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A proof-of-concept study in small and large
animal models for coupling liver
normothermic machine perfusion with
mesenchymal stromal cell bioreactors

Umberto Cillo1,10, Caterina Lonati 2,10 , Alessandra Bertacco1,
Lucrezia Magnini2, Michele Battistin 2, Liver NMP Consortium*, Lara Borsetto1,
Francesco Dazzi3, David Al-Adra4, Enrico Gringeri1, Maria Laura Bacci 5,
Andrea Schlegel2,6 & Daniele Dondossola7,8

To fully harness mesenchymal-stromal-cells (MSCs)’ benefits during
Normothermic Machine Perfusion (NMP), we developed an advanced NMP
platform coupled with a MSC-bioreactor and investigated its bio-molecular
effects and clinical feasibility using rat and porcinemodels. The study involved
three work packages: 1) Development (n = 5): MSC-bioreactors were subjected
to 4 h-liverless perfusion; 2) Rat model (n = 10): livers were perfused for 4 h on
the MSC-bioreactor-circuit or with the standard platform; 3) Porcine model
(n = 6): livers were perfused using a clinical device integrated with
a MSC-bioreactor or in its standard setup. MSCs showed intact stem-core
properties after liverless-NMP. Liver NMP induced specific, liver-tailored,
changes inMSCs’ secretome. Rat livers exposed to bioreactor-based perfusion
produced more bile, released less damage and pro-inflammatory biomarkers,
and showed improved mithocondrial function than those subjected to stan-
dard NMP. MSC-bioreactor integration into a clinical device resulted in no
machine failure and perfusion-related injury. This proof-of-concept study
presents a novel MSC-based liver NMP platform that could reduce the dele-
terious effects of ischemia/reperfusion before transplantation.

Normothermic machine perfusion (NMP) holds the potential to serve
as an ideal platform for ex situ improvement of liver quality. While
offering the potential to increase the number of livers suitable for
transplantation1, the procedure provides only partial benefits on
transplantation outcome2. Although different protective pathways are
induced during perfusion at physiological temperature3,4, these
endogenous mechanisms cannot fully prevent the deleterious con-
sequences elicited by peri-mortem events5–7 and ischemia/reperfusion
(IR)8,9, especially in extended criteria donors (ECD) livers10–13.

Moreover, the restoration of normothermia impacts liver homeostasis
from the onset of perfusion, thereby limiting the overall efficacy of
NMP14–16. The application of supplementary interventions emerges,
therefore, as a logical and interesting concept to unlock the full
potential of NMP.

Mesenchymal stromal cells (MSCs) could represent effective
therapeutic agents for mitigating the damage induced immediately
after reperfusion17–21. In fact, such stem cells proved to effectively
reduce hepatic IRI in vivo22,23 and to exert multiple beneficial effects
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when administered during experimental liverMP24–29. Moreover, ex situ
treatment with MSCs was associated with improved histopathological
scores and longer survival times after liver transplantation24,29.

Despite these promising results, the current strategy for ex situ
delivery of cell-based therapies has limitations that hamper the full
realization ofMSCs’ therapeutic effects duringNMP17. In fact, exposure
of thawedMSCs to the perfusion fluidwas associatedwith reduced cell
viability and generation of reactive oxygen species (ROS)30. Further-
more, non-adherent culture condition, as requiredduringNMP, causes
the activation of apoptosis programs in these cells30,31. Cryopreserva-
tion itself reduces stem cell survival and trigger oxidative stress30.
Finally, cell administration into the organ microvasculature and their
subsequent migration to the graft tissue still raise important concerns
related to the risk of microvascular embolism32,33 and accidental dif-
ferentiation of MSCs34.

Therefore, we aimed to develop an advanced perfusion platform
to harness the potentials of MSCs during NMP, while avoiding any
unwanted effects related to their direct supplementation to the per-
fusate. The design of the novel circuit was guided by the basic
mechanisms underlying stem cell biology. First, while MSCs-induced
protection was initially attributed to their ability to replace damaged
cells, it is now established that most of the stem cell-related benefits
depend on the release of multiple soluble factors21,35 and extracellular
vesicles (EVs)35. Second, MSCs secretory activity is boosted after
exposure to inflammatory microenvironments, and different inflam-
matory stimuli can elicit distinct responses36, a process referred to as
cell licensing37–39.

Based on these observations and on the expertise acquired from
the use of MSCs-derived EVs during ex vivo lung perfusion40, we
elected to seed fresh MSCs into hollow fiber bioreactors and to
incorporate them into our well-established circuit for rat liver NMP41,42.
An initial work package (WP) investigated feasibility and suitability of
this novel configuration by assessing MSC viability, secretory activity,
and immunophenotype after cell exposure to a perfusion procedure
performed in the absence of the liver. In a subsequent research phase,
rat liver NMP experiments were carried out to investigate the effects
exerted by the bioreactor-based perfusion on hepatic function, ener-
getics, and inflammatory status. Finally, the knowledge acquired dur-
ing the small animal study was translated into a large animal model to
explore the feasibility of MSC-bioreactor integration into a perfusion
device suitable for human use.

Results
Study design
The present research was designed according to the “Planning
Research and Experimental Procedures on Animals: Recommenda-
tions for Excellence” (PREPARE) guidelines43 and comprises three
sequential WPs.
1. Development of the advancedNMPplatformcoupledwith aMSC-

bioreactor. The bioreactors (Aferetica srl, Bologna, Italy; Supple-
mentary Fig. 1) were prepared by the research team of the
University of Padua (Padua lab) using human adipose tissue-
derived MSCs. Then, MSC-bioreactors were shipped to the
Fondazione Ca’ Granda Ospedale Maggiore Policlinico, Milan
(Milan lab). After overnight resting, the bioreactors were
connected to the perfusion systemand liverlessNMPexperiments
(n = 5)were carried out to test the functionality and stability of the
novel circuit configuration. In addition, we investigated whether
the perfusion procedure itself modulates MSCs viability and
immunophenotype.

2. Bioreactor-based liver NMP in a rat model. This WP investigated
the MSC-derived secretome and its effects on the liver during
NMP (Supplementary Table 1). As demonstrated in the in vitro
study (WP1),MSC-bioreactorswere prepared in the Padua Laband
then shipped to theMilan Lab, where theywere integrated into an

established NMP circuit for small animals41,42,44. The novel plat-
formwasused toperfuse rat livers (NMP+bioreactor,n = 5) for 4 h.
The results provided by these experiments were compared with
those obtained from standard liver NMP (NMP, n = 5). Isolated
livers exposed to static cold storage (SCS) alone were likewise
included in the bio-molecular investigations (SCS, n = 5),
while liver biopsies obtained from animal in resting conditions
were used as reference controls (Native, n = 5).

