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Abstract

Liver transplantation is hampered by a severe shortage of donor organs. Normothermic machine perfusion (NMP) of donor livers
allows dynamic preservation in addition to viability assessment before transplantation. Little is known about the injury and repair
mechanisms induced during NMP. To investigate these mechanisms, we examined gene and protein expression changes in a
cohort of discarded human livers, stratified by hepatocellular function, during NMP. Six human livers acquired through donation
after circulatory death (DCD) underwent 12 h of NMP. Of the six livers, three met predefined criteria for adequate hepatocellular
function. We applied transcriptomic profiling and protein analysis to evaluate temporal changes in gene expression during NMP
between functional and nonfunctional livers. Principal component analysis segregated the two groups and distinguished the vari-
ous perfusion time points. Transcriptomic analysis of biopsies from functional livers indicated robust activation of innate immunity
after 3 h of NMP followed by enrichment of prorepair and prosurvival mechanisms. Nonfunctional livers demonstrated delayed
and persistent enrichment of markers of innate immunity. Functional livers demonstrated effective induction of autophagy, a cel-
lular repair and homeostasis pathway, in contrast to nonfunctional livers. In conclusion, NMP of discarded DCD human livers
results in innate immune-mediated injury, while also activating autophagy, a presumed mechanism for support of cellular repair.
More pronounced activation of autophagy was seen in livers that demonstrated adequate hepatocellular function.

NEW & NOTEWORTHY We demonstrate that ischemia-reperfusion injury occurs in all livers during NMP, though there are nota-
ble differences in gene expression between functional and nonfunctional livers. We further demonstrate that activation of the liv-
er’s repair and homeostasis mechanisms through autophagy plays a vital role in the graft’s response to injury and may impact
liver function. These findings indicate that liver autophagy might be a key therapeutic target for rehabilitating the function of
severely injured or untransplantable livers.

autophagy; ischemia reperfusion injury; liver transplantation; machine perfusion; normothermic

INTRODUCTION

Liver transplantation (LT) remains the only effective treat-
ment for end-stage liver disease. Despite major progress in
the safety and efficacy of LT, access to this life-saving proce-
dure is limited because of a substantial organ shortage that
results in significant waitlist mortality. Further compound-
ing the shortage is the high discard rate of procured organs
stemming from the increased risk of graft loss and dysfunc-
tion in livers transplanted from extended-criteria donors (1).
Livers from donation after circulatory death (DCD) face

increased scrutiny due to the additional warm ischemic
time, resulting in up to 30% of recovered DCD grafts being
turned down for transplant in the United States (2).

Machine perfusion technology has emerged in the past dec-
ade as an effective method of improving graft preservation
and decreasing discard rates (3–5). Normothermic machine
perfusion (NMP) allows real-time evaluation of liver function
and viability assessment, providing additional objective data
to the transplant surgeon before committing a recipient to LT.
However, it is not clear whether NMP actually improves graft
quality over immediate implantation or is just a superior
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preservation modality that happens to provide functional
metrics. Recent work by Jassem et al. (6) compared transcrip-
tional changes in the immediate postimplantation period of
LT among donation after brain death (DBD) livers preserved
by NMP versus static cold storage. Livers preserved with NMP
demonstrated more robust enrichment of repair and regener-
ative pathways after reperfusion in situ. However, there was
no examination of pathway activation during preservation (7).
Furthermore, all the livers studied were determined to be
functional and transplantable after preservation. Thus, these
studies could not determine whether the postreperfusion
changes that were observed represented functionally signifi-
cant changes in the status of the donor tissue.

Despite growing adoption of NMP in the clinical setting,
knowledge of the physiological changes that occur during ex
situ perfusion is still limited. In the present study, we aimed
to investigate the early-phase injury and repair mechanisms
that might occur during normothermic machine perfusion
of discarded DCD human livers, comparing grafts with and
without adequate hepatocellular function, thereby provid-
ing a functional context for our work. Understanding the
mechanistic differences between the patterns of injury
and repair in these grafts will help in developing potential
therapeutics for rehabilitation of currently discarded liv-
ers (3, 8), thereby increasing the pool of transplantable
organs.

MATERIALS AND METHODS

Donor Livers

Six human donor livers with similar donor demographics
were chosen for further analysis from a previously reported
research cohort ofmachine-perfused discarded human livers
(8). All six livers were DCD livers without significant stea-
tosis and were rejected for transplant by all transplant
centers in the respective donor service area. Reasons
for discard included a combination of DCD status, donor
age, and length of warm ischemic time. Human livers
were procured in standard fashion through two organ

procurement organizations (OPOs): New England Donor
Services (Waltham, MA) and LiveOnNewYork (New York,
NY). Informed consent was obtained from donors by the
OPOs. Table 1 describes the donor demographics for each
organ. The Massachusetts General Hospital and Lifespan
Institutional Review Boards, as well as the two OPOs,
approved this study (No. 2011P001496). No organs were
procured from prisoners and no vulnerable populations
were included in this study.

