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Abstract

Background: Ischemia-reperfusion injury (IRI) is a significant clinical
concern in liver transplantation, with a key influence on short-term and
long-term allograft and patient survival. Myeloid cells trigger and sustain
tissue inflammation and damage associated with IRI, but the mechanisms
regulating these activities are unknown. To address this, we investigated the
molecular characteristics of intragraft myeloid cells present in biopsy-proven
IRI- and IRI+ liver transplants.

Methods: RNA-sequencing was performed on 80 pre-reperfusion and
post-reperfusion biopsies from 40 human recipients of liver transplantation
(23 IRI+, 17 IRI-). We used transcriptional profiling and computational
approaches to identify specific gene coexpression network modules cor-
related with functional subsets of MPO+, lysozyme+, and CD68" myeloid
cells quantified by immunohistochemistry on sequential sections from the
same patient biopsies.

Results: A global molecular map showed gene signatures related to
myeloid activation in all patients regardless of IRI status; however,
myeloid cell subsets differed dramatically in their spatial morphology and
associated gene signatures. IRI- recipients were found to have a natural
corticosteroid production and response profile from pre-reperfusion to
post-reperfusion, particularly among monocytes/macrophages. The pre-
reperfusion signature of IRI+ recipients included acute inflammatory
responses in neutrophils and increased translation of adaptive

Abbreviations: DAMP, damage-associated molecular pattern; DEGs, differentially expressed genes; GO, Gene Ontology; IHC, immunohistochemistry; IRI, ischemia-
reperfusion injury; LYSO, lysozyme; MPO, myeloperoxidase; TPCL, Translational Pathology Core Laboratory; UCLA, University of California, Los Angeles.
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INTRODUCTION

Liver ischemia-reperfusion injury (IRI) is an acute
inflammatory condition that can affect patients after
OLT and significantly contributes to early allograft
dysfunction and post-transplant rejection.[! Animal
models and human transplant studies show that liver
IRl is caused by ischemia-induced hypoxia during the
procurement and preservation of the donor liver and
reperfusion-induced inflammation during transplanta-
tion. Together, these states induce cellular stress and
apoptosis that can lead to immune activation of tissue-
resident macrophages (KCs) and infiltrating recipient
immune cells, most notably myeloid cells.l'-3! Tran-
scriptomics of human livers undergoing warm or cold
ischemia, either alone or with reperfusion has been
explored.l®-%l However, these studies did not evaluate
biopsy-proven IRI, which can be assessed at a 2-hour
reperfusion.l'®"l To address this lack of understand-
ing regarding the transcriptomics of OLT-IRI, we
performed the first RNA-sequencing study of liver
biopsy samples that were histologically graded pre-
reperfusion and post-reperfusion using our published
IRI scoring system. In this study, we describe genes
differentially expressed in IRI+ versus IRI- OLT
recipients at either pre-reperfusion or post-reperfusion.
We quantified functional myeloid subsets using immu-
nohistochemistry (IHC) for cells with primarily innate
immune system functions [myeloperoxidase (MPO)+
neutrophils], phagocytic cells capable of antigen
presentation and activation of an adaptive immune
response (CD68*), or multipotential for activating as
either population [lysozyme (LYSO)+ myeloid cells].
Further, we identified weighted gene coexpression
network modules that correlate with resident and/or
infiltrating myeloid populations, which likely play a role
in either augmenting or suppressing the development
of IRI. Identifying this transcriptomic signature of liver
IRI sets the stage for a better understanding of the
processes that underlie this injury and could provide
molecular targets for potential therapeutics aiming to
decrease the incidence of IRI in future recipients
of OLT.

immune-related genes in monocytes/macrophages coupled with decreased
responses. Subsequent lymphocyte activation at post-
reperfusion identified transcriptional programs associated with the transition to
adaptive immunity found only among IRI+ recipients.

Conclusions: Myeloid subset-specific genes and related signaling pathways
provide targets for the development of therapeutic strategies aimed at limiting
IRI in the clinical setting of liver transplantation.

METHODS
Patient recruitment and sample collection

Adult recipients of OLT were recruited at UCLA, and
routine standard-of-care and immunosuppressive ther-
apy were administered, as specified by UCLA liver
transplant protocols. Study data were collected and
managed using REDCap.!"?l All studies described were
reviewed and approved by the UCLA Institutional
Research Board (IRB; #13-000143). Patients gave
written informed consent before their participation in
the study. Donor organs were obtained from brain death
and circulatory death donors with standardized tech-
niques. No donor organs were obtained from executed
prisoners or other institutionalized persons. The donor
livers were perfused with and stored in cold University
of Wisconsin solution (ViaSpan; Bristol-Meyers Squibb
Pharma). Cold ischemia time was defined as the time
from perfusion of the donor liver with University of
Wisconsin solution to the removal of the liver from cold
storage. Needle biopsies were taken from the left lobe
2 hours before reperfusion and after complete revas-
cularization of the liver 2 hours after reperfusion. Biopsy
samples were divided into 2 halves, with one half
formalin-fixed and paraffin embedded for IHC studies
and the other half stored in RNAlater for RNA-
sequencing.