3. Bioreactor-based liverNMP in a large animalmodel. To investigate
the technical feasibility of integratingMSC-bioreactors into aNMP
device for clinical use, we performed a pilot study using porcine
livers. Briefly, bioreactors were prepared following the same
procedure described for the small animal study, but using human
plasmafilters (Aferetica srl). The bioreactors were then connected
to the Liver Assist® device (XVIVOPerfusionAB, Sweden). Next, to
test whether the novel configuration could sustain the protocol
for clinical NMP, livers procured from porcine donors were sub-
jected to NMP with the MSC-bioreactor (NMP+bioreactor, n = 3)
or without it (NMP, n = 3).

Development of the advanced platform for rat liver NMP cou-
pled with the MSC-bioreactor
Assessment of MSC viability after bioreactor shipment. Upon
delivery of the bioreactor to theMilan lab, supernatantswere collected
and analyzed to detect any signs of cell stress or death. Glucose and
lactate concentrations were significantly different compared to the
reference value of the culturing medium (Supplementary Table 2),
indicating that MSCs consumed glucose and produced lactate during
shipment. There was a negligibile release of the apoptotic marker
caspase-cleaved keratin 18 (CK18) (1.46 ±0.02 UI). Conversely, a siz-
able amount of 8-hydroxy-2’-deoxyguanosine (8-OHdG) was observed
in the supernatants (28211 ± 1489 pg). A total of 5 x 104 ± 0.1 x104

detached cells were detected in the supernatants, corresponding to
0.25% of the number of cells originally seeded in the bioreactor.

MSC-bioreactor integration into the perfusion system. Figure 1
schematizes the set-up of the novel perfusion system coupled with the
MSC-bioreactor (Supplementary Fig. 1). The bioreactor is included in a
closed parallel circuit equipped with a dedicated roller pump. A
stopcock for perfusate collection is placed downstream the bioreactor
and before the liver chamber (Fig. 1).

Liverless NMP using the NMP platform equipped with the MSC-
bioreactor and MSCs characterization at the end of the procedure.
No circulating cells, spontaneously detached from the bioreactor,
were detected in the perfusate samples collected throughout
liverless-NMP.

Decreased glucose and increased lactate concentrations were
observed over the procedure (p = 0.085 and p >0.0001, respectively;
Fig. 2a), while perfusate CK18 levels remained stable (p = 0.682,
Fig. 2b). On the other hand, perfusate samples showed increasing
concentrations of cytokines Interleukin (IL)-8 and IL-1ra (p =0.018 and
p =0.002, respectively; Fig. 2c). Of interest, while no expression of IDO
was revelaed in the bioreactor supernatants, this molecule was
induced during the liverless perfusion procedure (from 190.40 ± 39.11
at 1 h to 115.55 ± 13.73 ng at 4 h). A sustained release of the oxidative
stress marker 8-OHdG was likewise observed (from 17193 ± 2211 pg at
1 h to 189375 ± 3532 pg at 4 h, p =0.730).

Analysis of the EVs indicated that 7.56×1010 ± 1.96×1010 particles
with an average size of 145.92 ± 7.20 nmwere released in the perfusate.

Bioreactor transmembrane pressure throughout the liver-
less perfusion procedure and perfusate gas-analysis are reported in
Supplementary Figs. 2 and 3, respectively.

Cells harvested at the end of NMP had 98% viability and when
cultured in vitro exhibited the specific features of MSCs, with spindle-
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shapedmorphology, abundant production of extracellularmatrix, and
high colony formation rate (Fig. 2d).

Flow cytometry revealed a preserved expression of MSC-specific
markers CD29, CD73, CD90, CD105, whereas the hematological mar-
kers CD31, CD34, and CD45 were not measurable (Fig. 2e).

Bioreactor-based liver NMP in a rat model
Analysis of the MSC-derived paracrine factors and EVs released
during liver NMP. The comparison between perfusate samples col-
lected during liverless NMP and those of the liver NMP+bioreactor
group revealed substantial differences in several of the factors

2-Waste1-Reservoir 3-Reinfusion

13-Post-liver sampling
12-Liver
chamber

11-Pre-liver sampling

9-Gas mixture

10-Heating coil and bubble trap

8-Membrane oxygenator

7-Liver peristaltic pump

6-Pump MSCs side

5-MSC-bioreactor

4-Bioreactor peristaltic pump

a  

b

Fig. 1 | Set up of the NMP platform coupled with the MSC-bioreactor.
a Schematic diagram and b Picture of the NMP platform for small animal models
coupled with the MSC-bioreactor. The bioreactor is perfused in a closed parallel
circuit that includes a dedicated roller pump. A stopcocks for perfusion fluid col-
lection is placed downstream the MSC-bioreactor and upstream the liver chamber.

1, Reservoir; 2, Waste; 3, Reinfusion; 4, Bioreactor peristaltic pump; 5, Bioreactor;
6, Pump MSCs side; 7, Liver peristaltic pump; 8, Membrane oxygenator; 9,
Gas mixture; 10, Heating coil and bubble trap; 11, Pre-liver sampling; 12,
Liver; 13, Post-liver sampling; 14; Bile collection. Abbreviations:MSCsmesenchymal
stromal cells.

Article https://doi.org/10.1038/s41467-024-55217-7

Nature Communications |          (2025) 16:283 3

www.nature.com/naturecommunications


released by MSCs (Fig. 3a). More specifically, among the molecules
whose expression increased following MSCs’ exposure to the liver-
derived soluble factors, there were mediators with prominent anti-
inflammatory properties, such as IL-10 (FDR-adjusted p-value for the
comparison liverless NMP vs liver NMP+bioreactor: p = 0.002)

and IL-1ra (p = 0.017). Of interest, the protective mediator IL-4 was
secreted by MSCs exclusively in the context of liver NMP.
Higher amounts of Galectin-3 (p-value of interaction: p = 0.002)
and IL-18 (p = 0.002) were likewise detected in this setting. In con-
trast, IDO (p = 0.024), IL-6 (p < 0.001), and IL-8 (p = 0.002)
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showed a lower concentration in the perfusates collected during
liver NMP compared to that observed in the liverless perfusion
procedures.