Procurement of Grafts

Procurement techniques based on donation after circula-
tory death followed standard methods. Donor livers were
flushed in situ with University of Wisconsin solution. Total
warm ischemic time (WIT) was defined as the period from
extubation to cold flush. Functional WIT was defined as the
period from asystole to cold flush. Cold ischemic time was
defined from cold flush to initiation of machine perfusion.
After transport to the laboratory under static cold storage,
livers underwent standard back bench preparation for
machine perfusion (Fig. 1A) (9).

Machine Perfusion

Grafts were perfused on the Liver Assist device (Organ
Assist, Groningen, Netherlands) using a previously described
protocol (8). Briefly, perfusate composition consisted of Oþ
packed red blood cells, human albumin, lactated Ringer so-
lution, and heparin. Bile salts (taurocholate) and lipid-free
parenteral nutrition were continuously infused. Perfusate,
bile, and tissue biopsies were collected and analyzed at mul-
tiple time points (Fig. 1B). Grafts were deemed to demon-
strate adequate hepatocellular function if they satisfied
the criteria reported by Mergental et al. (3), namely, per-
fusate lactate � 2.5 mmol/L and two or more of the follow-
ing minor criteria within 4 h of starting perfusion: 1)
perfusate pH � 7.30 without supplemental bicarbonate,
2) arterial flow � 150 mL/min and portal flow � 500 mL/
min, 3) evidence of glucose metabolism, 4) bile produc-
tion, and 5) visually assessed homogenous perfusion.

Table 1. Detailed characteristics of discarded grafts undergoing normothermic machine perfusion

Adequate Hepatocellular Function (n = 3 subjects) Inadequate Hepatocellular Function (n = 3 subjects) P Value

Liver no. F1 F2 F3 N1 N2 N3
Total WIT, min 28 24 33 23 26 70 0.83
Functional WIT, min 8 8 12 11 9 11 0.50
CIT, h 11.6 5 7.6 6 13.1 6.1 0.83
Donor age, yr 60 58 59 55 21 56 0.0495
Sex F M M F M F 0.50
BMI, kg/m2 24.5 28.3 27.3 24.6 27.4 44 0.51
Macrosteatosis, % 0 5 2 0 0 0 0.12
Microsteatosis, % 10 0 0 0 0 0 0.32
AST, U/L 39 41 57 24 82 138 0.51
ALT, U/L 27 22 38 11 97 161 0.51
Total bilirubin, mg/dL 0.6 0.9 0.4 0.2 0.4 0.4 0.10
ALP, U/L 95 36 31 94 234 494 0.13

Macrosteatosis defined as large droplet steatosis with nuclear displacement, provided as % of entire tissue field evaluated.
Microsteatosis defined as small droplet steatosis without nuclear displacement, provided as % of entire tissue field evaluated. Aspartate
aminotransferase (AST), alanine aminotransferase (ALT), total bilirubin, and alkaline phosphatase (ALP) levels indicate last available val-
ues before procurement. Group comparisons made using the Wilcoxon rank-sum (Mann–Whitney U) or Fisher’s exact test, where appro-
priate. BMI, body mass index (kg/m2); CIT, cold ischemic time in minutes; F, female; M, male; WIT, warm ischemic time in minutes.
Boldface value is a significant P value.
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Cholangiocellular (biliary) functional metrics according
to van Leeuwen (10) were measured but not used for func-
tional stratification due to technical issues with bile col-
lection in two livers.

Perfusate Analysis and Plasma Proteomics

Perfusate collected at the indicated time points was centri-
fuged at 5,000 g and the plasma collected and stored at
�80�C for later analysis. Enzyme-linked immunosorbent
assays (ELISAs) were performed for various proteins accord-
ing to manufacturers’ guidelines (Supplemental S1 Methods;
all Supplemental Methods and Figs. are available at https://
doi.org/10.5281/zenodo.5206547).

Proteomic profiling of trypsinized perfusate proteins was
performed following albumin depletion in collaboration
with the University of Arkansas Medical Sciences Proteomics
Core. The equipment used, protein processing, and analysis
are detailed in the Supplemental S2 Methods.

Total RNA Purification, Sequencing, and Analysis

Core needle biopsies taken immediately before perfu-
sion and after 3 and 6 h of perfusion were used for tran-
scriptome sequencing on an Illumina HiSeq 4000 using
nine PCR cycles by GENEWIZ (South Plainfield, NJ).
Tissue collection, purification, and bioinformatic analysis
are detailed in the Supplemental S3 Methods. The differ-
ential gene expression threshold for significance was set to
a Benjamini–Hochberg false discovery rate (FDR) of
<0.05. Raw sequence data have been deposited in the
Gene Expression Omnibus with Accession No. GSE165568.

