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Ischemia and reperfusion injury is an early inflammatory process during liver
transplantation that impacts on graft function and clinical outcomes. Interleukin (IL)-33
is a danger-associated molecular pattern involved in kidney ischemia/reperfusion injury
and several liver diseases. The aims were to assess whether IL-33 was released as an
alarmin responsible for ischemia/reperfusion injury in a mouse model of warm hepatic
ischemia, and whether this hypothesis could also apply in the setting of human liver
transplantation. First, a model of warm hepatic ischemia/reperfusion was used in wild-
type and IL-33–deficient mice. Severity of ischemia/reperfusion injury was assessed with
ALT and histological analysis. Then, serum IL-33 was measured in a pilot cohort of 40 liver
transplant patients. Hemodynamic postreperfusion syndrome, graft dysfunction
(assessed by model for early allograft scoring >6), renal failure, and tissue lesions on
time-zero biopsies were assessed. In the mouse model, IL-33 was constitutively
expressed in the nucleus of endothelial cells, immediately released in response to
hepatic pedicle clamping without neosynthesis, and participated in the recruitment of
neutrophils and tissue injury on site. The kinetics of IL-33 in liver transplant patients
strikingly matched the ones in the animal model, as attested by serum levels reaching a
peak immediately after reperfusion, which correlated to clinical outcomes including
postreperfusion syndrome, posttransplant renal failure, graft dysfunction, and
histological lesions of ischemia/reperfusion injury. IL-33 was an independent factor of
graft dysfunction with a cutoff of IL-33 at 73 pg/ml after reperfusion (73% sensitivity, area
under the curve of 0.76). Taken together, these findings establish the immediate
org September 2021 | Volume 12 | Article 7449271
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implication of IL-33 acting as an alarmin in liver I/R injury and provide evidence of its close
association with cardinal features of early liver injury-associated disorders in LT patients.
Keywords: interleukin-1 family, interleukin-33, inflammation, alarmin, liver transplantation, delayed graft function,
ischemia/reperfusion (I/R) injury
INTRODUCTION

In the setting of human liver transplantation (LT), cold storage
followed by warm reperfusion in the recipient induces ischemia/
reperfusion (I/R) lesions, that are partly responsible for liver graft
function recovery (1, 2). I/R phenomenon leads to sterile
inflammation and is at the origin of the release of radical
species and danger-associated molecular patterns (DAMP),
activation of the inflammasome and of complement proteins,
leading to the triggering of the innate immune response (3, 4).
This cascade of events will result in the death of hepatocytes and
alterations of the microvascular structure and endothelial cells
(5). Among DAMP, interleukin (IL)-33 belongs to the IL-1
superfamily (6) and is constitutively expressed in the nucleus
of endothelial cells and epithelial cells (7). After endothelial or
epithelial cell damage during trauma or infection, IL-33, which
functions as a stored alarmin, is rapidly released in the
extracellular space (6, 7) and triggers the innate immune
response (8). Specifically, on binding to its specific receptor
ST2 and coreceptor IL-1 receptor accessory protein, IL-33
initiates the myeloid differentiation primary response gene 88-
dependent inflammatory pathway (9). A soluble form of ST2
(sST2) that comes from the splicing of ST2 messenger RNA
exists, but its role remains unknown: either a “decoy” receptor
capable of neutralizing IL-33, or the signature of the IL-33/ST2
activation that witnesses the general inflammatory state (6, 10).

Considering mouse models of I/R injury, the role of IL-33 as
an alarmin has been demonstrated in renal I/R (8), but its role
in hepatic I/R remains controversial. Yazdani et al. (11)
demonstrated in a mouse model of I/R the pivotal role of IL-
33 released by liver sinusoidal endothelial cells (LSEC) in the
promotion of neutrophil extracellular trap formation, whereas
Sakai et al. (12) reported a direct protective effect of IL-33 on
hepatocytes. However, in these two models, an early alarmin-like
release of IL-33 has not been documented. More precisely, IL-33
seemed to be synthetized after I/R induction, like a conventional
cytokine, or was exogenously administered.

In humans, the relevance of the IL-33/ST2 pathway to liver
pathophysiology has been documented in liver failure (13),
alcoholic hepatitis (14), and nonalcoholic steatohepatitis (15),
suggesting a pivotal role of IL-33 in inflammatory liver diseases,
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ase improving global outcomes; LSEC,
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but its role in LT has not been established yet. As I/R is an early
phenomenon that is partly responsible for a wide range of
adverse clinical outcomes after LT, especially early allograft
dysfunction (EAD) (16, 17), the identification of IL-33
functioning as an alarmin in the setting of I/R in human LT
would help in understanding early mechanisms of allograft
dysfunction and guide patients’ management, especially in the
context of organ shortage and utilization of extended criteria
donors (ECD) grafts (18–20).