The EVs suspended in the perfusates of the liver NMP+bioreactor
group ranged from 123.80 nm to 209.2 nm, while a different particle
size was revealed in the perfusate samples collected during standard
NMP (p-value for group comparison: p < 0.0001; Supplementary
Results 2.4 and Supplementary Fig. 4).

The release of humanCK18 was assessed as an index of apoptosis.
No significant differences were detected between liverless and liver
NMP procedures (p = 0.613; Supplementary Results 2.5 and Supple-
mentary Fig. 5).

Liver viability and function during NMP. Hemodynamics monitoring
indicated no differences in portal pressures and vascular resistances
across experimental groups (p = 0.713 and p =0.624, respectively;
Supplementary Results 2.6 and Supplementary Fig. 5).

Wash-out samples drained from livers subjected to the
bioreactor-based perfusion showed a higher cell count (p = 0.008;
Fig. 4A) and a greater concentration of nitric oxide (NO)-related
metabolites compared to those collected during standard NMP
(p = 0.016; Fig. 4B).

Analysis of the perfusates withdrawn throughout the procedure
revealed a reduced concentration of Alanine-aminotransferase (ALT),
Aspartate-aminotransferase (AST), and Lactate dehydrogenase (LDH) in
the samples collected during the bioreactor-based perfusion compared
to NMP alone (p-values for group comparison: AST p=0.016, ALT
p =0.008, LDH p =0.0005; Fig. 4c). In line with this observation, the
NMP+bioreactor group showed a lower release of the hepatocyte
enzyme Arginase-1 (ARG1) and Glutathione Transferase (GST) α relative
to standard NMP (Fig. 4d), whereas an opposite trend was observed
for the acute-phase response proteins Alpha-1-acid glycoprotein (AGP)
and Alpha-2-Macroglobulin (A2M), with greater concentration in sam-
ples collected during the bioreactor-based perfusion compared to
standard NMP (A2M p =0.043, AGP p =0.033, ARG1 p =0.023, GSTal-
pha p =0.004; Fig. 4e). In the bioreactor-based perfusion, perfusate pH
reached a steady-state starting from 2h after reperfusion, while a pro-
gressive decrease in this parameter was observed in the NMP group
(p =0.045; Supplementary Fig. 7). The results obtained from the eva-
luation of perfusate lactate and electrolytes are provided in Supple-
mentary Results 2.7 and Supplementary Fig. 7.

Livers in the NMP+bioreactor group produced a higher amount of
bile compared to standard NMP (0.52 ± 0.04 g bile/g liver vs
0.35 ± 0.03 g bile/g of liver, p =0.013). Bile gas analysis is reported in
Supplementary Results 2.8.

Liver edema index was similar across experimental groups (NMP
+bioreactor vs NMP: 3.32 ± 0.02 vs 3.18 ± 0.06, p =0.073).

Liver energetics and NAD+ /NADH ratio. Figure 5a shows the liver
tissue Adenosine triphosphate (ATP) content measured at the end of
the perfusion procedure. The standard NMP protocol was associated
with a lowerATPcontent compared tobothNative (p =0.0001) andSCS
groups (p =0.033). Of interest, the bioreactor-based perfusion
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Fig. 3 | Changes in the MSC secretome after exposure to the rat liver-derived
soluble factors during NMP. a The concentration of selected MSC-related effec-
torswas significantly different in the perfusates collected throughout liverless NMP
compared with those withdrawn during liver NMP+bioreactor. Five independent
replicates were analyzed for each experimental condition. Two-way RM ANOVA.
FDR-adjusted p-values are shown for group comparison or interaction. The color-
coded scale illustrates the different ranges of mediator release (pg). Abbreviations:
ANGPTL4, Angiopoietin-like 4; CCL2/MCP-1, Chemokine C-C motif ligand 2/
Monocyte Chemoattractant Protein-1; IDO, Indoleamine 2,3-Dioxygenase; IL-1ra,
Interleukin 1 receptor antagonist; IL-4, Interleukin 4; IL-6, Interleukin 6;; IL-8,
Interleukin 8; IL-10, Interleukin 10; IL-13, Interleukin 13; IL-18, Interleukin 18; IL-33,
Interleukin 33; NA, not available.

Fig. 2 | MSCs remained metabolically active during liverless NMP and showed
preserved stemness-specific characteristics at the end of the procedure. a Per-
fusate gas analysis indicated glucose consumption and lactate production during
liverless NMP. Estimation plots illustrate n = 5 liverless NMP experiments, with two
measurements taken for each procedure (i.e., upstream and downstream of the
MSCs-bioreactor). One-sided paired t-test, p-value: Glucose p =0.085; Lactate:
p <0.0001. b The release of the apoptotic marker CK18 was stable over liver-
less NMP. Bars illustratemean ± SEM, n = 5 biologically independent replicates. PRE
denotes the supernatants immediately before bioreactors connection to the NMP
circuit. One-way RM ANOVA, p =0.682. c The MSCs seeded in the bioreactor
secreted increasing amounts of IL-8 and IL-1ra during the liverless procedure. Bars
illustrate mean± SEM, n = 5 biologically independent replicates. PRE denotes the
supernatants immediately before bioreactors connection to the NMP circuit. One-

way ANOVA, p-value vs PRE: IL-8 p =0.018; IL-1ra p =0.002. Asterisks denote
*p <0.05.MSCs were harvested from the bioreactor at the end of liverless NMP and
cultured in vitro under standard conditions until reaching 90% confluence.
d Bioreactor-detachedMSCs’ cultures displayed a spindle-shapedmorphology and
abundant production of extracellular matrix, which are well-recognized morpho-
logical characteristics of stem cells. A representative image captured at 40x mag-
nification is shown; the bar scale on the bottom right denotes 100 micron. e After
9 ± 3 days of in vitro culturing, cells were enzymatically harvested for FACs analysis,
which revealed a preserved expression of a set of MSC-specific markers (CD29,
CD73, CD90, CD105). In contrast, the hematopoietic stem cell markers CD45, CD31,
and CD34 were not detected. Five independent replicates were analyzed for each
experimental condition. Abbreviations: cc-CK18, caspase-cleaved cytokeratin 18;
IL-6, Interleukin 6; IL-1ra, Interleukin 1 receptor antagonist.
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prevented the decrease in ATP associated with reperfusive injury (NMP
+bioreactor vs SCS: p =0.589).

