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Normothermic machine perfusion
converges transplant induced
transcript profiles in low and high
risk DBD and DCD livers
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Normothermic machine perfusion (NMP) of donated livers is emerging as a superior preservation
technology versus static cold storage (SCS) for transplant, transforming a metabolically dormant organ
to a functioning state that improves outcomes of marginal liver transplants. Mechanisms underlying
improved NMP restoration of donation after brain death (DBD) and donation after circulatory death
(DCD) livers remain incompletely defined. We tested the hypothesis that NMP would decrease
transcripts encoding inflammatory mediators following both perfusion and transplant of DBD and

DCD livers. Biopsy transcript expression profiles were determined from SCS DBD livers at pre-SCS
preservation and transplant reperfusion and from benchmark and outside benchmark criteria DBD

and DCD livers pre-NMP, after 6-7 h of NMP, and after transplant reperfusion. Compared to SCS livers,
NMP programs converged transcript profiles of DCD and DBD livers, decreasing transplant reperfusion-
induced inflammatory transcripts while increasing transcripts promoting wound healing and tissue
repair processes, but did not obviate the high occurrence of adverse events in the outside benchmark
DCD livers transplants.

Keywords Liver transplantation, Ischemia-reperfusion injury, Graft preservation, Inflammation, Gene
expression

Abbreviations
AR acute rejection
BM benchmark criterion

DBD donation after brain death
DCD donation after cardiac death
EAD early allograft dysfunction

NMP normothermic machine perfusion
OSBM  outside benchmark criterion

SCS static cold storage

WIT warm ischemia time

Liver transplantation for end-stage liver disease patients is limited by discrepancies between organ need and
supply where an estimated 15-20% of candidates die without receiving a liver transplant!. This problem is
compounded by the 15-25% of donated livers that are discarded following assessment of poor quality and
designation as marginal livers®=>. Static cold storage (SCS), the preservation modality that has been used for solid
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organs for more than 4 decades, is a key factor promoting liver graft injury after transplant, with marginal livers
being particularly susceptible to this injury>®-8. During SCS organs experience injury through two mechanisms:
(1) direct cold injury on the cell membrane; and, (2) increased tissue ischemia from hypoxia. Following liver
re-vascularization and reintroduction of blood and oxygen, the ischemic cells metabolize O, to reactive oxygen
species (ROS), which directly mediate tissue injury and trigger production of proinflammatory cytokines,
leukocyte chemoattractants and expression of integrin and other adhesion molecule expression that promote
recipient leukocyte interaction with graft cells and infiltration into the graft’!!. The increased magnitude of
ischemia-reperfusion injury (IRI) generated during transplant reperfusion of cold stored grafts is a critical risk
factor for early injury, delayed graft function, increased donor-reactive immune responses, biliary complications,
and poorer long-term outcomes.

Normothermic machine perfusion (NMP) has been developed as a potentially superior preservation
technology for liver transplants compared to SCS. Organ preservation by warm oxygenated perfusion is based
on the rationale that hypoxia and hyperthermic injury is prevented and the delivery of oxygen and nutrients as
well as maintenance of physiologic temperature, promote healthy cell metabolism during preservation®!?-!4, In
contrast to SCS, NMP transforms a metabolically dormant and continuously injured liver into a functioning
organ and offers three advantages over SCS: (1) better preservation that allows transplant of many livers that
would normally be discarded; (2) a tool for testing liver injury and function before transplantation; and, (3)
decreases in the intensity of IRI following transplant reperfusion. NMP also offers an opportunity to provide
critical information on organ viability during and after perfusion.>'V During the past 8 years, our team has
pioneered NMP technology in liver transplantation using an institutionally developed device'. Initial clinical
studies perfused 21 livers for 200-500 min followed by successful transplantation and presented much better
hemodynamics and reduced graft injury after reperfusion compared to SCS preserved controls'®.

Studies of liver grafts subjected to either SCS or NMP preservation indicate decreased early post-
transplant injury in NMP livers”!2. Microarray analyses of biopsy RNA before liver transplantation versus
after transplantation indicated decreased expression of proinflammatory genes associated with IRI following
transplantation of NMP vs. SCS preserved grafts'®. Other studies have used RNA sequencing to compare NMP-
induced changes in liver transcripts!’~'°. These studies have begun to elucidate molecular changes induced
after transplantation of SCS and NMP preserved grafts. To gain further mechanistic insights underlying the
improvements in liver grafts subjected to NMP, we utilized the multiplex NanoString nCounter platform to
identify transcript profiles expressed in liver biopsies to ask: (1) does NMP decrease or change the inflammatory
transcript landscape of graft tissue following perfusion and then at transplant; and, (2) do standard benchmark
criteria and beyond benchmark criteria donation after brain death (DBD) and donation after circulatory death
(DCD) livers respond differently to NMP, both at the end of perfusion and following transplant? Overall, the
results provide a comprehensive dissection of the effects of NMP on liver graft status and insights into the
inflammatory and regulatory changes to the graft tissue of DBD and DCD livers after NMP and transplantation.