The aim of this study was to assess whether IL-33 could be a
suitable early marker of I/R and liver graft dysfunction in human
LT. To answer this question, we first used a mouse model of
warm I/R to establish the early implication of IL-33 acting as an
alarmin in the liver I/R injury. Based on this proof of concept, we
decided to evaluate in a pilot cohort of LT patients whether early
systemic release of IL-33 occurs after liver reperfusion and is
closely associated with cardinal features of early liver injury-
associated disorders: hemodynamic I/R syndrome, recovery of
graft function, and impaired kidney function.
MATERIAL AND METHODS

LT Patients
Ethical Statement
This study was approved by the regional ethics committee
(comité consultatif de protection des personnes dans la
recherche biomédicale Tours-Région Centre-Ouest 1 under
registration number DC-2016-2651) and by the French
regulatory agency (Agence de la Biomédecine, the national
authority for organ procurement and transplantation in
France, under registration number PFS16-005). Written
informed consents were obtained for each patient according to
the Declaration of Helsinki. All data were collected anonymously
in a prospectively maintained database declared to the French
Data Protection Authority. No potentially identifiable human
images or data is presented in this study.

Patients
Forty patients from a prospective biological collection of adult
LT recipients from the Transplant Unit of the University
Hospital of Tours between July 1, 2017 and June 2, 2019
were included.

Donors
Three scores were used to assess the quality of the grafts: (i) ECD
grafts were defined according to the Eurotransplant definition:
donor age >65 years, intensive care unit stay with ventilation >7
days, body mass index >30 kg/m2, steatotic liver >40%, serum
September 2021 | Volume 12 | Article 744927
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sodium >165 mmol/L, AST >105 UI/L, ALT >90 UI/L, serum
bilirubin >3 mg/dl, donation after circulatory death, (ii) the
balance of risk (BAR) score, and (iii) the modified BAR score
taking into account steatosis were also calculated (21, 22).

Surgery
Liver grafts were retrieved from donation after brain death or
controlled circulatory arrest and underwent static cold storage.
Orthotopic LT procedures were performed with inferior vena cava
preservation. A temporary portocaval anastomosis was used at the
surgeon’s discretion. Graft reperfusion occurred after caval and
portal anastomoses but before arterial anastomosis. Cold ischemia
time was defined as the time from the perfusion of donor with
preservation solution to the removal of the liver from cold storage.

Postoperative Management
All recipients received a calcineurin inhibitor + steroids +
mycophenolate mofetil immunosuppressive regimen after LT.
Postoperative care was provided according to unit protocol with
daily monitoring of liver function tests. A liver Doppler
ultrasound was routinely performed at days 1, 3, and 5
posttransplant. A computed scan with contrast enhancement
and/or a magnetic resonance cholangiography was/were
performed in case of liver function tests or Doppler ultrasound
abnormalities to diagnose biliary or arterial complications. A
liver biopsy was performed in case of suspicion of acute rejection.

Outcomes
The postreperfusion syndrome was defined during the first 5 min
after graft reperfusion (portal vein unclamping) according to
Aggarwal’s criteria (23) as a decrease in mean arterial pressure
greater than 30% below the baseline value, lasting for at least 1
min. Early allograft dysfunction (EAD) was assessed (i) by the
definition proposed by Olthoff et al. (24) (EAD present if one or
more of the following: bilirubinemia levels of 170 mmol/L (10
mg/dl) or greater at day 7, international normalized ratio ≥1.6 at
day 7, and transaminases of 2,000 IU/L or greater within the first
7 days) and (ii) by the model of early allograft function (MEAF)
score defined by Pareja et al. in 2015 (25) (mathematical model
based on bilirubinemia levels, international normalized ratio and
ALT during the first three postoperative days, giving a score
ranging from 0 to 10). The cutoff value of >6, which was
associated in the original study with a sharp decrease in graft
and patient survival, was used to define EAD. A time-zero liver
graft biopsy was performed at the end of the LT procedure and
analyzed by a pathologist expert in LT according to the protocol
detailed below. Biopsy was not available for one patient.

Acute kidney injury was defined according to the “Kidney
Disease Improving Global Outcomes” (KDIGO) classification (26).