Evaluation of ATP breakdown products by high-performance
liquid chromatography (HPLC) revealed no difference in energy
charge, defined as (ATP +0.5 x ADP) / (ATP +ADP +AMP)45, between

the NMP and NMP+bioreactor groups (Native: 1.00 ± 0.00, NMP:
0.80 ±0.03, NMP+bioreactor: 0.82 ± 0.02, p = 0.347).

The NMP+bioreactor group showed steady succinate perfusate
concentrations throughout the procedure, whereas a dramatic
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increase in thismetabolite was observed in the standard NMP group at
1 h of perfusion (p < 0.0001; Fig. 5B).

Tissue Nicotinamide adenine dinucleotide/Nicotinamide adenine
dinucleotide+hydrogen (NAD+/NADH) ratio was similar across experi-
mental groups (NMP+bioreactor: 1.52 ± 0.15 vs NMP: 1.49 ± 0.11,
p =0.783). However, the bioreactor-based perfusion was associated
with increased content of both NAD+ (p <0.001) and NADH
(p = 0 =0.0007) compared to the NMP alone (Supplementary
Results 2.9 and Supplementary Fig. 8).

Immunonomodulatory effects exerted by the MSC-derived secre-
tome. The bioreactor-based perfusion was associated with a broad
modulation of mediators relevant to inflammation and its resolution
(Fig. 6). Intercellular Adhesion Molecule 1 (ICAM-1, p = 0.039), Vas-
cular Endothelial Growth Factor (VEGF, p < 0.001), and the

chemokines Chemokine C-C motif ligand 5/regulated on activation
normal T cell expressed and secreted (CCL5/RANTES, p = 0.018), C-X-
C motif chemokine ligand 1/Growth-regulated protein α (CXCL1/
GROα, p = 0.047), C-X-C Motif Chemokine Ligand 10/Interferon
gamma-induced protein 10 (CXCL10/IP-10, p = 0.010) were down-
regulated in perfusates from the NMP+bioreactor group compared
to standard NMP. Conversely, samples collected from livers exposed
to MSC-derived secretome exhibited a greater concentration of IL-6
(p = 0.015), Tumor necrosis factor (TNF)-α (p = 0.035), Chemokine
C-C motif ligand 3/Macrophage Inflammatory Protein-1α (CCL3/MIP-
1α, p = 0.022), and C-X-C Motif Chemokine Ligand 5/Lipopoly-
saccharide-induced CXC chemokine (CXCL5/LIX, p = 0.013). More-
over, there was a marked induction of Adiponectin (p < 0.001),
Hepatocyte growth factor (HGF, p = 0.014), and Connective Tissue
Growth Factor (CTGF, p < 0.001).

Fig. 4 | The MSC-bioreactor-based NMP improved rat liver cell viability and
function compared to the standard NMP procedure. a The wash-out samples of
the NMP+bioreactor group showed a greater donor-derived cell content relative to
those collected during standard NMP. Bars denote mean ± SEM, n = 5 biologically
independent replicates. Two-sidedMann-Whitney test,p-value vsNMP: **p =0.008.
Pie charts show, for each experimental group, the number of particles fallingwithin
the following gates: 1) debris, 3-4μm (NMP+b-MSCs: 54.0% vs NMP: 50.2%); 2) cell
fragments, 4.5-6.6μm(39.7%vs 41.6%) 3) lymphocytes, 7.0-8.0μm(5.4%vs 7.5%); 4)
neutrophils/monocytes/endothelial cells/MSCs, 9-18μm (1.0% vs 0.7%). b In the
samewash-out samples, therewas an increased concentrationofNOmetabolites in
the bioreactor-based perfusion compared to the NMP group. Bars denote mean±
SEM, n = 5 biologically independent replicates. Two-sided Mann-Whitney test, p-
value vs NMP: *p =0.016. c Perfusate concentration of clinical hepatocellular
damage markers was significantly lower in the NMP+bioreactor group relative to
the NMP group. Raw data were adjusted based on circuit volume and liver weight.

Points denote mean ± SEM, n = 4 biologically independent replicates. Two-way RM
ANOVA, p-value of group comparison: AST p =0.016; ALT p =0.0085; LDH
p =0.0005. Tukey’s post hoc test was applied for multiple comparisons: asterisks
denote *p <0.05. Immunofluorescence-based analysis indicated that the NMP
+bioreactor group showed d a reduced release of injury biomarkers and e an
increased production of acute phase response proteins relative to the NMP group.
Raw data were adjusted based on circuit volume and liver weight. Points denote
mean ± SEM, n = 5 biologically independent replicates. Two-way RM ANOVA, p-
value of group comparison: A2M p =0.043; AGP p =0.033; ARG1 p =0.023
(p =0.007 for interaction); GSTalpha p =0.004 (p =0.003 for interaction); Aster-
isks denote *p <0.05, **p <0.01. Abbreviations: A2M, Alpha-2-Macroglobulin; AGP,
Alpha-1-acid glycoprotein; ALT, alanine aminotransferase; ARG1, Arginase-1; AST,
aspartate aminotransferase; b-MSCs, MSC-bioreactor; GSTalpha, Glutathione
Transferase Alpha; LDH, lactate dehydrogenase; NMP, normothermic machine
perfusion.
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Fig. 5 | The MSC-bioreactor-based perfusion ameliorated rat liver cell mito-
chondrial function. a While the NMP group showed a decreased ATP content
compared to both Native and SCS groups, the bioreactor-based perfusion
exhibited a preserved energetic pool, with similar ATP concentration to that
observed in the SCS group. Tissue ATP was measured in liver homogenates by
bioluminescence-based assay. Raw data were adjusted based on liver weight. Data
are expressed as mean ± SEM, n = 5 biologically independent replicates. One-way
ANOVA, Tukey’s post hoc test. p-value: SCS vs Native 0.028; NMP vs Native

p = 0.0001; NMP+b-MSCs vs Native p = 0.011; NMP vs SCS p = 0.033. Asterisks
denote *p < 0.05, ***p < 0.001. b The bioreactor-based perfusion reversed the
accumulation of succinate induced by cold ischemia. Results were adjusted based
on perfusion fluid volume. Data are expressed as mean ± SEM, n = 5 biologically
independent replicates. Two-way RM ANOVA, Tukey’s post hoc test, p-value:
***p = 0.0001. Abbreviations: b-MSCs, MSC-bioreactor; NMP, normothermic
machine perfusion; SCS, static cold storage; W, wash-out.
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Characterization of the MSCs harvested from the bioreactor after
liver NMP. MSCs flow cytometry analysis is presented in Supplemen-
tary Results 2.10.