Methods

Biopsy samples

Liver biopsy samples were collected from 47 subjects transplanted between February 2018 and June 2022. Subject
demographics are shown in Table 1. Thirteen livers were subjected to SCS prior to transplantation (control)
and 34 were treated with NMP. Livers were stratified by donor type and risk factors®®!. Benchmark criteria
were defined as follow for all primary liver transplants with donation after brain death (DBD) or donation after
circulatory death (DCD) grafts: young donors, low meld recipients and low Balance of Risk (BAR) recipients up
to a BAR score of 9 points, low meld recipients with up to a meld of 20 points and, no acute liver failure, ICU
admission, or ventilation or renal replacement therapy at transplantation. Specific to DCD grafts, the donor
warm ischemia time was short and not more than 15 min asystolic and 30 min total donor warm ischemia
time and cold storage kept within 6 h—with no more than a 7 minute difference for benchmark and outside
benchmark livers. Liver transplant cases outside benchmark criteria were those with donor and/or recipient risk
factors outside the above-described benchmark criteria, including cases with more risk for elevated reperfusion
injury due to a presumed inferior liver quality. The 13 control livers subjected to SCS preservation were from
benchmark criterion DBD donors. Twenty NMP-treated livers were from benchmark criteria donors (10 DBD
and 10 DCD) and 14 were from outside benchmark criteria donors (6 DBD and 8 DCD).

Wedge biopsies were collected at two or three timepoints as illustrated in Fig. 1. A pre-SCS/NMP sample
was collected from both groups after procurement prior to NMP or SCS preservation. For NMP livers a biopsy
was collected at the end of machine perfusion (post-NMP). Reperfusion biopsies in both groups were collected
approximately 90 min after transplant reperfusion of the graft, prior to closure. Biopsy samples were placed
immediately into RNALater (ThermoFisher Scientific) and frozen at -80 °C until processing.

Informed consent was obtained from all subjects. The performed studies adhere to the Ethical Principles
for Medical Research Involving Human Subjects outlined in the Declarations of Helsinki Istanbul and were
approved by the Cleveland Clinic Institutional Review Board.

Normothermic machine perfusion

NMP was performed as previously described by Liu and colleagues using our institutionally developed perfusion
device'®. The protocols included off-the-shelf cardiopulmonary bypass equipment, a customized organ basin,
and a plasma-packed red blood cell-based perfusion solution.

RNA isolation and NanoString nCounter analysis
RNA was isolated using the Qiagen RNeasy Mini kit (Germantown, MD) and gene expression measured
with the NanoString PanCancer Immune Profiling codeset (Seattle, WA). The Rosalind platform (https://ros
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Control NMP NMP NMP NMP
BM BM OSBM BM OSBM
DBD DBD DBD DCD DCD
n 13 10 6 10 8
Recipient Age (years) 57 53 63 64 61
P 8¢ LY (55-61) (45-60) (62-65) (56-68) (46-65)
Recipient Male Sex (n/%) 9 (69%) 8 (80%) 4 (67%) 4 (40%) 7 (88%)
Lab MELD (points) 25 (11-31) 23 (16-28) 17 (16-21) 16 (14-21) 18 (16-23)
Donor Age (years) 38 (35-59) 42 (32-52) 53 (45-58) 37 (25-46) 50 (42-56)
Donor Male Sex (n/%) 7 (54%) 7 (70%) 4(67%) 9 (90%) 7 (88%)
Donor BMI (kg/m?) 30 (26-35) 31 (27-36) 35 (32-39) 24 (23-26) 29 (25-33)
) 2,193 1,810 1,860 2,000
Graft Weight PreNMP (g) 1,795 (1,630-995) | (3 051 -2,511) | (1,705-1,915) | (1,693-2,028) | (1,778-2,223)
) 2,080 1,734 1,593 1,658
Graft Weight PostNMP (g) N/A (1,970-2,320) | (1,602-1,866) | (1,449-1,736) | (1,526-1,789)
Cold Storage (min) 326 247 346 337 281
8 (296-329) (231-340) (244-391) (300-344) (235-351)
Functional WIT (DCD Only, min) | N/A N/A N/A 20 (18-20) 24 (16-27)
NMP Time (min) N/A 352 (280-467) | 407 (306-435) | 412 (336-439) | 415 (354-429)
Total Preservation Time (min) 326 795 817 850 825
(296-329) (505-894) (609-900) (706-883) (691-902)
Steatosis (%) 5 (5-10) 5(0-5) 10 (10-20) 5(0-5) 8 (0-10)
DRI 15 1.6 1.9 24 26
(1.3-1.9) (1.5-1.8) (1.4-2.0) (1.9-2.5) (2.3-2.7)

Table 1. Subject and graft Demographics. Unless otherwise indicated, continuous variables are median
(interquartile range) and categorical variables are n (%). Abbreviations: BM, benchmark criterion; DBD,
donation after brain death; DCD, donation after cardiac death; DRI, donor risk index; NMP, normothermic
machine perfusion; N/A, not applicable; OSBM, outside benchmark criterion; WIT, warm ischemia time.

alind.bio/) was used for preliminary data analysis including quality control, normalization of raw counts, and
determination of differentially expressed genes. Gene expression changes of fold-change>2 or < -2 and having
p value<0.05 were considered significant. Gene set scores were calculated for each sample by taking the sum of
the mean-subtracted log, normalized expression levels of each gene in the heatmap. Enrichr (https://maayanlab
.cloud/Enrichr/) was used for pathway analysis.

Statistics

Continuous variables were reported as median (interquartile range) and p values determined using Students’ t
test or Mann-Whitney U test, according to distribution normality and variance equality. Categorical variables
were presented as counts and percentages and analysed using Fisher exact test. Statistical analysis was done using
GraphPad Prism Version 10. PCA plots were created in R.