Serum Collection and Soluble
Protein Quantification
Peripheral blood was collected before LT (T0), just after
reperfusion (T1), at the end of the LT procedure during skin
closure (T2), and at days 1 and 3 after LT. Healthy subjects
without liver disease were used as controls. Serums from eight
healthy donors (mean age 44 ± 8 years) were obtained from the
Frontiers in Immunology | www.frontiersin.org 3
French Blood Institute (Etablissement Français du Sang, Lyon,
France). Serum samples were stored at −80°C prior to protein
quantification by enzyme-linked immunosorbent assay (ELISA).

Serum IL-33, IL-6, and sST2 (R&D Systems, Minneapolis,
MN, USA) were determined using ELISA kits according to the
manufacturer’s instructions.

Serum ALT Measurement
Plasma ALTs were measured at 37°C and calibrated with
Calibrator for automated systems (Roche Diagnostic, Basel,
Switzerland) using Cobas® analyzer.

Tissue Analysis of I/R Injury Lesions
All liver samples were 4% formalin fixed and paraffin embedded.
Samples were cut at 3.5 µm and were subjected to hematoxylin
phloxine saffron (HPS) staining and to periodic acid-Schiff (PAS)
staining when necessary.

Patients’ time-zero biopsies were prospectively analyzed by
the attending pathologist according to prespecified criteria. No
software was used to quantitatively assess the extension of
lesions. Overall I/R histological injuries, hepatocyte necrosis,
and inflammatory infiltrate were classified as none, mild,
moderate, and severe. Micro- and macrovacuolar steatosis were
assessed in all samples by the pathologist’s eye and expressed in
percentage of the whole examined sample. Mild was defined as
below 33%, moderate as between 33% and 66%, and severe as
superior to 66%.

Mouse Model
This study is reported according to Reporting of In Vivo
Experiments (ARRIVE) guidelines, developed by the National
Centre for the Replacement, Refinement and Reduction of
Animals in Research (NC3Rs) (27).

Ethical Statement
Animal research was realized according to number 2010/63/UE
European Union directive from Oct 22, 2010, French order
number 2012-10 from Jan 05, 2012, and French decree
number 2013-118 from Feb 01, 2013. Authorization for this
study has been granted on Feb 15, 2017 by the Regional Ethical
Committee (COMETHEA Poitou Charentes) under reference
number 2016110211568800.

The complete methods regarding mouse model are given as
Supplementary Material, Supplementary Figures S1, S2 and
Supplementary Tables S3 and S4. Briefly, a model of warm
ischemia with 70% of hepatic pedicle clamping was used.

Tissue Analysis of I/R Injury Lesions
All liver samples were 4% formalin fixed and paraffin embedded.
Samples were cut at 3.5 mm and were subjected to HPS and PAS
staining for some samples. A reading grid that has been
established from previously published studies (28–31) in
animal models by a pathologist (FD) was used for all mouse
samples. In an attempt to quantify tissue lesions of I/R injury,
points were given for main tissue lesions, as described in
Supplementary Table S1, and total number of points was
referred as liver injury score.
September 2021 | Volume 12 | Article 744927
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Statistical Methods
Statistical analysis was performed using Excel® for Mac Os
(Microsoft® Corporation) and Graph Pad software v7 (La
Jolla, Inc.). Statistical significance was set at 0.05.

Quantitative data are presented as percentages and absolute
numbers. Qualitative data are presented as mean [±standard
error of the mean (SEM)]. Regarding mouse model,
nonparametric tests were used because of the small number of
animals per group and in order to increase robustness.
Experimental and control groups were compared with two-
tailed Mann-Whitney U test. When animals were their own
control, two-tailed Wilcoxon signed-rank test was used.
Considering human study, Shapiro-Wilk test was used to
assess distribution of the variables. Friedmann and Spearman
nonparametric tests were used to analyze evolution of serum
concentration of the molecules of interest. Mann-Whitney U test
was used to compare two groups, and Kruskall-Wallis test was
used to compare more than two groups. Regarding factors
associated with graft function, a multivariate analysis was
performed with logistic binary regression. Variables with p <
0.1 in univariate analysis were taken into account in the
multivariate analysis. In order to determine quantitative values’
thresholds, receiving operator characteristics (ROC) curve was
performed with calculation of the area under the curve (AUC).
RESULTS