Bioreactor-based liver NMP in a large animal model
To upscale the cell number according to circuit volume and porcine
liver weight, the bioreactor was prepared using a human plasmafilter
(Aferetica srl, Supplementary Fig. 9) and a total of 3.7×107 MSCs was
used. Cell isolation and culturing were performed following the same
procedure adopted for the small animal model (Supplementray
methods 1.1).

The bioreactor was integrated to the arterial side of the Liver
Assist® (XVIVO Perfusion AB) perfusion platform. More specifically, a
dedicated loop was connected to the standard circuit downstream a
membrane lung oxygenator (Supplementary Fig. 10).

Livers were subjected to 1 h-warm ischemia in situ, followed by 30
min-cold ischemia (Supplementary methods 1.11). Mean liver weight
was 1312 ± 78 g.

During theNMPprocedure, all liverswerehemodynamically stable,
with no difference in portal vein (PV) and hepatic artery (HA) flows and
vascular resistances between experimental groups (Fig. 7a and b. HA
flow and resistance: p =0.151 and p=0.285; PV flow and resistance:
p =0.901 and p =0.334). No clotting formation was observed.

Perfusate lactate concentration significantly decreased over time
in both the NMP+bioreactor and NMP groups (Fig. 7c, p-value for time
p <0.00001, p-value for group p =0.563). No differences were
observed in perfusate pH (Supplementary Fig. 11, p = 0.233).

Hepatonecrosis biomarker (Fig. 7d, Supplementary Table 4),
electrolyte composition (Supplementary Table 5), and biochemical
parameters (Supplementary Table 4) were similar across experimental
groups at any time points. Bile production started at 1 h with a mean
output of 12ml/h (p =0.636).

Histological examination of tissue biopsies collected at the end of
the perfusion procedure showed no signs of parenchymal damage
(Supplementary Fig. 12) or liver injury (Supplementary Table 6).

Cells enzymatically detached from the bioreactors at the end
of perfusion were viable and able to proliferate in vitro. Flow cyto-
metry indicated a preserved expression of stemness markers,
while a neglibile surface expression of endothelial markers was
observed (0.10 ± 0.03% CD45-/34+ /31-; 0.07 ±0.02% CD45-/34+ /31+;
0.39 ± 0.13% CD45-/34-/31+; 97.35 ± 0.92% CD45-/34-/31-/90+;
95.95 ± 1.21% CD73+; 94.8 ± 1.52% CD105+; 98.29 ±0.47% CD29+).

Discussion
The present research implemented an innovative platform for the
application of MSC-based therapies during NMP. An in vitro study was
initially performed to test the functionality and stability of the novel
NMP system integrated with a hollow fiber bioreactor seeded with
adipose tissue-derived MSCs. Next, the small animal study demon-
strated that, compared to standard NMP, the MSC-bioreactor-based
perfusion mediated a more efficient hepatic reperfusion, enhanced
liver viability, improved hepatic cell energetic status, and induced the
release of pro-resolving and pro-regenerative factors. Finally, the pilot
study conducted using porcine livers proved thatMSC-bioreactors can
be safely incorporated into NMP platforms commonly used in clinical
practice and that the novel configuration can support the protocol for
human liver NMP.

The main focus was to establish and optimize an unprecedented
technology where the NMP perfusion system is coupled with a MSC-
bioreactor. Toachieve this, the research followed a stepwise approach:
starting from in vitro experiments for developing the novel setup, then
progressing to a small animal study to explore the interaction between
MSCs and the liver, and finally culminating in a pilot feasibility study
using porcine livers and a clinical NMP platform. The ultimate aim was
to improve the application of cell-based therapies during NMP, while
avoiding any drawback related to stem cell direct administration into
the perfusion fluid17,30,31. In this regard, the in vitro study demonstrates
thatMSCs canbe cultured inhollowfiber bioreactors, shipped to other
facilities, and then be subjected to a perfusion procedure without
affecting their core stem properties. This workflow offers the cells the
opportunity to recover from freezing/thawing, a process that sig-
nificantly impairs MSCs survival and their cytoprotective activity30.
Moreover, in addition to ensuring optimal stem cell culturing condi-
tions during NMP, the use of a bioreactor completely prevents MSCs
adherence to the circuit, which reduces therapeutic effectiveness46.

A key finding of the present research is that the liver-related
inflammatory factors, released during NMP, boosted the activation of
the MSCs’ secretory activity. In fact, the specific configuration of our
platformallowed a bidirectional communication between the liver and
MSCs, enabling the stemcells to beprimedwith the perfusate enriched
by the signaling and damage molecules secreted from hepatic cells.
This liver-driven licensing of MSCs led to the release of a tailored
secretome. As an example, the higher release of IL-10, IL-1ra, and IL-4

Pattern Mediator 1h 2h 3h 4h p-value

CCL5/RANTES -1.3 -1.1 -1.1 -0.7 0.018
CXCL1/GROa -0.6 -0.6 -0.8 -1.3 0.047
CXCL10/IP-10 -0.8 -1.4 -0.8 -0.9 0.010
IL-18 -0.4 -0.4 -0.1 -0.5 0.146
sICAM-1 -0.2 -0.6 -1.5 -0.5 0.039
VEGF 0.1 -0.1 -0.4 -0.5 <0.001#
CCL2/MCP-1 0.4 0.1 0.2 0.2 0.172
CCL3/MIP-1a 0.6 1.1 0.9 1.1 0.022
CXCL5/LIX 0.5 0.6 0.1 0.1 0.013#
IL-6 0.5 0.6 0.6 0.6 0.015
INF-gamma 0.4 0.5 0.6 0.5 0.089
TNF-alpha -0.1 0.2 0.9 1.1 0.035#

Adiponectin 2.7 2.6 2.5 2.1 <0.001
CTGF 0.8 0.8 0.8 0.8 <0.001
HGF 1.5 1.3 1.4 1.4 0.014
IL-4 0.2 0.6 0.6 0.5 0.175
IL-10 -0.4 -0.1 0.2 0.2 0.342
IL-13 2.2 0.7 0.6 0.0 0.285
TIMP-1 0.9 0.6 0.6 0.8 <0.001