Results

Biopsy transcript expression by DBD and DCD livers at pre-SCS/NMP

Before determining the impact of NMP on transcript profiles expressed by DBD and DCD livers following
transplant, it was necessary to establish the profiles at the first biopsy time point as pre-SCS/NMP. Biopsies
were obtained from all livers received for transplant prior to initiation of NMP or SCS preservation and the
pre-SCS/NMP transcript profiles of the DBD and DCD livers were compared. There was a marked increase in
26 inflammatory transcripts and a decrease in 4 transcripts in the pre-preserved DBD vs. DCD livers (Fig. 2a).
Increased transcripts in DBD vs. DCD livers pre-SCS/NMP included those promoting inflammation, the
recruitment of lymphocytes, myeloid cells and dendritic cells (ILIRN, CCL2, CCL20, CXCL10, TREM1) and
cell adhesion (THBS1, TNFRSF12A, LIF) and the decreased transcripts were primarily involved with promoting
inflammation (C reactive protein and TNFSF14) and directing the trafficking of resident dendritic cells and
naive T cells (CCL19) (Fig. 2b). The transcript profiles of the control, pre-SCS liver biopsies were compared to
those of the 4 groups preserved with NMP, there was little difference with the benchmark DBD, but the outside
benchmark DBD and DCD as well as the benchmark DCD livers had increased expression of 14 transcripts
encoding inflammatory mediators (Supplementary Fig. 1).

Transcript changes following transplant reperfusion of SCS versus NMP preserved DBD livers
The inflammatory transcript profiles in the DBD livers from pre-SCS/NMP were compared to those expressed
after transplant reperfusion in the recipient. For DBD livers subjected to SCS, 60 transcripts were increased
from pre-SCS/NMP to transplant reperfusion (Fig. 3a and b). Increased transcripts included those involved in
neutrophil trafficking, cell adhesion and promotion of inflammation. The heat map indicated that the increased
transcripts induced by transplant reperfusion of the SCS DBD livers separated into 2 clusters with one cluster
expressing lower increases of the transcripts and the other expressing markedly higher increases (Fig. 3a).
When gene set scores (GSS) were determined for each sample, the GSS placed the samples into one of the two
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a Timeline of sample collection in livers preserved with NMP

20 benchmark criterion donors: 10 DBD, 10 DCD
14 outside benchmark criterion donors: 6 DBD, 8 DCD
3 samples for each: pre, postNMP, reperfusion

! l i

organ normothermic
dissection | perfusion —>| transplant
Pre PostNMP Reperfusion

b Timeline of sample collection in static cold storage preserved livers

13 control benchmark criterion DBD donors
2 samples for each: pre and reperfusion

! !

organ static cold transplant
dissection ischemia P
Pre Reperfusion

Fig. 1. Blue arrows indicate sample collection points. (a) Biopsy samples from 34 livers treated with
normothermic machine perfusion (NMP) were collected at three timepoints: pre-SCS or NMP preservation,
before the beginning of machine perfusion; post-NMP, after completion of machine perfusion; and
reperfusion, after transplantation into the recipient, just before closure. Twenty of the NMP livers were from
benchmark criterion donors, 10 donation after brain death (DBD) and 10 donation after cardiac death (DCD).
Fourteen NMP livers were from outside benchmark criterion donors, 6 DBD and 8 DCD. (b) Biopsy samples
from 13 control livers were collected at two timepoints: baseline (pre), after dissection, while the liver was on
the back table in the operating room; and reperfusion, after transplantation into the recipient, before closure.
All of the control livers were from benchmark criterion DBD donors. Abbreviations: DBD, donation after brain
death; DCD, donation after cardiac death; NMP, normothermic machine perfusion.

clusters with one cluster expressing low levels of the inflammatory genes (mean GSS=17.4) and a second cluster
expressing almost five-fold higher levels of the transcripts (mean GSS=82.6). Of the 10 most highly increased
transcripts during transplant reperfusion of the SCS preserved DBD livers, a high increase in chemoattractant
CCL4 transcripts was unique to the SCS preserved DBD livers and the other 9 increased transcripts were shared
with those induced during transplant reperfusion of NMP preserved benchmark criteria DBD livers (Fig. 3b).
Liver grafts from the higher cluster had significant increases in peak AST levels (1,354 vs. 385 U/L, p=0.019)
and bilirubin (2.4 vs. 1.3 mg/dl, p=0.025) production and the liver with the highest AST level and bilirubin
experienced early allograft dysfunction whereas one liver graft from the lower cluster experienced an acute
rejection episode (Table 2).

Analysis of transplant reperfusion-induced vs. pre-NMP transcripts in benchmark criterion DBD grafts
indicated increases of 56 and decreases of 4 transcripts (Fig. 3c), with 33 of the 56 increased transcripts shared
with the SCS preserved DBD livers (Fig. 3d), including those involved in encoding mediators of cell trafficking
and adhesion, promotion of tissue inflammation, platelet aggregation, apoptosis and regulation of innate and
adaptive immune responses. Transplant reperfusion of the NMP preserved benchmark DBD livers induced
23 unique transcripts not observed in SCS preserved DBD livers, including transcripts encoding components
involved with wound healing, intracellular activation (cathepsin L, ISG20 and SMAD?3), and cell adhesion
and extracellular vesicle generation (ITGB3 and CD9). As observed for SCS preserved DBD livers, transplant
reperfusion-induced transcript profiles of NMP-preserved benchmark criteria DBD livers separated into two
clusters with one cluster of 4 samples expressing higher increases of inflammatory genes vs. the pre-NMP levels
(mean GSS=70.6) than the other cluster of 6 samples (mean GSS=17.4). Peak AST and ALT levels were elevated
more than two-fold in recipients with the cluster containing the higher transcript levels (1632 vs., 582 U/L,
Pp=0.04; and 393 vs. 185 mg/dl, p=0.67). Notably, these NMP preserved liver grafts had significantly longer total
preservation time (899 vs. 530 min, p=0.015) and had two incidences of early graft dysfunction and one episode
of acute rejection (Table 2).
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Fig. 2. Baseline gene expression reveals increased inflammatory transcript profiles in DBD versus DCD livers.
(a) Gene expression was measured by NanoString in 16 DBD and 18 DCD livers prior to machine perfusion.
Differently expressed genes were defined by log, fold-change>1 or < -1 and p value<0.05. (a) Heatmap
indicating higher expression of 26 genes and decreased expression of 4 genes in the DBD livers when compared
to the DCD livers at baseline. (b) volcano plot showing the differently expressed genes. The horizontal dotted
line on the volcano plot is p value =0.05. The two vertical dotted lines are log, fold-change — 1 and 1. Red dots
indicate DEGs with increased expression in DBD livers compared with DCD livers and blue dots indicate
DEGs with decreased expression in DBD livers. Abbreviations: DBD, donation after brain death; DCD,
donation after cardiac death; NMP, normothermic machine perfusion.