Proof of Concept in a Mouse Model: IL-33
Is Implicated as an Alarmin in the
Recruitment of Neutrophils and Tissue
Injury in Response to Hepatic
Pedicle Clamping
IL-33 Is Immediately Released as an Alarmin
After Reperfusion of the Liver
Endothelial cells are an immediate and major target during hepatic
I/R (5). Since IL-33 is constitutively expressed as an alarmin (i.e.,
localized and stored in the nucleus) in liver endothelial cells from
the portal venules and the sinusoids during homeostasis in mice (11,
32) (Supplementary Figure S3), we assumed that it could be
released within the first hour after pedicle unclamping in our
hepatic I/R mouse model (Supplementary Figure S1). In
agreement with this assumption, endogenous IL-33 was
immediately released in systemic circulation in response to
hepatic pedicle clamping, as attested by plasma levels of IL-33,
which were nil before any surgical procedure, and reached peak
levels as early as the end of the ischemic phase (Figure 1A, left;
Supplementary Figure S4A, left), on the opposite of animals with
Sham procedure (Figure 1A, right). Concomitantly (i.e., just at the
end of the ischemic phase and after 1 h of reperfusion), total amount
of IL-33 protein in the liver significantly decreased (Figure 1B),
consistent with the notion that the immediate release of IL-33
originates mainly from the liver. A neosynthesis increase of IL-33
appeared in the liver only after 4 h of reperfusion (Supplementary
Figure S4A, right), thus contrasting to the classical cytokine IL-6
whose systemic release first requires neosynthesis (Supplementary
Frontiers in Immunology | www.frontiersin.org 4
Figure S4B). These data provide first evidence that in response to
hepatic pedicle clamping, IL-33 is released as an alarmin rather than
a classical neosynthetized cytokine.

IL-33 Is Involved in the Recruitment of Neutrophils
and Tissue Injury
In order to study the consequences of the very early release of IL-
33 after experimental liver I/R, we analyzed the level of local
recruitment of neutrophils (Figure 2A) and injury (Figures 2B, C)
in liver after reperfusion by comparing wild-type (WT) and IL-33–
deficient mice. As quickly as after 1 h of reperfusion, neutrophils
were recruited in clamped liver lobes in WT mice. This
recruitment was significantly lesser in IL-33–deficient mice
regarding neutrophil count (Figure 2A). As a result, after 4 h of
reperfusion, IL-33–deficient mice had less I/R injury, as
demonstrated by significantly lower levels of ALT (Figure 2B,
left) and less tissue lesions assessed by the liver injury score
(Figures 2B, right, C) compared with WT mice.

Taken together, data collected from our experimental in vivo
model provide the proof of concept that in response to hepatic
pedicle clamping, IL-33 is released and acts as an alarmin. IL-33
plays an important role in the recruitment of neutrophils and
tissue injury on site and has a damaging effect with increased
hepatic I/R injury.
The Alarmin IL-33 Is Closely Associated
With Severity of I/R Injury
and Graft Function in Human LT
Having demonstrated in animal modeling the causal relationship
between the release of IL-33 and the severity of hepatic I/R
lesions, we next decided to investigate whether IL-33 could be a
relevant functional marker of the severity of I/R and graft
function in human LT. To this aim, we considered a pilot
cohort of 40 LT patients whose baseline characteristics and LT
procedure are described in Supplementary Table S2. Indication
for LT was hepatocellular carcinoma in 57% of the patients and
recipients’ model for end-stage liver disease (MELD) score was
17 (± 1.6). All grafts were retrieved from brain-dead donors,
except one MELD from a controlled circulatory death donor
(Maastricht type III). All were whole grafts except one partial
graft (right lobe). Donor age was 56.2 years (± 2.9) with a BMI of
27.4 kg/m2 (± 0.5). Fifty percent of the grafts were retrieved from
extended criteria donors. Seven percent of the grafts had more
than 30% of macrovacuolar steatosis and mean macrovacuolar
steatosis was 9.1% (± 2.4).

IL-33 Is Immediately Released After Reperfusion
of the Liver Graft
Serum IL-33 levels (Figure 3A) were nil in control patients and
virtually absent (inferior to 0.54 pg/ml, except one patient with
45.8 pg/ml) in LT patients just before transplantation, and
reached a peak of 77.5 pg/ml (± 8.7) at the time of reperfusion
(unclamping of portal vein and vena cava), before returning to
basal state at day 3 post-LT. Serum levels of sST2 (Figure 3B)
were 76.1 ng/ml (± 17.2) before LT and reached its peak at day 1
posttransplant (655.6 ng/ml, ± 38.7), whereas serum levels were
September 2021 | Volume 12 | Article 744927
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virtually nil in control subjects. Serum levels of IL-6 (Figure 3C)
were 43.7 pg/ml (± 15.7) before LT, with an increase immediately
after reperfusion but a peak only at the end of the LT procedure.
The area under the curve of IL-33 positively correlated with that
of sST2 (p = 0.036), but there was no significant correlation
between the peak values (p = 0.120).