Histology and Immunohistochemistry

Core needle biopsies taken from the right liver lobe at indi-
cated intervals were fixed in formalin and embedded in paraf-
fin. Hematoxylin and eosin (H&E) staining was performed
on all biopsies to assess the degree of necrosis and
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Figure 1. Study schematic and perfusion metrics. A: representative images of two human livers being prepared for machine perfusion. B: study sche-
matic indicating periods of warm and cold ischemia during procurement followed by normothermic machine perfusion. Data and sample collection time
points are indicated by “x” under the perfusion time bar. C: criteria used to determine hepatocellular function are shown for individual livers (red: non-
functional, green: functional). Functional livers are primarily characterized by the ability to clear lactate below the 2.5 mmol/L threshold. Dotted black line
indicates criteria thresholds. �P < 0.05 for group comparison at indicated time point. Lactate assay upper limit is 20 mmol/L. D: hepatocellular necrosis
scores at individual time points demonstrate no significant difference between groups. Representative H&E images of functional and nonfunctional livers
are shown. Scale bar: 200 microns. CIT, cold ischemic time; H&E, hematoxylin and eosin; F, functional liver; N, nonfunctional liver; WIT, warm ischemic
time.
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inflammatory cell infiltrate. A pathologist evaluated and
scored all slides in a blindedmanner using a semiquantitative
scoring scheme (Supplemental S4 Methods). Immunohisto-
chemistry methods and antibodies used are available in the
Supplemental S5Methods.

Western Blots

Sequential wedge biopsies from the right lobe of each liver
were performed at indicated intervals, flash frozen in liquid
nitrogen, and stored at �80�C. Tissue samples (20 mg) were
homogenized and Western immunoblots performed as pre-
viously described (11). A full list of antibodies used is pro-
vided in the Supplemental S6Methods.

Statistical Analysis

Categorical data are presented as median with inter-
quartile range (IQR) and frequency data as percentages.
For statistical tests not related to RNA sequencing or pro-
teomic analysis, the Wilcoxon rank-sum test (Mann–
Whitney U) and Fisher’s exact test were used for group
comparisons. A two-way analysis of variance (ANOVA)
was used for comparisons between groups with repeated
measures over time. The threshold for statistical signifi-
cance was set at <0.05. Analyses were conducted using
GraphPad Prism 8 (San Diego, CA) and Stata 15 (College
Station, TX).

RESULTS

Assessment of Hepatocellular Function during
Normothermic Perfusion

Donor demographics for the six study livers are provided in
Table 1.Machine perfusion criteria used to determine whether
each liver demonstrated adequate (functional) or inadequate
(nonfunctional) hepatocellular function are shown in Fig. 1C
and Supplemental Fig. S1. Functional livers (F1–F3) demon-
strated evidence of increased glucose metabolism and
increased urea synthesis over time (Supplemental Fig. S1).
Although some nonfunctional livers (N1–N3) were able to
meet minor criteria, all failed to meet the perfusate lactate
threshold. Aspartate aminotransferase (AST) and alanine ami-
notransferase (ALT) levels (Supplemental Fig. S1) were higher
for the functional livers than for the nonfunctional livers at 1
and 3 h of perfusion, though levels plateaued thereafter. In
comparison, nonfunctional livers demonstrated AST and ALT
levels that increased but were, in general, lower than the lev-
els seen with the functional livers. Bile volume and cholangio-
cellular functional metrics are presented in Supplemental Fig.
S2, though statistical comparisons were limited by technical
errors with bile collection in two functional livers. H&E stain-
ing demonstrated an increase in percent necrosis after initia-
tion of NMP in both groups, with all livers demonstrating up
to 30% histologic necrosis by 12 h of perfusion (Fig. 1D).

Principal Component Analysis of the Transcriptomic
Analyses Discriminates Functional from Nonfunctional
Livers

Principal component analysis (PCA) demonstrated dis-
tinct changes in gene expression at 0 h (preperfusion), 3 h,

and 6 h of NMP among individual livers. The preperfusion
gene expression profiles clustered together by hepatocellular
function then diverged further once perfusion was initiated.
Functional livers continued to cluster together after 3 and
6 h of NMP, whereas the nonfunctional livers demonstrated
dissimilar profiles with respect to one another (Fig. 2A).
Principal component 1 (PC1), which accounted for 28.3% of
the variation in differentially expressed genes (DEG), cap-
tured the time-dependent changes in gene expression. The
functional livers demonstrated a consistent transcriptional
shift at each 3-h interval compared with lower magnitude
changes in the nonfunctional livers. Analysis of the top 10%
of genes contributing to PC1 revealed enrichment of gene on-
tology (GO) terms related to gene transcription and protein
synthesis. Detailed examination of the temporal response of
these genes revealed a marked increase in expression by 6 h
of perfusion in the functional compared with nonfunctional
livers (Fig. 2B).

