilitate its uptake, including
HMGB1-histone complexes.59 Moreover, endogenous
extracellular nucleosomes released after ischemic injury
can activate NLRP3 inflammasome through TLR9.60

Likewise, HMGB1-loaded extracellular vesicles released
by LPS-primed macrophages shuttle HMGB1 to target
cells by endocytosis, leading to hepatocyte pyroptosis by
the activation of NLRP3 inflammasomes.61 However,
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although eiOPS was able to induce both priming and
inflammasome assemble in monocytes, both steps were
not effective sequentially, as cells were unable to release
IL-1β when activated only with eiOPS. eiOPS requires a
long time to prime cells, and Celsior™ composition
does not favor in vitro cell cultures.62,63 In addition, the
ability of SARS-CoV-2 open reading frame-8b to prime
and activate NLRP3 inflammasome was analyzed
in vitro after 48 h of activation.64

Clearly, our study shows that a larger CIT and type of
organ donation have an impact in the signature of DAMPs
present in eiOPS, and this could affect early allograft
function. Although under continuous improvement, DCD
involves warm ischemia time and more complications
compared to DBD grafts,65 consistent with a higher pres-
ence of different DAMPs in OPS collected after cold
ischemia, as shown above. However, IL-6, a proin-
flammatory cytokine found in multiple diseases and used
for diagnosis,66 was found to be reduced in DCD livers
compared to DBD livers. IL-6 is elevated in the plasma of
DBD donors67 and recipients68 and is related to complica-
tions with liver transplantation. However, there was no
difference in IL-6 in heart tissue between DCD and DBD
donors as measured by immunohistochemistry in a rat
model of ischemia.69

Furthermore, the presence of DAMPs can influence
the outcome of LT; for example, extracellular inflam-
masome oligomers and IL-18 presented a positive cor-
relation with a score model (MEAF score) for the
continuous grading of early allograft dysfunction. While
other recognized scores are binary,70 MEAF is a
continuous score from 0 to 10 that reflects the graft
function18 and has been independently validated,71

although it cannot be calculated in cases of graft pa-
tient death within the first three postoperative days.

Postmortem normothermic regional perfusion
(NRP), in which the femoral vasculature is cannulated
after death is declared in the hospital to reperfuse and
reoxygenate abdominal organs while undertaken for
DCD, is being widely implemented as an alternative to
super-rapid recovery (SRR).72 NRP reduces biliary com-
plications, mainly ischemic type lesions, and improves
DCD liver graft survival.73,74 However, we found no
differences between NRP and SRR among DAMPs
present in eiOPS from DCD livers, although the num-
ber of donors in whom NRP was applied was limited in
our cohort. Hessheimer et al. recently reported that CIT
remains an independent predictor of graft loss among
DCD livers with NRP.75 Extracorporeal normothermic
machine perfusion (NMP), thought to preserve organs
for transport at body temperature while providing oxy-
gen and nutrients until implantation,76 could serve as an
excellent platform to test therapeutic drugs during
ex vivo liver preservation.77 HMGB1 is a potential ther-
apeutic target78 by the administration of inhibitors or
blocking antibodies.79 Likewise, IL-18BP has been used
safely in clinical trials,80 and in a hepatic IRI model, its
www.thelancet.com Vol 87 January, 2023
administration inhibited IL-18-induced inflammation,
which mitigated hepatic oxidative stress and protected
liver structure.81 Moreover, recombinant uricase is
increasingly being used to treat refractory gout.82 How-
ever, the immunogenicity of uricase-based therapies has
limited their use,83 although co-therapy with an immu-
nomodulator might attenuate the appearance of anti-
bodies against the drug, increasing the probability of
treatment success.84 Beyond blocking or degradation of
different DAMPs, direct inhibition of NLRP3 inflam-
masome is gaining strength in the biopharmaceutical
sector.85 Among the various NLRP3 inhibitors, MCC950
is well-studied and has shown relatively better efficacy
than other drugs and compounds, although it presents
toxicity.86 Therefore, several clinical trials are being
carried out to reduce the complications and toxicity of
MCC950 using novel NLRP3 inhibitor compounds.87

Although we cannot isolate the effect of DAMPs-
mediated inflammation from other cellular processes
also affected during tissue injury (i.e. mitochondrial
dysfunction, ROS production or ER dysfunction), our
study shows that during static cold ischemia storage, the
release of different DAMPs with the ability to activate
the NLRP3 inflammasome occurs, therefore inhibiting
the inflammasome may be an important approach to
reduce the damage evoked by organ storage and could
improve both the quality of marginal livers and the
outcome of liver grafts. The combination of NRP to
avoid warm ischemia and NMP to overcome static
storage would be the ideal scenario in the future of liver
transplantation concerning the control of inflamma-
some activation. In addition, NRP might be useful as a
first delivery route for drugs designed to inhibit the
inflammasome pathway already in the donor, along with
the use of extracorporeal perfusion as the major delivery
system of such drugs.
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