These results suggest that the release of IL-33 occurs earlier
than that of IL-6 and extend to human liver I/R the early release
of IL-33 as an alarmin.

IL-33 Serum Levels Immediately After Reperfusion
(T1) Are Associated With Cardinal Features of Early
Liver Injury-Associated Disorders
There was no difference in serum IL-33 level immediately after
reperfusion according to the quality of the grafts (ECD grafts, and
according to BAR score and modified BAR score, data not shown)
and to the MELD score (below and above MELD 13, see
Figure 4A). There was no correlation between serum levels of
IL-33 and duration of cold ischemia time (p = 0.374 for IL-33 after
reperfusion and p = 0.618 when comparing AUC). The peak of
Frontiers in Immunology | www.frontiersin.org 5
serum IL-33 was lesser in patients who underwent a portocaval
anastomosis (65.2 ± 11.8 vs. 95.1 ± 12.1, p = 0.048, see Figure 4B).

Serum levels of IL-33 immediately after reperfusion were
significantly higher in patients with intra-operative
postreperfusion syndrome [n = 19, 103 pg/ml (± 13.1)] vs.
patients without [n = 21, 54.4 pg/ml (± 9.1)], p = 0.0075. The
difference was also present when comparing AUC (p = 0.002,
see Figure 4C).

Patients with impaired renal function in the posttransplant
period (n = 25) had higher levels of serum IL-33 immediately
after reperfusion (93.5 pg/ml (± 11.3) vs. 50.8 pg/ml (± 10.5), p =
0.026, see Figure 4D). This result was also found when
comparing AUC (p = 0.026) in the subgroup of 34 patients
with normal kidney function before LT (98.8 (± 11.8) vs. 50.8 (±
11.3), p = 0.012).

Considering graft function, there was no difference in serum
levels of IL-33 immediately after reperfusion according to EAD
with Olthoff’s criteria (78.5 pg/ml (± 16.2) vs. 76.9 (± 10.1), p =
0.798). However, patients with a MEAF score superior to 6
showed greater levels of serum IL-33 after reperfusion than
A

B

FIGURE 1 | Endogenous IL-33 is immediately released in systemic circulation in response to hepatic pedicle clamping and reaches peak levels at the end of the
ischemic phase (mouse model). (A, left) Plasma levels of IL-33 in picograms per milliliter measured by ELISA method in the same animals before any surgical
procedure (T0) and at the end of the ischemia phase [I (70 min)]. Each value is displayed, Wilcoxon signed-rank test, n = 5 animals. (A, right) Plasma levels of IL-33
in picograms per milliliter in WT mice measured by ELISA method in the same animals before any surgical procedure (T0) and after Sham surgical procedure.
Wilcoxon signed-rank test, n = 5 animals. For each time point tested, plasmas of IL-33–deficient mice displayed undetectable levels. (B) Total IL-33 content of the
liver by Western blotting in WT mice before any surgical procedure (T0), at the end of the ischemia phase (I (70 min)) and after 1 h of reperfusion (I/R) (1 h), and in
Sham animals. Expression of IL-33 was normalized against GAPDH expression. Mean ± SEM, two-tailed Mann-Whitney U test, n = 4–6 mice per group. ns, not
significant; *p < 0.05.
September 2021 | Volume 12 | Article 744927
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patients with MEAF score ≤6 (116.3 pg/ml (± 17.7) vs. 62.7 pg/
ml (± 8.5), p = 0.011) and greater AUC (p = 0.014, see
Figure 4E). Remarkably, serum level of IL-33 immediately
after reperfusion was an independent factor associated with
Frontiers in Immunology | www.frontiersin.org 6
delayed graft function assessed by a MEAF score >6 (odds
ratio 1.025 (1.005–1.052), p = 0.026, Table 1).

Regarding histology, serum levels of IL-33 after reperfusion
were significantly lower in the group of patients with none and
A