Principal component 2 did not distinguish any notable cel-
lular processes despite accounting for 13.5% of the variation
in DEG. Conversely, principal component 3 (PC3), represent-
ing 10.0% of the variation, was able to effectively discrimi-
nate functional from nonfunctional livers. The top 10% of
genes contributing to PC3 were involved in GO cellular com-
ponents related to extracellular vesicles and exosomes, endo-
plasmic reticulum, and membrane components, though
none of the individual genes met the FDR cutoff for signifi-
cance (Supplemental Fig. S3).

Transcription shifts captured by principal components
were remarkably reflective of each liver’s hepatocellular
functional profile. For example, the nominal transcriptional
shift in nonfunctional livers after initiation of NMP appeared
to correspond with a delay in lactate clearance and perfusate
pH stability in the first several hours of NMP. Furthermore,
liver N2 demonstrated minimal changes in principal compo-
nents compared with other livers, consistent with that liver’s
poor functional profile (lowest vascular flows, no evidence of
lactate clearance, persistent metabolic acidosis, rising AST/
ALT). Interestingly, liver N1 demonstrated changes over
time most similar to the functional livers based on PC1 and
PC2 but diverged with the addition of PC3 (Supplemental
Fig. S4).

Overview of Differential Gene Expression

Although individual livers clustered according to function
with PCA, this was less apparent with comparison of time-
static gene sets between groups. Of the �14,000 transcripts
sequenced, only two genes (ARL16, NLGN2) were signifi-
cantly different (FDR < 0.05) between functional and non-
functional livers at the preperfusion time point. No genes
were significant at 3 h. In contrast, 53 genes were differen-
tially expressed at 6 h of perfusion (Supplemental Data Set
S1; all Supplemental Data Sets are available at https://doi.
org/10.5061/dryad.f7m0cfxx0). However, Ingenuity Pathway
Analysis (IPA) did not reveal significant enrichment of any
canonical pathways (CPs) or upstream regulators (URs)
related to this gene set.

Analyses based on the temporal changes in gene expres-
sion during NMP relative to the preperfusion baseline were
more informative of the physiological differences between
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functional and nonfunctional livers during perfusion.
Volcano plots showed that functional livers responded to
NMP at 3 h with a robust and statistically significant upregu-
lation of genes (Fig. 2C). This was followed by both upregula-
tion and downregulation of numerous genes at 6 h. In
contrast, nonfunctional livers upregulated expression of
only a handful of genes at 3 h. This was followed with a
greater degree of change in gene expression (both upregula-
tion and downregulation) at 6 h.

Using IPA, we identified canonical pathways and URs
associated with the temporal differential gene expression
unique to the two experimental groups. In functional livers,
over 25 pathways related to inflammation and innate immu-
nity were enriched at 3 h, whereas nonfunctional livers only
had four significant pathways and many fewer genes in each
pathway (Supplemental Fig. S5). By 6 h, there was a shift in
significant pathways to those associated with survival, pro-
tein ubiquitination, and growth in functional livers. The sig-
nificant pathways in the nonfunctional livers were similar to
those seen in the functional livers at 3 h of perfusion. The
URs displayed similar temporal shifts (Supplemental Fig.
S5). Activation Z-scores of significant URs related to innate
immunity were higher in functional compared with non-
functional livers after 3 h of NMP, indicating more marked
induction of downstream gene targets in the early perfusion
phase in the functional livers. By 6 h of NMP, active URs in
the nonfunctional livers more closely resembled those of the
functional livers (Fig. 2D). Despite this, when the top four
URs were examined for downstream signaling, the two
groups differed greatly in activation of their gene targets
(Fig. 2E). Results using CiiiDER (12) to identify enriched tran-
scription factor binding sites in the promoter regions of the
differentially expressed genes were very similar to those
obtained using IPA (Supplemental Data Set S2).

Ischemia-Reperfusion Injury and Innate Immune
Activation

As noted earlier, the changes in gene expression that
occurred during NMP suggested activation of innate immu-
nity based on canonical pathways identified using pathway
analysis (Fig. 3A). Functional livers demonstrated early
enrichment of Toll-like receptor, high mobility group box 1,
and interleukin-6 (IL-6) signaling pathways, among several
others. Nonfunctional livers demonstrated activation of only
the IL-6 canonical pathway after 3 h of NMP. However, after
6 h of perfusion, the nonfunctional livers displayed an
expression profile that resembled that of the functional
group at 3 h, whereas the functional group revealed pathway
activation indicative of cell turnover and survival. These
findings indicated that nonfunctional livers during NMP are

distinguished by delayed onset of innate immune signaling.
Examination of H&E stained liver biopsies supported these
findings, with significantly more lobular and portal inflam-
matory cell infiltrates seen in nonfunctional livers (Fig. 3, B
and C).