FC scale -3.0 -1.5 0.0 1.5 3.0

Inflammation and leukocyte recruitment

Inflammation resolution and liver cell regeneration

NMP+b-MSCs vs NMP

Fig. 6 | Immunomodulating and pro-resolving effects associated with theMSC-
bioreactor perfusion. Perfusate profiling indicated that the bioreactor-based NMP
induced a broad modulation of several factors involved in inflammation and leu-
kocyte recruitment, inflammation resolution, and liver cell regeneration. Raw data
were adjusted based on circuit volume and liver weight. Results are expressed as
log2-transformed fold change between the NMP+bioreactor group and the NMP
group at each time point. Five independent replicates were analyzed for each
experimental condition. Two-way RM ANOVA, followed by Tukey’s post hoc test.
The color-coded scale illustrates the diverse magnitudes of fold change. Abbre-
viations: b-MSCs, MSC-bioreactor; CCL2/MCP-1, Chemokine C-C motif ligand 2/
MonocyteChemoattractant Protein-1; CCL3/MIP-1α, ChemokineC-Cmotif ligand3/
Macrophage Inflammatory Protein-1α; CCL5/RANTES, Chemokine C-Cmotif ligand
5/regulated on activation normal T cell expressed and secreted; CTGF, Connective
Tissue Growth Factor; CXCL-1/GRO α, C-X-C Motif Chemokine Ligand 1/Growth-
regulated protein α; CXCL5/LIX, C-X-C Motif Chemokine Ligand 5/Lipopoly-
saccharide-inducedCXC chemokine; CXCL10/IP-10,C-X-CMotif Chemokine Ligand
10/Interferon gamma-induced protein 10; FC, Fold change; HGF, Hepatocyte
growth factor; IFN-γ, Interferon-γ; IL-4, Interleukin 4; IL-6, Interleukin 6; IL-10,
Interleukin 10; IL-13, Interleukin 13; IL-18, Interleukin 18; NMP, normothermic
machine perfusion; TIMP-1, Tissue Inhibitor of Metalloproteinase 1; TNF-α, Tumor
Necrosis Factor-α; sICAM-1, soluble Intercellular Adhesion Molecule-1; VEGF, Vas-
cular Endothelial Growth Factor.
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observed in the context of liver NMP, compared to the liverless pro-
cedure, suggests that MSCs responded to the liver factors by pro-
moting an anti-inflammatory and pro-resolving environment.

Compared with standard NMP, the bioreactor-based perfusion
exerted multiple beneficial effects which enabled to counteract many
of the harmful events triggered by organ donation, cold storage, and
reperfusion at normothermia. In fact, a reduced release of injury bio-
markers, a greater bile output, and an increased concentration of
acute-phase proteins were observed. In addition, during the initial
reperfusion phase, the wash-out of donor blood was more effective in
livers exposed to the MSC-derived secretome, likely as a consequence
of the increased availability of the vasodilator NO47. Although a direct
comparison with human liver reference viability criteria12,48 cannot be
performed due to the obvious differences between clinical and pre-
clinical protocols, our results demonstrate that exposure the
bioreactor-based perfusion limited cell death and improved the
recovery of liver biosynthetic activity.

Another significant effect involves liver cell energetics and mito-
chondrial function. Indeed, MSC treatment protected from the ATP
depletion typically induced by IR49. This observation is of paramount
importance for the transplantation setting, as ATP pool exhaustion is a
crucial event leading to ion homeostasis failure, cell swelling, and, ulti-
mately, apoptosis activation within ischemic cells49–51. The absence of
succinate accumulation in livers exposed to the MSC-derived secretome
further supports the positive impact of the bioreactor-based perfusion
on tissue energetics. A dysregulated increase in this metabolite has
been previously documented in liver grafts subjected to an ischemic
challenge42,52 and represents a key indicator of disrupted cellular energy
metabolism53. Consistently, a rapid metabolization of the accumulated
succinate, as seen during hypothermic oxygenated perfusion (HOPE)52,
arose as an effective intervention strategy against IRI54,55. The con-
comitant ATP recovery and succinate removal observed in this study,
suggest a broader positive influence exerted by MSCs on the mito-
chondrial electron transfer chain. Stem cell ability to transfer viable
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Fig. 7 | MSC-bioreactor-based liver NMP in a large animal model. In this pilot
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results were compared to those obtained from standard porcine liver NMP (n = 3).
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ANOVA; p-value between experimental groups: HA flow p =0.151; HA
resistance p =0.285; PV flow p =0.901; PV resistance p =0.334. c Lactate clearance
was similar across experimental groups. Points denote mean ± SEM, n = 3 biologi-
cally independent replicates. Two-way RM ANOVA; p =0.563. d Perfusate LDH
concentration tended to be lower in the NMP+bioreactor group. Points denote
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mitochondria to injured cells56,57 could have a role in the restoration of
injured cell energetic status. Further studies are required to determine
whether this intriguing mechanism contributes to the protection con-
ferred by MSCs in the context of hepatic IRI.

Liver exposure to theMSC-derived secretomewas associatedwith
substantial changes in the perfusate inflammatory profile. Compared
to standard NMP, the NMP+bioreactor group exhibited a reduced
release of different inflammatory mediators, whereas higher con-
centrations of IL-6, TNF-α, and certain chemokines were observed.
This molecular scenario depicts a coordinated adaptive response to
the reperfusive injury. In fact, TNF-α and IL-6 are secreted as part of the
pathophysiological immune response to ischemia58,59, to induce leu-
kocyte recruitment to the injured site, tissue repair, and damaged cell
removal50. In addition, TNF-α and IL-6 are key factors in liver cell
regeneration60. Consistently, higher serum concentrations of these
moleculeswere associatedwith improved graft regeneration after liver
transplantation61. In addition, in livers subjected to the bioreactor-
based perfusion there was a higher release of various protective fac-
tors, including Adiponectin, CTGF, HGF, and, during the initial stage
after reperfusion, IL-13. The induction of Adiponectin appears parti-
cularly interesting, due to its well-known properties in the mitigation
of inflammation and oxidative stress in the context of liver
diseases62–64. Similarly, the increase in HGF could significantly con-
tribute to IRI resolution, as this potent mitogen promotes the regen-
eration of hepatocytes as well as of biliary and liver endothelial cells65.
Overall, these findings indicate that MSC-based therapy exerted a
broad impact on different aspects of immune homeostasis, including
the recruitment of leukocytes to control inflammation21, and, at the
same time, it mediated the induction of endogenous protective path-
ways to counteract the deleterious events triggered by IR.