B

C

FIGURE 2 | Early recruitment of inflammatory cells and subsequent I/R injury after reperfusion depends on endogenous IL-33 and is responsible of I/R injury (mouse model).
(A) Neutrophil count in the clamped liver lobes of WT and IL-33–deficient mice, before clamping (T0) and after 1 h of reperfusion (I/R (1 h)). Immunoinflammatory cells were
identified by flow cytometry, and results are displayed in absolute numbers per millgram of liver. Mean ± SEM, two-tailed Mann-Whitney U test, n = 4–11 mice per group. ns,
not significant; *p < 0.05; **p < 0.001. (B, left) Plasma levels of ALT (UI/L) in WT (left) and IL-33–deficient mice (right) in Sham animals and after 4 h of reperfusion. Mean ±
SEM, two-tailed Mann-Whitney U test, n = 5–9 mice per group. (B, right) Liver injury score in WT (left) and IL-33–deficient mice (right) in Sham animals and after 4 h of
reperfusion (I/R (4 h)). Mean ± SEM, two-tailed Mann-Whitney U test, n = 5–10 mice per group. (C) Tissue sections after paraffin embedding and HPS staining. (Top, left)
Clamped liver of a WT mouse after 4 h of reperfusion at ×10 magnification. *Shows an area with suffering hepatocytes; # shows an area with sinusoidal congestion and
dilatation (red blood cells in sinusoidal spaces). On the left of the demarcation line, lesions are less intense. (Top, right) Liver of a Sham WT mouse at ×10 magnification
showing a normal liver. (Bottom, left) Clamped liver of an IL-33–deficient mouse after 4 h of reperfusion at ×10 magnification. There is no necrotic area; only some minor
sinusoidal congestion can be identified (number sign). (Bottom, right) Liver of a Sham IL-33–deficient mouse at ×10 magnification showing a normal liver. ns, not significant;
*p < 0.05; **p < 0.001; ***p < 0.0001.
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A B

C

FIGURE 3 | Kinetics of serum levels of IL-33 (A), sST2 (B), and IL-6 (C) in the peritransplant period (LT patients). (C) T0: before LT, T1: immediately after
reperfusion, T2: at the end of liver transplantation. Control subjects (C) were used for IL-33 (n = 15), IL-6 (n = 8), and sST2 (n = 8). Data are expressed as means ±
SEM. ***p < 0.0001; **p < 0.005; *p < 0.05; ns, not significant. Friedman test and Mann-Whitney U test were used as appropriate.
A B

D E F

C

FIGURE 4 | Kinetics of serum levels of IL-33 in the peritransplant period according to groups (LT patients). (A) According to MELD score (MELD <13, n = 16; MELD
≥13, n = 22). (B) According to the presence of a portocaval anastomosis (yes, n = 18; no, n = 20). (C) According to the occurrence of a postreperfusion syndrome
(yes, n = 19; no, n = 21). (D) According to the occurrence of acute kidney injury (yes, n = 25; no, n = 15). (E) According to MEAF (MEAF ≤6, n = 29; MEAF >6, n =
11). (F) According to tissue lesions of I/R (none to mild lesions, n = 18; moderate to severe lesions, n = 21). T0: before LT, T1: immediately after reperfusion, T2: at
the end of liver transplantation. AKI, acute kidney injury; MELD, model for end-stage liver disease; PCA, anastomosis; PRS, postreperfusion syndrome. Data are
expressed as means ± SEM. ns, not significant; *p < 0.05; **p < 0.001. Mann-Whitney U test was used.
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mild I/R injury [58.6 pg/ml (± 10.4)] vs. the group of patients
with moderate and severe I/R injury [95.0 pg/ml (± 12.9)], p =
0.043 (see Figure 4F). There was no difference in serum levels
of IL-33 after reperfusion according to hepatocyte necrosis,
inflammatory infi ltrate, microvacuolar steatosis, and
macrovacuolar steatosis considered separately (data not shown).

A ROC was performed to determinate the optimal threshold
of serum level of IL-33 associated with a MEAF score >6
(Figure 5). A cutoff value of IL-33 superior to 73 pg/ml
displayed a 73% sensitivity, 69% specificity, 47% predictive
positive value, and 87% negative predictive value, with an area
under the curve of 0.76.

Serum levels of IL-33 at the end of LT (T2) were significantly
associated with intraoperative postreperfusion syndrome (p = 0.018)
but not with the other cardinal features of I/R.

On the opposite to IL-33, serum IL-6 levels after reperfusion
were not associated with tissue lesions of I/R (p = 0.083),
intraoperative postreperfusion syndrome (p = 0.196), MEAF
score >6 (p = 0.09), and postoperative impaired renal function
(p = 0.346).
DISCUSSION

This work provides the first evidence that IL-33 acts as an
alarmin in the liver in the setting of I/R. In LT, serum levels of
Frontiers in Immunology | www.frontiersin.org 8
IL-33 immediately after reperfusion are associated with
postreperfusion syndrome, acute renal failure, and graft function.