Impact of NMP on transplant reperfusion induced transcript profiles in benchmark DBD livers
The use of benchmark criteria DBD livers preserved with either SCS or NMP allowed a direct assessment of the
impact of NMP on transcript profile changes induced by transplant reperfusion in individual grafts. When the
transcripts expressed during transplant reperfusion in these DBD livers were compared there was an increase
of 10 transcripts and a decrease in 25 transcripts in livers preserved with NMP vs. SCS (Supplemental Fig. 2).
The induced transcripts in the NMP preserved livers included those involved in regulation of inflammation

Scientific Reports|  (2025) 15:34419 | https://doi.org/10.1038/s41598-025-17448-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

a pre Reperfusion b Control DBD reperfusion v pre
o] e o
B csF3R
e 8- :
= : - > :
o i * TNFAIP3
DUSPE b
m hersrroc o 64 e CCL3L1
6 e e = : NFKBIA PPBP
| gy = 2 g
B e " W &, M el N ol
BEE o . o ‘cpor?  °IRF4 cclL20
p o9 ee © FOS
I o o G, e, FCXCR2
| & m—cos =} i, & e’ * CILIBRAP
s = R '
= || WR.. 0 |G el iR O R e e B S S
g = = NAGIA
NLRP3
PLAUR
= | E QEIZTE;:;’ T T 1
= - -
- i 2 3 4
- Iﬁﬁ.’iﬁ»
B | = i FPR2 . log2 FC
= e e unique DEGs
= [ - :’é’i: e DEGs shared with NMP BM reper v pre
i i LILEB(i
= e
| | ARG2
[ EGR1
E Gozra
BS:3}25598298 §5E5528F 38588
8888388888888 88888888 88888
c Pre Reperfusion d NMP BM DBD reperfusion v pre
g T
|| _ THBS1 8_ s 5
| [ 1 TNFRSF12A : :
ﬂ . - grérj:u * |ITGB3
i 3 °
- — E . FOL
I __ ccL [0} 6_ ; ;
" = ‘m_[e =} :
o ] . L 5] SMAP3..NFR 15620
= W e g, s il *IL1RL1 o LIF
I CcD274 = ® e o|TGAX®
e o 2 "e " accl) S
| H Bm B o 8') “. ". PLAU
EPCAM L ]
m [ ] F\cml = ‘o &
O - oy ' ;e TREMI
W MCAM {;’;',’ ....................................................
| ] PLAU -
it cpe3
e
- = I IFI16 ! | !
B S G -2 0 2 4 6
CXxcLs
GxcR1 log2 FC
. - = l:gg .
- = | ek e unique DEGs .
- - - [ e DEGs shared with C BM DBD reper v pre

= I -m IL1R1
] IRAK2
. . LGALS3
] NFKBIA
PPBP
lﬁ NFKB2
TNFRSF11B
| RELB
|| NFATC2
= CSF2RB
= ‘ HAVCR2
LILRB3
RIPK2
socst
SMAD3
B TNFars

[ ] RUNX1

B HLA-DMB
| | l LRP1
SIGLEC1

| =1 veAM
8
8
o

opnos [

OPN27
OPN1D
crezt
OPN37

e
o
E
o

cTc22
cTC16

& a
o
5 &

OPN27
OPN10
cTc2t
cTc18
OPN24
OPN11
OPNO3
OPN37

OPN11

expressed by immune cells and/or liver epithelial cells, including HAVCR2, MGFE8, SMAD3, LGALS3, and
ITGB3. The decreased transcripts included those involved in acute phase inflammation, leukocyte chemotaxis,
promotion of cell adhesion, and activation of innate immune cells.

When differentially expressed genes (DEGs) generated post-transplant reperfusion vs. pre-SCS/NMP in the
SCS- and NMP-preserved benchmark criteria DBD livers were compared, there were 27 DEGs unique to the SCS
preserved livers that were comprised of many proinflammatory genes and 23 DEGs unique to the livers preserved
with NMP that were comprised of genes involved in attenuation of inflammation and promoting wound healing
and tissue repair (Fig. 4a). In addition, 33 DEGs were shared between the two groups of transplanted livers
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«Fig. 3. Transplant reperfusion induces different gene expression changes from baseline to reperfusion in
control SCS and NMP conditioned livers. (a) Heatmap indicating gene expression changes between baseline
and reperfusion biopsies measured by NanoString in 13 control SCS conditioned benchmark criterion DBD
livers and 10 NMP benchmark criterion DBD livers. DEGs were defined by log, fold-change>1 or < -1 and p
value <0.05 with 60 DEGs with increased expression after reperfusion in control SCS livers. (b) Volcano plot
illustrates the 27 DEGs that were unique to the control SCS group in red and 33 shared DEGs upregulated in
both control SCS and NMP conditioned benchmark criterion DBD livers in blue. The horizontal dotted line
on each volcano plot is p value=0.05. The two vertical dotted lines are log, fold-change —1 and 1. (c) Heatmap
showing the 56 genes with increased expression and 4 genes with decreased expression after reperfusion in
NMP benchmark criterion DBD livers. (d) Volcano plot illustrates in red 23 genes increased and 4 genes
decreased only in NMP livers, and in blue the 33 genes increased in both control and NMP benchmark
criterion DBD livers. Abbreviations: BM, benchmark criterion; DBD, donation after brain death; DEG,
differently expressed gene; NMP, normothermic machine perfusion; SCS, static cold storage.