The information acquired in the small animal model was
successfully translated to guide the integration of this innovative
setup into a commercially-available perfusion device approved
for clinical perfusion. The data collected in our pilot study
involving porcine livers clearly indicate the feasibility and safety
of integrating MSC-bioreactors into the NMP protocols for human
use. These preliminary findings support the technical feasibility
of coupling a MSC-bioreactor into a clinical NMP circuit and
provide a solid foundation for future studies aimed at investi-
gating the clinical translability of our advanced perfusion plat-
form. Of note, the availability of new strategies for stem cell
upscaling and manufacturing66 could facilitate the translational
use of our novel technology in a human setting.

The study shows some limitations that warrant further discus-
sion. 1) In vitro study (WP1): we acknowledge minor weaknesses in
the bioreactor preparation workflow. In fact, MSCs experienced a
certain degree of oxidative stress during shipment. This observation
underscores the possible need to supplement the culture medium
with antioxidants (e.g. vitamin C, glutathione). Moreover, due to a
low efficiency in MSC detachment from the bioreactor fibers, we
could not provide the exact number of the cells present in the
device after NMP. 2) Small animal study (WP2): we used livers
exposed to a short cold ischemia time to reduce potential con-
founding factors and, as a consequence, to gain a clearer under-
standing of the biological processes elicited by the bioreactor-based
perfusion. The adopted experimental setting did successfully
reproduce the key pathophysiological features of liver IR injury and
enabled to observe the benefits conferred to the liver. We believe
that the investigation of the long-term effects of the bioreactor-
based perfusion in transplanted livers represents a logical next
step of the present research, that could be used as useful starting
point for future targeted studies. In fact, the strict application of the
PREPARE and the “Animal Research: Reporting of In Vivo Experi-
ments” (ARRIVE) guidelines43,67 ensures the reproducibility of our
investigation, thereby facilitating research advancement by other

Research groups. 3) Large animal study (WP3): this pilot study fol-
lows a feasibility design and, as such, has a limited sample size.
Moreover, it was not intended to provide conclusive results on the
translability of the bioreactor-based perfusion, but only to demon-
strate that the new circuit configuration could safely support the
protocol for human liver MP. Of note, the progression towards a
setting similar to the human scenario required significant protocol
adjustments and circuit modifications compared to the small animal
study. These changes prevented the possibility of performing a
direct comparison of the MSCs’ effects on rat and pig livers, which,
however, was already outside the scope of our pilot study. 4) WP2
and WP3: The selected perfusion time was optimal to explore the
MSC-bioreactor effects on initial IRI42,52,68 and enabled to success-
fully demonstrate the technical feasibility of integrating the device
into the NMP circuit. We acknowledge that a deeper investigation of
the pathophysiological consequences of the bioreactor-based per-
fusion would have required a more prolonged perfusion. However,
extended perfusion time is associated with unavoidable changes in
liver cell metabolism, as recently reported by our group44, and,
therefore requires further implementation before being imple-
mented for organ treatment.

In conclusion, the present proof-of-concept study demon-
strates, for the first time, that the integration of a MSC-bioreactor
into a NMP platform is feasible and effective in reducing the initial
IRI. Thanks to a stepwise experimental workflow, ranging from
in vitro evaluations to preclinical models, the research presents
several innovative findings that, in our view, could support
further relevant advancements in the field. In fact, the use of a
bioreactor to avoid a direct contact between MSCs and the organ
represents a significant breakthrough, as it addresses the common
drawbacks related to MSC applications32–34. Besides implementing
an unprecedented perfusion circuit, our small animal study proves,
for the first time, that the well-documented beneficial effects of
stem cells can be achieved even in this particular setting. Another
noteworthy achievement of our investigation is represented by the
induction of a liver-tailored reprogramming of stem cells’ secretory
activity, that could overcome the negative impact of inadequate cell
licensing on MSC efficacy38. Finally, the pilot study in porcine
livers provides feasibility evidence indicating that the novel tech-
nology can be upscaled to a large animal set-up resembling the
clinical situation. The data provided by the present research
represent pivotal information for a future development of cutting-
edge platforms for ex situ organ repair. A deeper understanding of
the therapeutic potential of the bioreactor-based perfusion will
require targeted investigation in both preclinical models of graft
injury and non-viable human livers. This perspective becomes even
more intriguing when considering the latest advancements in pro-
longed perfusion protocols documented by our group44,69,70 and
others71–74. Another promising approach to further explore the
impact of the bioreactor-based perfusion could involve the use of
split livers, which could provide valuable information on the effects
exerted by stem cells on injured versus non-injured liver
parenchyma.

Methods
Development of the advanced NMP platform for rat liver NMP
coupled with the MSC-bioreactor
MSC-bioreactor preparation and preliminary analysis. MSCs were
obtained from human adipose tissue under approval number 2892 P,
released by Padua Ethical Committee for Clinical Research on 10/06/
2013. Methods for cell isolation and culturing in vitro are described in
Supplementary methods 1.1. A preliminary characterization of the
MSCs is provided in Supplementary results 2.1.

The hollow fiber bioreactors (Aferetica srl, Supplementary
Information 1.2 and Supplementary Fig. 1) show a cylindrical

Article https://doi.org/10.1038/s41467-024-55217-7

Nature Communications |          (2025) 16:283 10

www.nature.com/naturecommunications


structure containing bundles of polysulfone fibers that create a
surface area suitable for cell growth. There are two distinct com-
partments: the intracapillary space, which is inside the hollow fibers,
and the extracapillary space, which surrounds the fibers within the
chamber. The fibers provide a total culturing surface of 500 cm2 and
are composed of membranes with pores measuring 150 nm in
diameter.

A total of2×107MSCswere injected into the extracapillary spaceof
the bioreactor at a seeding density of 4×104 cells/cm2. After 12
h-incubation at standard conditions, supernatants were replaced with
complete medium and MSC-bioreactors were shipped at room tem-
perature to Milan.

Once received at the Milan lab, supernatants were replaced with
fresh medium. Collected supernatants were analyzed by gas analysis
(ABL 800 Flex, Radiometer Medical ApS, Copenhagen, Denmark) and
then stored at -80 °C for bio-molecular analysis. Cell pellets were
counted with an automated cell counter (Scepter™, Millipore Cor-
poration, Merck KGaA, Darmstadt, Germany) and analyzed using the
Scepter™ 2.0 software pro (Merck KGaA).