Yazdani et al. (11) demonstrated in a model of I/R the pivotal
role of IL-33 released by LSEC in the promotion of neutrophil
extracellular trap formation, whereas Sakai et al. (12) reported a
direct protective effect of IL-33 on hepatocytes. In these two mouse
models, an early alarmin-like release of IL-33 has not been
documented: either IL-33 seemed to be neosynthetized after I/R
induction, like a conventional cytokine (11), or was exogenously
(intraperitoneally) administered (11, 12). In the study of Sakai et al.,
recombinant IL-33 was injected before I/R (16 and 1 h), while in the
one of Yazdani et al., it was injected immediately after reperfusion.
However, the action of systemic IL-33 administration cannot be
considered equivalent to that of physiological concentrations of IL-
33 as an alarmin. Furthermore, the different timings of injection
may explain the opposite effects [protective effect (12) vs. liver
damage and systemic inflammation (11)]. By focusing on the very
early stage of hepatic I/R, starting immediately at the end of the
ischemic phase, we demonstrated for the first time the role of IL-33
as an alarmin during liver I/R, as it has been previously shown in
kidney I/R (8). Interleukin-33 acts here as a danger signal released
by endogenous endothelial cells, before its neosynthesis began,
supporting the notion of the dual alarmin/cytokine function of
IL-33. We identified constitutive IL-33 in the nucleus of endothelial
cells located both in the portal venules (macrovascular endothelial
cells) and in the sinusoids (LSEC), in agreement with the previous
TABLE 1 | Analysis of factors associated with a MEAF score >6 (LT patients).

Variables Univariate analysis Multivariate analysis

MEAF ≤6 (n = 29) MEAF >6 (n = 11) p-Valule OR 95% CI p-Value

Recipient
Gender (male/female) 22/7 9/2 –

Age (years) 57 (1.9) 56 (2.2) 0.605
BMI (kg/m2) 27.8 (0.8) 31 (2.6) 0.322

MELD 15 (1.6) 23.8 (4.2) 0.044 1.19 0.863–1.765 0.314
Indications for LT
Hepatocarcinoma 17 (42.5) 6 (15) 0.999
Alcoholic cirrhosis 4 (10) 4 (10) 0.177
Hepatitis C virus infection 1 (2.5) 0 0.999
Ischemic cholangitis 1 (2.5) 0 0.999
Other 6 (15) 1 (2.5) 0.649

Donor
Age (years) 55.7 (3.7) 58 (4.4) 0.782
BMI (kg/m2) 26.92 (0.6) 27.6 (0.52) 0.284

Cause of death
Cerebrovascular 14 (35) 6 (15) 0.716
Trauma 9 (22.5) 2 (5) 0.693
Anoxia 4 (10) 2 (5) 0.636
Circulatory death 2 (5) 0 0.999
Unknown 0 1 –

BAR score 5.5 (0.8) 9.7 (2.2) 0.065 0.77 0.378–1.440 0.427
Extended criteria donors 14 (35) 7 (17.5) 0.488
Donor ICU length of stay 2.4 (0.3) 4.2 (0.8) 0.015 1.42 0.838–2.932 0.267
IL-33 serum levels after reperfusion (pg/ml) 62.74 (8.5) 116.3 (17.7) 0.011 1.025 1.005–1.052 0.026
Cold ischemia time (min) 442 (18.1) 442.2 (31.4) 0.840
Macrovesicular steatosis
≤30% 26 (89.6) 10 (90.9) 0.999
>30% 2 (7) 1 (9.1) –
Se
ptember 2021
 | Volume 12 | Article
Numbers given are absolute number (percentages) or mean (SEM). BAR, balance of risk; BMI, body mass index; CI, confidence interval; ICU, intensive care unit; LT, liver transplantation;
MELD, model for end-stage liver disease; OR, odds ratio; SEM, standard error of the mean.
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results of Marvie et al. (32). Interestingly, IL-33 levels after
reperfusion were higher in patients without portocaval
anastomosis (Figure 4B), suggesting that additional IL-33 could
arise from the gut during portal clamping and be released at
reperfusion, as IL-33 has been shown in other models to be
secreted during inflammatory colitis (33).