Static Cold Storage Normothermic Machine Perfusion
Control DBD low | Control DBD high | BM DBD low | BM DBD high OSBM
cluster cluster cluster cluster OSBM DBD | BMDCD |DCD
n 8 5 6 4 6 10 8
32 27 30 32 34 24 29
donor BMI (kg/m2) (27-26) (25-30) (27-35) (27-28) (31-39) (23-26) (25-32)
Total preservation Time | 321 326 530 899 816 850 825
min 291-335 321-328 470-747 870-908 609-900 705-882) | (691-902
(min) ( ) ( ) ( ) ( ) ( ) ( ) | ( )
16 27 27 14 17 16 17
MELD Score (11-27) (25-31) (24-30) (12-16) (16-21) (14-21) | (16-23)
2059
385 1354 582 1632 1758 1620
peak AST (U/L) (199-645) (1267-1892) (369-818) | (1117-2399) | (280-745) | (751-2036) 2%1)7 -
278 527 185 393 360 244 352
peak ALT (U/L) (118-446) (373-1208) (146-302) (312-599) (280-745) | (146-523) | (302-482)
. 13 24 17 0.8 2.1 1.0 1.7
bilirubin POD 7 (mg/d) | ;¢ 1 5 (2.3-2.7) (0.9-2.8) (0.4-1.5) (0.8-2.3) (0.7-14) | (12-2.3)
EAD (n/%) 0 1(12.5) 0.0 2(50) 2(33) 3(30) 5(62)
AR (n/%) 1(12.5) 0 0.0 1(25) 2(33) 1(10) 3(37)

Table 2. Liver graft outcomes by group and Cluster. Unless otherwise indicated, continuous variables are
median (interquartile range) and categorical variables are n (%). Abbreviations: AR, acute rejection; BM,
benchmark criterion; DBD, donation after brain death; DCD, donation after cardiac death; EAD, early allograft
dysfunction; NMP, normothermic machine perfusion; N/A, not applicable; OSBM, outside benchmark
criterion; WIT, warm ischemia time.

that were comprised mostly of transcripts encoding proinflammatory and leukocyte recruitment factors. These
results were supported by pathway analysis of the transcript profiles induced by transplant reperfusion of
NMP preserved livers indicating increased expression of transcripts regulating innate and adaptive immune
responses and wound healing, including matrix organization (Fig. 4b), whereas reperfusion of SCS preserved
DBD livers increased expression of transcripts promoting proinflammatory cytokine production and innate
immune recruitment to mediate allograft inflammation. Overall, the results indicated that NMP preservation of
benchmark criteria DBD livers promoted expression of transcripts encoding mediators resolving inflammation
and promoting tissue repair, but without obviating expression of all transcripts encoding inflammatory
mediators.

The transplant reperfusion-induced transcript changes compared to pre- NMP were also determined in
outside benchmark criteria DBD livers that had been preserved with NMP. Following transplant there was an
increase in 21 and a decrease in 9 transcripts when compared to the transcripts expressed prior to preservation
(Supplemental Fig. 3a). Unlike the two clusters of transcripts increased during transplant reperfusion of
benchmark DBD grafts subjected to preservation with either SCS or NMP, transplant reperfusion-induced
transcripts of NMP preserved outside benchmark criteria DBD livers did not separate into clusters and included
21 increased transcripts with most encoding mediators promoting inflammation, neutrophil recruitment,
activation and cell adhesion and two mediating down-modulation of inflammation (Supplemental Fig. 3a and
3b). There were also 9 decreased transcripts encoding mediators promoting inflammation. When compared
with the transplant reperfusion-induced transcript changes vs. pre- NMP of the benchmark DBD grafts, the
outside benchmark livers increased expression of 14 shared and 7 unique transcripts and decreased 3 shared
and 6 unique transcripts (Supplemental Fig. 3b and 3c). The 6 grafts of the outside benchmark criteria livers
had moderate elevations in peak AST levels when compared to those of the high transcript level cluster of the
benchmark DBD livers (median 1758 vs. 1632 U/L), but the ALT levels were similar (median 360 vs. 393 mg/dl),
and there were 2 instances of early allograft dysfunction and 2 episodes of acute rejection (Table 2).
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Transcript changes following transplant of DCD livers preserved with NMP