Given the findings related to immune activation, we ana-
lyzed damage-associated molecular patterns (DAMPs; Fig.
3D) and cytokines (Fig. 3E) in the circulating perfusate.
Results were similar between groups at multiple time points
when analyzed by ELISA. This was unexpected given the di-
vergent expression profiles of the downstream gene targets
noted earlier (Fig. 2E). To determine the presence of pro-
teins differentiating functional from nonfunctional livers,
we also performed untargeted plasma proteomics to further
assess the DAMP and cytokine response to NMP. This
revealed numerous enriched proteins varying between
groups after 1, 3, and 6 h of perfusion, though only eight pro-
teins remained statistically significant when a stringent
FDR cutoff of <0.05 was applied (all at 3 h of NMP;
Supplemental Fig. S6). Within this subset, none was directly
related to DAMP or cytokine signaling (Supplemental Data
Set S3).

Role of the Unfolded Protein Response and Autophagy
in Hepatocellular Function

Given the notable injury profile differences between func-
tional and nonfunctional livers, we next examined repair
responses to the accrued injuries. Accumulation of unfolded
and misfolded proteins in the endoplasmic reticulum (ER)
during ischemia activates the cellular stress mechanism
referred to as the unfolded protein response (UPR) (13).
Misfolded proteins bind to and activate protein kinase RNA-
activated-like ER kinase (PERK) on the ER membrane,
resulting in phosphorylation of eukaryotic initiation factor
2a (eIF2a). The phosphorylation of eIF2a leads to global inhi-
bition of translation, initiation of antioxidant mechanisms,
and induction of autophagy, the cell’s repair and homeosta-
sis mechanism (14). Analysis of eIF2a by Western immuno-
blot demonstrated increased phosphorylation ratios of eIF2a
in preperfusion biopsies in both groups [functional = 0.54
(IQR: 0.46–0.74) vs. nonfunctional = 0.69 (0.40–0.82), P =
0.83] (Fig. 4A). After initiation of perfusion, both groups
demonstrated a significant time-dependent decrease in
phosphorylated eIF2a (two-way ANOVA time factor P =
0.0012), with negligible activation in functional livers after
6 h of perfusion [0.0084 (0.0067–0.030)], potentially indicat-
ing resolution of ER stress. Qualitatively, there was a trend
toward higher levels of eIF2a phosphorylation in the non-
functional livers [0.10 (0.010–0.13), P = 0.13], with liver N1
representing the outlier with the lowest ratio at 6 h. As noted

Figure 2. Comparison of differential gene expression patterns in functional and nonfunctional livers. A: three-dimensional (3-D) PCA plot demonstrates
clustering of individual livers at 0, 3, and 6 h of perfusion (red: nonfunctional, green: functional). B: circular heatmaps for each group represent the top
10% of genes accounting for the variance in PC1. �FDR< 0.05 for either 3 h vs. 0 h or 6 h vs. 0 h comparison.C: volcano plots (FDR vs. fold change) com-
paring gene expression between time points in functional and nonfunctional livers. Genes meeting the FDR cutoff<0.05 are shown in red (upregulated)
and blue (downregulated); nonsignificant genes are shown in black. D: activation Z-scores of the top significant (P< 10�14) upstream regulators from IPA
enriched in both functional and nonfunctional groups at 3 and 6 h relative to preperfusion (0 h). E: heatmaps show differential expression of downstream
gene targets for the top four upstream regulators (log2FC shown for 3 h vs. 0 h and 6 h vs. 0 h comparisons, FDR cutoff <0.05); nonsignificant expres-
sion indicated by white space). F, functional livers; FDR, false discovery rate; IPA, ingenuity pathway analysis; N, nonfunctional livers; PC1, principal com-
ponent 1; TNF, tumor necrosis factor; IL1b, interleukin 1b; NF-κB, nuclear factor-κb subunit; IFNc, interferon c.
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previously, nonfunctional liver N1 was most transcription-
ally similar to the functional group in PCA.

With respect to activation of autophagy, functional livers
demonstrated a more robust response, with the majority of

associated genes significantly increasing in expression after
initiation of NMP compared with nonfunctional livers (Fig.
4B). The mechanistic Target of Rapamycin (mTOR) pathway
plays a key role in regulating autophagy; active mTOR
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complex 1 inhibits autophagy through regulation of autoph-
agy-related proteins and lysosome biogenesis (15). To assess
mTOR complex 1 activation, we performed Western immu-
noblotting for phosphorylation of its downstream substrate
p70 S6 kinase (p70S6K). Phospho-p70S6K was barely detect-
able before perfusion in both groups. In the functional livers,
phosphorylation was increased at 3 h of perfusion and
decreased by 6 h. In contrast, nonfunctional livers had high
levels of phospho-p70S6K at both 3 and 6 h of perfusion (Fig.
4C). Comparisons between groups were nonsignificant due
to an outlier, again nonfunctional liver N1. This liver had the
lowest activated p70S6K protein ratio at 6 h (0.02) among
the nonfunctional group despite having the highest ratio at
3 h (1.21), a pattern similar to the functional livers. In con-
trast, liver N2, the worst functioning nonfunctional liver,
had a low ratio at 3 h (0.03) that greatly increased at 6 h
(0.81). Despite not reaching statistical significance, the tem-
poral pattern of p70S6K phosphorylation appeared consist-
ent with sustainedmTOR activation in nonfunctional livers.