As a member of the IL-1 superfamily, IL-33 has a pivotal role
in sterile inflammation and IL-33/ST2 signaling raises interest in
liver pathologies, in particular in alcoholic hepatitis (14), fibrosis
(34), and LT (35). So far, in human pathology, IL-33 has been
shown to increase during warm I/R in liver resections (11) and
after LT of steatotic grafts (36). In the latter study, Nunez et al.
suggested that liver grafts with more than 30% steatosis showed
more EAD with upregulation of proinflammatory genes, while
higher levels of IL-33 were present in the serum, comparing with
graft with mild steatosis, but they did not correlate IL-33 with
intensity of I/R. We report in this study for the first time the
kinetics of serum IL-33 during and immediately after the LT
procedure and its relationship with I/R and its cardinal features:
graft function, kidney injury, postreperfusion hemodynamic
syndrome, and tissue lesions. IL-33 at the time of reperfusion
could represent a tool to predict the intensity of I/R liver injury
and its consequences. We did not find any relationship between
graft macrovacuolar steatosis and IL-33 serum levels. We chose
to focus on IL-33 serum levels immediately after reperfusion in
order to have an early and relevant marker that could be easily
utilized in the daily practice. We compared IL-33 levels with
those of IL-6, a classical cytokine for which serum levels have
Frontiers in Immunology | www.frontiersin.org 9
been reported to be increased during the first days after LT, and
associated impaired long-term graft survival (37), and
demonstrated that IL-33 is not only precocious but also more
related to I/R general consequences.

Mechanisms that can be put at stake in acute kidney injury
after liver transplantation involving IL-33 are the recruitment of
myeloid cells through monocyte chemoattractant protein-1 and
macrophage inflammatory protein-2, and the recruitment of
neutrophils either directly or via the activation of invariant
natural killer T (iNKT) cells (38).

Eventually, IL-33 serum levels immediately after reperfusion
seem to correlate also with I/R and graft function for marginal
grafts, i.e., independently of BAR score. In this study, we showed
elevated levels of sST2 in patients before LT compared with
control patients, consistent with the role of sST2 as a reflection of
the general inflammatory state. Serum levels of sST2 increased in
response to IL-33 but without association with I/R features.

High mobility group box 1 (HMGB1), which is generally
accepted as the archetype of alarmin, has recently been
documented in human LT. Indeed, Sosa et al. (39) showed that
disulfide HMGB1 levels increased concomitantly with I/R tissue
lesions. Further studies are needed to assess the possible association
of HMGB1 with general consequences of I/R and to refine its role
in predicting graft function recovery compared with IL-33.

IL-33 kinetics was strikingly comparable between humans and
mice (Figure 3A; Supplementary Figure S4A, left), suggesting, that
in the setting of human LT, the same mechanisms as in the mouse
model could take place. However, one should keep in mind that the
FIGURE 5 | ROC curve of serum IL-33 immediately after reperfusion and MEAF score >6 (LT patients). AUROC, area under the receiver operating curve.
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mouse model is a warm ischemia model without actual liver
transplantation, accounting for the technical difficulty to perform
liver transplantation procedures in mice, thereby pointing the
possible influence of cold ischemia phase in the release of IL-33
observed immediately after reperfusion in LT patients. In fact, while
serum levels of IL-33 positively correlated with duration of cold
ischemia time in kidney transplant patients (40), this was not the
case in LT patients. ST2 expression being ubiquitous on immune
cells, IL-33 may not only target neutrophils but also iNK-T cells (41,
42) that would participate in amplifying the inflammatory response,
as it has been shown in kidney I/R injury (8).We demonstrated here
that IL-33 acts as an alarmin in LT; this basis should encourage
further observational studies to understand underlying cellular
mechanisms put at stake in human LT.

Finally, we chose the MEAF score with a threshold of 6 to assess
graft function recovery in the human study. Although EAD
according to Olthoff’s criteria was previously used in most studies,
it has been recently suggested that dynamic scores such as MEAF
would be more accurate to assess liver graft function. One of the
drawbacks of Olthoff’s definition is that high transaminase levels
just after transplant define EAD, whereas the graft can have a good
function and the transaminases may only be related to other factors
such as macrosteatosis or donation after circulatory death.
Currently, there is no consensus on which score should be used
in the posttransplant period. The MEAF score focuses on early
blood tests during the first three posttransplant days, and a cutoff set
at 6 was associated with a major gap in graft survival in the initial
study (25). Although we found a positive significant and
independent association between serum IL-33 after reperfusion
and MEAF score >6 with a 73-pg/ml threshold value, the odds
ratio is only slightly superior to 1. Finally, it is noteworthy that in
our multivariate analysis, MELD score, donor or recipient age, cold
ischemia time, andmacrovacuolar steatosis were not associated with
MEAF >6: this could be explained by a selected sample of patients in
our study, although it requires validation in other populations of
patients. Further independent studies are required to confirm the
results of this pilot study, especially the clinical impact of IL-33 on
graft function as compared with other parameters (liver function
tests, international normalized ratio, acid clearance, etc.).

All in all, in the future, serum levels of IL-33 immediately after
reperfusion could be integrated in multiparametric prognostic
tools such as MEAF score to predict graft function and
posttransplant kidney failure.
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