The transcript profiles in the DCD livers from pre-NMP to post-transplant reperfusion were also compared. In
benchmark criteria DCD livers 95 transcripts were increased and 9 decreased whereas in outside benchmark
DCD livers 85 transcripts were increased and 10 decreased (Supplemental Fig. 4a and 4b). Seventy-five of the
increased genes were shared between benchmark and outside benchmark criterion donors (Supplemental
Fig. 4c), representing GO Biological Process gene sets including granulocyte and neutrophil chemotaxis,
cytokine-mediated signaling, and inflammatory response. Whereas 30.33% (3 of 10) of benchmark criteria
DCD liver grafts experienced EAD and only 10% (1 of 10) had an acute rejection, 62.5% (5 of 8) of outside
benchmark criteria DCD livers had EAD and 37.5% had an acute rejection (Table 2). This was consistent with
the histopathology observed in the biopsies obtained at the transplant reperfusion point (i.e. approximately
90 min after initiation of reperfusion) where outside benchmark DCD grafts had patchy hepatocyte necrosis
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«Fig. 4. Wound healing and anti-inflammatory gene sets are increased between baseline and reperfusion in
NMP-conditioned livers but not control livers. (a) Gene expression changes between baseline and reperfusion
were determined for 13 control and 10 NMP benchmark criterion DBD livers. The Venn diagram indicates
the numbers of shared and unique DEGs with increased expression at the time of reperfusion compared with
baseline. GO biological pathways that are unique to the control group, unique to the NMP group, and common
to both groups are listed. (b) Gene expression at the time of reperfusion was measured by NanoString in 13
control and 10 NMP benchmark criterion DBD livers. Differently expressed genes were defined by log, fold-
change>1 or < -1 and p value<0.05. Ten genes were increased in NMP livers relative to control, SCS livers
and 25 genes were decreased (see supplemental Fig. 1). Pathway analysis was done in ENRICHR and the most
highly significant GO biological pathways were determined. GO biological pathways increased in control, SCS
livers are shown in red and those increased in NMP livers are shown in blue. Bars represent the Benjamini-
Hochberg adjusted p value. Abbreviations: DBD, donation after brain death; DCD, donation after cardiac
death; DEG, differently expressed gene; GO, gene ontology; NMP, normothermic machine perfusion; SCS,
static cold storage.

in 5 of 8 grafts and a marked increase in overall tissue injury when compared to the benchmark and beyond
benchmark DBD and the benchmark DCD which had only moderate observable injury (Supplemental Fig. 5).

Differential transcript changes in DBD and DCD livers from pre- to post-NMP

It was unclear to what extent the transcriptional changes observed from pre-NMP to post-transplant reperfusion
would be observed from pre-NMP to the time NMP was terminated. Differences in transcript expression profiles
from pre-NMP to post-NMP were determined in benchmark and outside benchmark criteria DBD and DCD
livers (Supplemental Fig. 6a and 6b). There were 30 unique DEGs increased in the benchmark criteria vs. outside
benchmark criteria DBD livers with very few (i.e. 3) shared between the two. In contrast, many unique and
shared DEGs were observed post-NMP in the benchmark and outside benchmark criteria DCD livers, including
shared transcripts encoding mediators of wound healing and negative regulation of inflammation that were
not shared between the two groups of DBD livers (Supplemental Table 1). When comparing NMP-induced
transcripts in DBD vs. DCD livers, both the benchmark and outside benchmark criteria DCD livers had many
more uniquely increased transcripts than their DBD counterparts, (Supplemental Fig. 6¢ and 6d), indicating
NMP had the greatest impact in increasing DEGs in the benchmark and beyond benchmark criteria DCD vs.
DBD livers.

Different transcript profile changes from NMP to transplant reperfusion in DBD and DCD
livers

To further determine the impact of NMP on transplant reperfusion-induced inflammation in liver grafts,
transcript profiles induced at reperfusion were compared with those expressed at the end of NMP in benchmark
and outside benchmark DBD and DCD livers. The results indicated that the primary change in all the liver
groups was transplant reperfusion-induced increases in transcripts without any noticeable decreases and these
increases were more prominent in the benchmark and outside benchmark criteria DCD when compared to
the DBD livers (Fig. 5a and b). In benchmark criterion livers, 11 DEGs were shared between DBD and DCD
livers but an additional 17 were unique to transplant reperfusion of the DCD livers vs. 5 for the DBD livers.
Similarly, outside benchmark criteria DBD and DCD livers had increases in 8 shared DEGs but an additional
10 were unique to the DCD livers vs. 7 for the DBD livers (Fig. 5¢). Whereas 8 of the 12 transcripts encoding
mediators attenuating inflammation and promoting wound healing were shared by at least 3 of the 4 NMP liver
groups, only 2 of the 28 inflammation promoting transcripts was shared by three or more of the liver groups
preserved with NMP (Supplementary Table 2). Moreover, transplant reperfusion of SCS preserved DBD livers
also increased the same 9 anti-inflammatory/wound healing transcripts and all but 7 of the 28 inflammation
promoting transcripts observed in the NMP preserved DBD and DCD livers (Supplementary Table 2). Overall,
the results indicate that NMP preservation primes the DBD and DCD livers to respond to transplant reperfusion
by increasing many transcripts associated with resolution of inflammation and wound healing whereas the
expression of inflammation promoting transcripts was diffusely expressed among the 4 groups of livers.

Transplant reperfusion induced similar transcript profiles in NMP preserved DBD and DCD
livers that are distinct from SCS preserved livers
The transplant reperfusion-induced transcripts expressed by NMP preserved benchmark and outside benchmark
criteria DBD and DCD livers were directly compared with SCS preserved DBD livers. Transplant reperfusion of
the SCS preserved livers clearly increased a distinct set of transcripts encoding inflammatory mediators when
compared to the livers preserved with NMP (Fig. 6a). Conversely, transcripts encoding mediators attenuating
inflammation and promoting wound healing were increased during transplant reperfusion in most NMP
preserved livers when compared with SCS preserved livers, although several of the NMP preserved benchmark
DBD livers also expressed low levels of these transcripts. In spite of the low expression levels of the transcripts
involved in decreasing inflammation and promoting wound healing, this set of NMP preserved benchmark
DBD livers had low levels of recipient serum indicators of graft injury (ALT, AST and ALP) at day 7 post-
transplant, suggesting the NMP associated expression of other mediators attenuating transplant reperfusion-
induced inflammation.