Next, we investigated protein components involved in
autophagic flux to determine if activation of autophagy was
associated with liver function. The microtubule-associated

protein 1 light chain 3 (LC3) family is vital to autophagosome
formation. Posttranslational modification of LC3 generates
LC3-I, which is subsequently conjugated with phosphati-
dylethanolamine to generate LC3-II, the active protein
necessary for elongation of the autophagosome mem-
brane. Both functional and nonfunctional livers demon-
strated a time-dependent increase in LC3-II:LC3-I ratio
(two-way ANOVA time factor P = 0.0398), indicating auto-
phagosome assembly in response to initiation of NMP (Fig.
4C). However, functional livers were found to have a sig-
nificantly higher ratio after 6 h of NMP compared with
nonfunctional livers [2.18 (1.82–3.09) vs. 1.05 (0.98–1.29),
P = 0.0495], consistent with the counterregulatory action
of p70S6K. Determination of P62 content by Western blot
did not demonstrate protein buildup in either group. We
further confirmed the LC3 results using immunohisto-
chemistry. Preperfusion biopsies demonstrated hepato-
cyte LC3 staining in a pan-cytosolic pattern in both
groups. In functional livers, LC3 staining changed to dem-
onstrate a granule-type staining pattern at 3 and 6 h of
NMP, indicating autophagosome formation in the func-
tional livers. By 12 h of NMP, functional livers again

Figure 4. Activation of autophagy in response to injury and stress during NMP. A: Western blot of phosphorylated and total eIF2a with densitometry
ratios. B: circular heatmaps demonstrating differential expression of genes associated with the GO term “autophagy” in functional and nonfunctional liv-
ers. Asterisk (�) next to gene names indicates FDR < 0.05 for either 3 h vs. 0 h or 6 h vs. 0 h comparison. C: phospho-/total P70S6K, LC3-I/-II, and P62
Western blots for both groups with densitometry ratios. b-Actin and GAPDH levels are shown as control and demonstrate variability between human liv-
ers. D: representative images of LC3 immunohistochemistry shown for both groups. Scale bar: 100 mm. eIF2a, eukaryotic initiation factor 2a; FDR, false
discovery rate; F, functional livers (green); GO, gene ontology; LC3-I/-II, light chain 3-I/II; N, nonfunctional livers (red); NMP, normothermic machine
perfusion.
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demonstrated pan-cytosolic LC3 staining. In contrast,
nonfunctional livers displayed persistent pan-cytosolic
and scant granule-type staining after 3 and 6 h, with more
apparent granular staining by 12 h of NMP (Fig. 4D).

The final step in autophagy involves fusion of the auto-
phagosome with lysosomes to form the autolysosome.
Examination of the perfusate proteomic analysis results
revealed that nonfunctional livers had significantly higher
concentrations of the lysosomal components cathepsin D
[log2 fold change (log2FC) = �2.36 compared with func-
tional livers, FDR = 0.043], prosaposin (log2FC = �1.95,
FDR = 0.016), and hexosaminidase subunit-b (log2FC =
�3.02, FDR = 0.033) compared with functional livers at 3 h
of NMP. A fourth protein, carboxypeptidase vitellogenic
like, putatively involved in lysosomal function (16), was
also enriched in nonfunctional liver perfusates (log2FC =
�4.12, FDR = 0.0014) (Supplemental Fig. S7). Confirmatory
ELISA reinforced the proteomic analysis, demonstrating a
fivefold greater abundance of cathepsin D in the perfusate
of nonfunctional compared with functional livers [13,440
ng/mL (10,619–18,416) vs. 2,474 (1,514–2,946) at 3 h, P =
0.0495; Supplemental Fig. S7]. Numerous additional lyso-
somal components, including other cathepsins, demon-
strated a trend toward enrichment in the perfusate of
nonfunctional livers (log2FC < �1 compared with functional
livers) but failed to meet the FDR cutoff (Supplemental Data
Set S3).