Liverless-NMP. The MSC-bioreactors were kept at standard culturing
conditions for 24-48 h. Then, the bioreactors were connected to a
customized circuit derived from an isolated lung perfusion system
(Hugo Sachs Elektronik, Harvard Apparatus, March-Hugstetten,
Germany)75.

A description of the protocol and thematerials used isprovided in
the Supplementary methods 1.3. The system was primed with perfu-
sion fluid supplied with an oxygen carrier (Oxyglobin®, HBO2 Ther-
apeutics, Boston, USA). After connecting the bioreactors to the circuit,
the perfusion fluid was pumped inside the bioreactor with a flow rate
of 20ml/min. The perfusion was maintained for 4 h and involved
continuous pressure and temperature monitoring with hourly eva-
luation of perfusate acid-base balance, electrolytes, and metabolite
concentration.

Perfusate samples collected throughout NMP were adequately
processed to evaluate the concentration of the parameters listed in
Supplementary methods 1.3, and in 1.9. The amount and size of EVs in
the perfusates were assessed as described in the Supplementary
methods 1.9.

At the end of liverless-NMP, MSCs were enzymatically harvested,
counted, and analyzed by flow-cytometry (Supplementarymethods 1.4).

Bioreactor-based liver NMP in a rat model
Experimental groups. Twenty rats were randomly assigned to one of
the followingexperimental groups (n = 5each,SupplementaryTable 1): 1)
Native, liverswere procured from rats in resting conditions; 2) SCS, livers
were flushed in-situ, procured, and subjected to 30 min-cold storage; 3)
NMP, livers were treated as the SCS group and then ex situ perfused for
4h using the standard perfusion platform; 4) NMP+bioreactor, livers
were treated as the SCS group and then ex situ perfused for 4h using the
MSC-bioreactor-equipped platform.

Rat model. The procedures involving the use of laboratory animals
were performed at the Center for Preclinical Research, under the
authorization number 456/2021 (issuing date: June 22nd, 2021).
Sprague–Dawleymale rats (Charles River, Calco, Lecco, Italy) weighing
250-300 g were housed in a ventilated cage system (Tecniplast, S.p.A.,
Varese, Italy) at 22 ± 2°C, 55 ± 10% humidity, on a 12 h dark/light cycle,
and were allowed free access to feed and water.

Methods for anesthesia induction, surgery, in-situ flushingwith an
ice-cold preservation solution, and liver procurement are described in
the Supplementary methods 1.6.

Normothermic liver machine perfusion. Liver perfusion was per-
formedas reported in the Supplementarymethods 1.7. Hemodynamics

parameters were monitored throughout the procedure (ADInstru-
ments, Dunedin, New Zeland). Perfusate and bile gas analysis was
hourly performed (ABL 800 Flex).

Sample collection and bio-molecular analysis. A description of
sample collection is provided in the Supplementary Table 3. Briefly,
during the first 5min of NMP, the entire volume (20ml) of the outflow
perfusate was withdrawn from the vena cava “wash-out”. Then, sam-
ples of the recirculatingperfusatewere collectedhourly andprocessed
as previously described76,77 and as reported in Supplementary meth-
ods 1.8. A list of the parameters evaluated is provided in Supplemen-
tary methods 1.9 and 1.10.

Bile was collected into a test tube containing 200 µL of vaseline
and weighted to estimate bile production and analyzed with a gas
analyzer.

Liver biopsies were obtained from the right median lobe at the
end of NMP. One sample was used to assess wet-to-dry ratio (edema
index), one was formalin-fixed, while the others were snap-frozen and
stored at -80 °C for subsequent evaluation of ATP content and NAD+ /
NADH ratio (Supplementary methods 1.11).

Bioreactor-based liver NMP in a large animal model
Porcine model and experimental groups. The procedures involving
the use of swines were performed at the Department of Veterinary
Medical Sciences (Ozzano, Italy), under the authorization number
2216 A.N.AB.

Swines weighting 62-87 Kg were randomly assigned to one of the
following experimental groups: 1) NMP (n= 3), livers exposed to 1
h-warm ischemia, flushed in-situ, procured, and subjected to 30 min-
cold ischemia and then ex situ perfused for 4 husing the standardLiver
Assist® perfusion platform (XVIVO Perfusion AB); 2) NMP+bioreactor
(n = 3), livers were treated as the NMP group and then ex situ perfused
for 4 husing the Liver Assist® perfusionplatformequippedwith aMSC-
bioreactor.

Preparation of the bioreactor suitable for porcine livers. Bioreactors
were prepared following the same procedure developed for the small
animal model (Supplementary methods 1.1 and 1.12). Briefly, after cell
expansion in vitro, a cell suspension at a concentration of 1.85×106

cells/ml were injected into human plasmafilters (Aferetica srl, Sup-
plementary Fig. 10). The bioreactors share similar characteristics with
the device used in the small animal study, except for a greater total
volume capacity The final seeding density in the device was 1.85x104

cells/cm2.

Normothermic liver machine perfusion. A description of the porcine
donation model and the protocol used for porcine NMP is provided in
the Supplementary methods 1.12.

Statistical analysis
Sample size for the ratmodel was calculated by a priori power analysis,
in compliancewith the 3 R principles78,79 and the PREPARE guidelines43.
Details are provided in the Supplementary methods 1.5, following the
schemeestablished by the ARRIVE guidelines67. The pilot study in large
animals was conducted to test the feasibility of bioreactor integration
into a commercially-available circuit for human use. Sample size was
determined according to the guidance published by NC3R80 (Supple-
mentary methods 1.12).

Data are presented as mean± standard error of the means (SEM)
or median [25–75th percentile]. Differences across experimental
groups were investigated using the one-way analysis of variance
(ANOVA) or two-way repetitive measures (RM) ANOVA, followed by
Tukey’s post hoc test for multi-comparison procedures. p-values were
adjusted using the Benjamini-Hochberg (BH) procedure to control the
False Discovery Rate (FDR). Non-normally distributed data were rank-
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transformed before ANOVA. A probability value of p <0.05 was con-
sidered significant. The tests were performed using SigmaStat soft-
ware 11.0 (Systat Software Inc, San Jose, CA, USA), Prism 9 (GraphPad
Software, LCC, CA, USA), and JMP Pro 17.2.0 (JMP Statistical Discovery
LLC, SAS Campus Drive, NC, USA).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated or analysed during this study are included either
in the present article, its supplementary information files, or at
10.5281/zenodo.14013781. Any additional requests for information
can be directed to, and will be fulfilled by the corresponding
authors.
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