The analyses were extended by comparing the transcript profiles expressed during transcript reperfusion in
DBD and DCD livers preserved with SCS or NMP and performing multidimensional scaling of all the samples.
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Fig. 5. Inflammatory gene expression has greater increases in post-NMP and transplant reperfusion biopsies
from DCD livers versus DBD livers. Gene expression changes between post-NMP and transplant reperfusion
were determined by NanoString for liver biopsy samples from each of the four donor groups: 10 BM DBD,

10 BM DCD, 6 OSBM DBD, and 8 OSBM DCD. DEGs were defined by log, fold-change>1 or < -1 and

p value<0.05. (a, b) Volcano plots show unique and shared inflammatory DEGs in solid and open red,
respectively, and unique and shared wound healing and anti-inflammatory DEGs in solid and open blue. The
horizontal dotted line on each volcano plot is p value=0.05. The two vertical dotted lines are log, fold-change
—1and 1. (c) Venn diagrams indicate numbers of shared and unique DEGs when comparing DBD to DCD
livers. Abbreviations: BM, benchmark criterion; DBD, donation after brain death; DCD, donation after cardiac
death; DEG, differently expressed gene; NMP, normothermic machine perfusion; OSBM, outside benchmark

criterion.
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Fig. 6. At the time of reperfusion, SCS and NMP livers express distinct transcript profiles. Gene expression

at the time of reperfusion was measured by NanoString in 13 livers from control BM DBD donors and all 34
NMP livers. DEGs were defined by log, fold-change > 1 or < -1 and p value <0.05. (a) The heatmap illustrates
the 12 genes with increased expression in control livers and 16 genes with increased expression in NMP livers.
(b) The PCA plot shows separation between control SCS and NMP livers but not between the 4 NMP groups.
Abbreviations: BM, benchmark criterion; DBD, donation after brain death; DCD, donation after cardiac death;
NMP, normothermic machine perfusion; PCA, principal component analysis; OSBM, outside benchmark
criterion; SCS, static cold storage.

The SCS and all of the NMP preserved grafts clustered separately and there was no distinction between the
different NMP preserved liver grafts (Fig. 6b). The separation of the SCS and NMP preserved clusters was
further reflected by the differences in biological signaling pathways where again transplant reperfusion of SCS
preservation skewed the livers to inflammatory signaling pathways and NMP preserved skewed the livers to
wound healing and tissue repair pathways (Supplementary Table 3). Collectively, these results indicate the
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convergence of transcript expression in DBD and DCD livers after NMP preservation and after graft reperfusion
in the recipient.

Discussion

The increasing use of machine perfusion has led to decreases in donor liver discard with a concomitant two-fold
increase in the number of livers transplanted”'>?223, In our early experience more than 70% of livers discarded
from other centers were successfully transplanted after preservation with NMP using an institutionally developed
perfusion device?*. This initial report was extended in the current study by determining transcript profile changes
in livers subjected to SCS or NMP preservation in biopsies taken prior to pre-SCS/NMP preservation, following
NMP preservation, and then after transplant reperfusion in the patients, and comparing the transcript changes
at the three time points in benchmark and outside benchmark DBD and DCD livers. Briefly, the results indicated
that: pre-SCS/NMP transcript profiles of DBD and DCD livers are distinct, NMP preservation promotes
decreases in transcripts encoding mediators of inflammation and increases transcripts mediating wound healing
and tissue repair vs. SCS preserved grafts, these transcriptional changes are more marked in DCD livers, both at
the end of NMP and following transplant reperfusion, and NMP preservation converges the transcript profiles
expressed by benchmark and beyond benchmark DBD and DCD livers after transplant reperfusion.

Studies from other centers have documented transcript profiles in livers procured for transplant to compare
transcript changes in either DBD or DCD livers, after NMP or SCS preservation, and/or after transplant
reperfusion. An early study used microarray analyses to compare transcript profiles of DBD livers preserved
with SCS or NMP before and after preservation and reported that NMP upregulated transcripts involved in
tissue regeneration whereas increased induction of transcripts encoding inflammatory mediators was observed
in SCS preserved livers, but the impact of SCS vs. NMP preservation on transcript profiles following transplant
was not assessed!®. Another study used single cell RNA sequencing of cells isolated from biopsies of 6 DCD livers
before and at two time points during NMP and reported increased transcripts associated with the appearance
innate immune cell activation with perfusion time!®.

To extend the range of the previous studies we documented transcripts in biopsies from both DBD and DCD
livers to compare transcript profile changes from pre-SCS/NMP to NMP and from post-NMP to post-transplant
reperfusion. The biopsy transcripts were quantitated using the NanoString nCounter platform and the Pan
Cancer Immunology code set that has 770 probes, limiting the range of the profiling when compared to the
RNA array or sequencing used in the 4 other studies. Although the range is not as extensive as RNA sequencing,
use of this code set covers most of the major transcripts encoding mediators of inflammation and tissue injury,
wound healing and tissue repair, and the phenotypic markers of specific cells involved in these processes. This
approach revealed a marked increase in transcripts encoding mediators promoting inflammation in DBD livers
when compared to DCD livers at pre-SCS/NMP, with most of the increased transcripts encoding mechanisms
promoting apoptosis and tissue inflammation. These differences in transcript profiles at pre-SCS/NMP are not
surprising considering the impact of brain death on spontaneous release of cytokines and other components
mediating systemic inflammation®*?’. It is also worth noting that the different donor warm ischemic times the
DCD livers were subjected to during procurement, 27 min or less, did not impact the transcript profiles expressed
pre-SCS/NMP that included 3 outside benchmark livers expressing the highest levels of proinflammatory
transcripts.