Prosurvival Signaling Is More Active in Functional Livers

Finally, we investigated the relevance of prosurvival sig-
naling in response to reperfusion injury during NMP. Our
transcriptome analysis revealed abundant prosurvival and
early regenerative signals in functional relative to nonfunc-
tional livers. Of note, several prosurvival pathways were con-
currently involved in innate immune signaling, highlighting
the bridge between injury and recovery. In functional livers,
pathway analysis showed enrichment of components of the
IL-6 and phosphatidylinositol-4,5-bisphosphate 3-kinase/
AKT serine/threonine kinase (PI3K/AKT) canonical path-
ways by 3 h. Transcriptomic profiling and pathway analysis
also showed activation by 6 h of downstream effectors: nu-
clear factor-κb subunit (NF-κB), mitogen-activated protein
kinase (ERK/MAPK), Janus kinase/signal transducer and ac-
tivator of transcription (JAK/STAT), and hepatocyte growth
factor (HGF) (Fig. 5A). In contrast, nonfunctional livers
appeared to have limited enrichment of IL-6 signaling at 3 h
and only subsequent activation of PI3K/AKT and NF-κB path-
ways by 6 h. To further examine the effects of prosurvival sig-
naling, we assessed ERK1/2 activation by phospho-specific
Western immunoblotting. There was a time-dependent
increase in ERK activation in both groups after initiation of
NMP (two-way ANOVA time factor P = 0.014), though without
significant differences between groups (attributable to
marked sample-to-sample variability; Fig. 5B). Interestingly,
examination of gene expression downstream of ERK revealed
fewer differentially expressed target genes in nonfunctional
compared with functional livers, similar to the pattern seen in
innate immune and autophagy signaling (Fig. 5C).

With respect to regenerative signaling, we again observed
more robust downstream HGF target gene expression in

functional compared with nonfunctional livers (Fig. 5D).
Despite this, no significant difference was seen between
groups in the perfusate concentration of HGF after 6 or 12 h
of NMP (Fig. 5E). The 12-h plasma sample was used in this
case given that regenerative pathways are activated in
delayed fashion. Similar to the pattern seen in innate
immune responses, prosurvival and regenerative signaling
in nonfunctional livers lagged behind those seen in func-
tional livers. Consistently, gene expression in nonfunctional
livers at 6 h resembled gene expression at 3 h in functional
livers. Of note, we did not find any evidence of hepatocellu-
lar regeneration as indicated by significant expression of
genes involved in cell cycle entry (Supplemental Fig. S8),
although the 6-h perfusion timeframe may have been too
early to detect these changes.

DISCUSSION

Limited knowledge of liver physiology as it relates to he-
patocellular function during normothermic machine perfu-
sion remains a barrier to optimizing the application of this
strategy to improve donor liver utilization. In this study, we
show discarded DCD human livers that demonstrate
adequate hepatocellular function during NMP are character-
ized by an early innate immune response followed by activa-
tion of autophagy and prosurvival mechanisms. In contrast,
livers with inadequate hepatocellular function are character-
ized by delayed gene induction, later onset of innate
immune signaling, and diminished activation of autophagy
and repair mechanisms in response to NMP. To our knowl-
edge, this is the first study to profile the transcriptomic
response of discarded human livers during NMP and high-
light the potential relevance of injury and repair mecha-
nisms in determining liver hepatocellular function.

One unanswered question forestalling widespread adop-
tion of NMP is whether ex situ dynamic preservation facili-
tates rehabilitation of graft function or simply provides a
platform to test liver viability. Our analysis of the transcrip-
tome and plasma proteome of discarded DCD human livers
demonstrates activation of innate immunity as the primary
response to initiation of NMP, similar to ischemia-reperfu-
sion injury (IRI) in clinical LT (17, 18). Graft hepatocellular
function appeared to be associated with the ability to initiate
cell repair and prosurvival mechanisms in response to the
influx of proinflammatory effectors released after reperfu-
sion, as well as the ability to mitigate subsequent injury.
Despite similar perfusate concentrations of circulating cyto-
kines and DAMPs, nonfunctional livers were characterized
by delayed transcriptional activation of injury response
pathways. As a result, proinflammatory signaling was initi-
ated later in the perfusion time course and likely delayed
activation of homeostatic mechanisms. In comparison, the
innate immune response in functional livers was activated
early on and transitioned to repair and survival signaling by
6 h. These data suggest that NMP facilitates repair mecha-
nisms in response to IRI; however, its effectiveness may be
dependent on perfusion duration and the severity of graft
injury before initiation of NMP.

We examined the autophagy pathway using a multifac-
eted approach to determine if cellular repair and homeosta-
sis mechanisms in response to reperfusion injury differed
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between functional and nonfunctional livers in the ex situ
setting. Cold ischemia is known to induce ER stress through
accumulation of unfolded and misfolded proteins, activat-
ing the unfolded protein response following reperfusion
(13, 19). Our data indicate that ER stress resolves following
initiation of NMP, as indicated by a time-dependent
decrease in phosphorylated eIF2a. This effect was more
pronounced in functional compared with nonfunctional
livers. The consequences of persistent eIF2a activation
was seen in the expression of genes involved in protein
synthesis. Inhibition of global protein synthesis is a princi-
pal function of phosphorylated eIF2a and less robust up-
regulation of genes involved in protein biosynthesis was
seen in nonfunctional compared with functional livers
(Fig. 2B). Moreover, the UPR restores ER homeostasis
through activation of antioxidative mechanisms, amino
acid transport, and autophagy, though sustained stress
can activate prodeath signaling (14). We interpret our
results as indicating that activation of the UPR by ER
stress and the resulting balance between recovery and cell
death is essential to determining hepatocellular function
during NMP.