Transplant reperfusion of benchmark DBD livers subjected to SCS or NMP preservation induced low and
high transcript expression sample clusters with increases as much as 4-fold in the high vs. low expression cluster
although there was no difference in the expression of the decreased transcripts between the two clusters. This
transcript expression clustering was not reported in studies using RNA microarray or sequencing analyses of
NMP preserved livers. We found no liver graft or recipient characteristics that would account for this clear
separation within the NMP preserved DBD liver graft group with the exception that grafts with the higher
expression cluster had longer total preservation time than those with the lower expression cluster. Furthermore,
there was a clear difference in graft outcomes in that NMP-preserved benchmark criteria DBD livers expressing
the higher transcript expression cluster had increases of inflammatory genes after transplant reperfusion,
elevated peak AST and ALT levels, and had the two incidences of early graft dysfunction and one episode of
acute rejection when compared with the DBD livers expressing the lower increases. Livers preserved with SCS
also separated into low and high transcript expression clusters with the higher cluster having increased peak AST
and bilirubin levels and one experiencing early allograft dysfunction when compared to livers with the lower
transcript expression cluster. Given that EAD is a measure of post-transplant liver enzymes associated with
graft inflammation, it is internally validating that the identified transcripts correlate with clinical inflammatory
markers.

When tested at the end of perfusion, NMP induced many transcripts encoding mediators resolving
inflammation and promoting wound healing and tissue repair in benchmark and beyond benchmark criterion
DBD and DCD livers. Transplant reperfusion of these livers decreased several of these transcripts, but also
induced expression of other transcripts encoding mediators of these processes. The primary change in all the
liver groups preserved with NMP was transplant reperfusion-induced increases in transcripts without any
noticeable decreases and these increases were more prominent in the DCD livers when compared to the DBD
livers. These results indicate a progression of gene expression that is initiated during NMP but is not stable
following initiation of transplant reperfusion. The results also raise the possibility that the transcript profiles
observed following NMP evolve with time after transplant reperfusion with subsequent changes influenced by
the innate cellular and molecular components recruited to the liver graft.

While there was a convergence of transcript profiles of NMP preserved standard criterion and beyond
benchmark criteria livers following transplant reperfusion, beyond benchmark criteria DCD livers had greater
histopathological indicated injury and a higher rate of post-transplant complications than livers in the other
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three NMP preservation groups. We attempted to identify the expression of specific transcripts following NMP
or transplant reperfusion that were indicative of EAD or acute rejection development in DBD and/or benchmark
criteria DCD livers but did not find any associated transcripts predictive of these outcomes. The increased
incidence of post-transplant complications observed in outside benchmark criteria DCD livers is consistent
with published literature and is at least partially due to biliary complications resulting from ischemic-induced
cholangiopathy?®-32. Despite the convergence of transcript profiles with livers from DCD livers with the other 2
NMP preserved liver groups, the results implicate changes in transcriptional profiles that appear at later times
after transplant reperfusion of beyond benchmark DCD livers that impact graft injury and function in these
grafts.

Several limitations of this study are acknowledged and worth noting. These include the low number of livers
in each of the 5 groups; however, within each group the transcript profiles of the individual samples appear very
similar, including those two groups where the samples broke into high and low expression clusters. This study
is also the largest cohort assessing gene expression of NMP vs. SCS livers yet reported. The current study also
does not include biopsy samples taken at the end of the SCS preservation preservation for the DBD livers that
could be compared to the DBD and DCD livers at the end of NMP. It is likely that despite the SCS preservation
that there is some change in expression of transcripts. Studies from the King’s College Hospital group have
reported different transcript expression profiles between DBD livers after SCS vs. NMP perfusion and further
transcriptional changes between the two groups of livers following transplant reperfusion'®. Unlike the current
study, transcriptional profiles before the start of preservation were not assessed and the current studies indicate
the high expression of inflammatory transcripts in DBD livers at this time point that eventually separated into 2
distinct clusters when compared to DCD livers. The distinct transcript profiles expressed by NMP vs. SCS livers
during transplant reperfusion and the convergence of transcripts in NMP preserved livers despite the origin of
the livers are consistent with the RNA sequencing results indicating marked transcriptional differences following
preservation in DBD livers subjected to SCS vs. NMP. It is important to also note that these studies utilized
a home-built perfusion apparatus used in several previous reports from our group?!. The importance of this
preservation technology in evaluating the suitability of DCD and beyond benchmark DCD livers for transplant
has been clinically validated and has compelled the development of several commercially available perfusion
devices that are now being used at many centers, including ours. It is also important to note that the impact
of hypo- vs. normo-thermic perfusion as well as oxygenated vs. non-oxygenated perfusate is under current
investigation and it will be important to perform similar studies to the current study to determine the impact of
the perfusion strategy on the response of DBD and DCD livers to the perfusion modality as well as to subsequent
transplant reperfusion®-%7,

The results of this study indicate that NMP preservation decreases expression of transcripts encoding
mediators promoting inflammation and increases transcripts encoding mediators promoting resolution of
inflammation and tissue repair when compared to transcript profiles expressed in donated DBD livers preserved
with standard of care SCS. Furthermore, NMP preservation primes the DBD and DCD livers to respond to
transplant reperfusion by increasing transcripts associated with resolution of inflammation and wound healing
whereas the expression of inflammation promoting transcripts remain present but are diffusely expressed among
the benchmark and outside benchmark livers. Overall, NMP preservation promotes the convergence of these
transcript profiles that are induced in benchmark criteria and outside benchmark criteria DBD and DCD livers
during transplant reperfusion.

Data availability
The complete Nanostring dataset used in the study is available as Supplementary table S4.
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