At the transcriptome level, functional livers demonstrated
more changes in the expression of genes associated with
autophagy than did nonfunctional livers. Active autophagy
in functional livers was evidenced by higher LC3-II:LC3-I
protein ratios after 6 h of perfusion. In contrast, persistent
p70S6K activation in nonfunctional livers likely resulted in
repression of autophagy during the critical juncture of the
liver’s response to injury and stress during NMP. These data
support the importance of repair and homeostatic mecha-
nisms in determining hepatocellular function. Additional
evidence gleaned from proteomic analysis of the circulating
perfusate showed significantly higher concentrations of several
lysosomal acid hydrolases in nonfunctional livers. Lysosomal
damage and membrane permeabilization from overwhelming
cellular injury releases cathepsins and hydrolases, which acti-
vate a cascade of cell death pathways, including apoptosis,
necroptosis, and pyroptosis (15). Hyperactivation of such injury
and stress response mechanisms appears to be detrimental to
liver function. By extension, the key to facilitating graft repair
or rehabilitation may be the minimization of these responses.
Prior work has demonstrated the therapeutic value of inhibi-
ting cathepsins in mitigating hepatic IRI (20), reflecting the
potential benefit of minimizing the propagation of hepatocel-
lular injury (21, 22). Future pivotal investigations aimed at
restoring autophagy while decreasing cell death may be of sig-
nificant clinical relevance (23).

Another key element of graft hepatocellular function
appears to be the ability to activate and propagate prosurvival
signaling. Our data are consistent with a major role for IL-6 in
the immediate response to reperfusion in both groups, but
enrichment of noninjurious survival signaling was seen only
in functional livers later in the perfusion time course.
Upstream regulators involved in growth and survival also
demonstrated more robust activation as early as 3 h in func-
tional compared with nonfunctional livers. Examination of
proteins involved in early cell cycle entry did not reveal any
evidence of hepatocellular regeneration. However, we con-
sider it likely that 6 h of perfusion detailed here is of too
short a duration to induce the sort of rapid cell cycle entry

that is seen in rodent and human partial hepatectomy
models (24, 25).

Our study had several noteworthy limitations. The first
was a small sample size that limited our ability to distinguish
more nuanced differences between groups. Livers included
in the study were chosen from a larger cohort of grafts that
included additional differentiating factors, such as donation
after brain death and steatosis (8). We chose to prioritize a
homogeneous cohort for analysis at the cost of a smaller
sample size, though we found notable variability between
livers in each group. This was a limiting factor in our study
and may have hindered identification of significant genes in
the time-static comparisons, particularly since liver N2 dem-
onstrated a more severe injury profile than N1 and N3.
Despite this, we were able to find statistically and clinically
significant differences in temporal RNA and protein level
changes that have important implications for future studies
on targeted therapeutics and potential biomarkers of liver
function. The second limitation was that livers were not able
to be transplanted, thus precluding our ability to validate the
empirical criteria for determining hepatocellular function.
Rather than create new criteria, we made use of benchmarks
currently available. The study results will also aid in under-
standing whether the chosen criteria need to be adjusted
before wider clinical validation. In addition, the absence of
regulatory approval for any machine perfusion device out-
side the scope of a clinical trial at the time of this study in
the United States prevented us from transplanting these dis-
carded grafts. Notably, the prerequisite clinical trials
required to demonstrate device safety and efficacy in stand-
ard-criteria donors are were in progress during this study.
Finally, we did not closely examine cholangiocellular func-
tion due to technical (cannulation) issues with bile collection
and as the requisite single-cell analysis or sequential bile
duct biopsies necessary was beyond the scope of this study.
It is increasingly accepted that NMP alone does not prevent
biliary complications after LT. Therefore, additional inter-
ventions such as hypothermic-oxygenated perfusion may be
required to minimize ischemic biliary injury to prevent post-
transplant cholangiopathy, a particularly relevant issue for
DCD livers (26).

In conclusion, our study offers a detailed examination of
the injury and repair mechanisms induced during normo-
thermic machine perfusion of discarded DCD human livers.
Livers that demonstrated adequate hepatocellular function
were characterized bymore effective activation of autophagy
and repair mechanisms in response to ischemia-reperfusion
injury. Based on our results, therapeutic targeting of these
pathways during NMPmay improve hepatocellular function,
thus allowing their use in transplantation.
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