Liver histopathological IRl scoring

Biopsy scoring for IRl was done as described.['% Briefly,
formalin-fixed, paraffin-embedded pre-reperfusion and
post-reperfusion biopsies were stained with hematoxy-
lin and eosin, following a standardized protocol by
the Translational Pathology Core Laboratory (TPCL)
at UCLA. Stained post-reperfusion biopsies were
reviewed by a single transplant hepatopathologist and
scored for necrosis and inflammation on a continuum of
IRI severity. Recipients of liver transplantation with IRI
scores of 0 to 1 are grouped as IRI-, and recipients with
IRI scores of 2 to 4 are grouped as IRI+.
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Myeloid cell quantification in allograft
biopsies

For IHC staining, formalin-fixed, paraffin-embedded
biopsy sections were stained with primary antibody to
MPO, LYSO, or CD68, detected using Horseradish
Peroxidase (Agilent), visualized with 3, 3-diaminobenza-
dine, and counterstained with hematoxylin. Whole
stained slides were converted to high-resolution digital
bright-field images using an Aperio ScanScope AT high
throughput scanning system with up to x40 (0.75 NA,
0.23 pm/pixels; Leica Biosystems).

Slides were viewed in Aperio ImageScope software
(Leica Biosystems), and regions of interest were drawn
around areas containing relevant, good-quality, biopsy
tissue with at least 4 portal tracts. Images with ROIs
were then quantified for positively stained myeloid cells
using object-based analysis in Tissue Studio (Definiens
AG, Munchen, Germany).

Tissue areas were identified by Tissue Studio using
automatic thresholding for homogeneity, brightness,
and minimal tissue size. Tissue Studio was trained to
recognize cells positively stained for MPO+, LYSO+,
or CD68" using the cellular analysis feature on 4
digital slides of positive control tissues for each
marker. Nucleus detection was performed by defining
hematoxylin and IHC intensity thresholds, and nucleus
morphology was filtered using area, roundness, and
width measurements. Cell simulation was defined in
Tissue Studio by maximum cell growth (um from
nucleus). This strategy was then applied to patient
biopsy samples. Data obtained from the resulting
image objects (segments) for each virtual slide were
exported as tables in Excel (Microsoft), including
counts of the number of positively stained cells, total
cell number, and the absolute area of the tissue/
predefined ROIl. Data were then normalized as
positive cell number per millimeter of tissue squared
(#/mm?).

RNA sample preparation and sequencing

RNA was isolated from needle core biopsies obtained
2 hours pre-reperfusion or post-reperfusion and stored in
RNAlater. Libraries were prepared for samples that
passed quality control using the KAPA-stranded mRNA
kit (https://sequencing.roche.com). Single-read sequenc-
ing with a read length of 50 bp was performed using the
lllumina HiSeq3000 platform by the Technology for
Genomics and Bioinformatics facility at UCLA.

Read quality control and alignment

Quality control of reads was checked using FastQC
0.11.8. Reads were aligned to the GRCh38 human

reference genome using STAR 2.5.1b.1"3] Indexing of
the BAM files and removal of PCR duplicates was
performed using samtools!'¥ and picard (https:/github.
com/broadinstitute/picard). The final counts table used
for downstream analyses was produced using
featureCounts."®!Transcript abundances are expressed
as transcripts per million log2 scale. Data have been
deposited in the National Center for Biotechnology
Information’s Gene Expression Omnibus (GEO) and are
accessible through GEO series accession number
GSE151648.

Differential expression analysis and
pathway analysis

Using edgeR 3.9 package in R we converted the raw
counts to counts-per-million, performed normalization,
and tested for differential expression!'® between (1) IRI+
and IRI- at the pre-reperfusion timepoint, (2) IRI+ and IRI-
at the post-reperfusion timepoint, and (3) between pre-
reperfusion and post-reperfusion timepoints for IRI- or
IRI+ samples separately. We used gProfiler to perform
canonical pathway enrichment analysis of the differentially
expressed genes (DEGs).l'"]

Weighted gene coexpression network
analysis and correlation with cell counts

We performed quality control on the matrix of normal-
ized expression values to remove any transcripts with
either zero variance or a missing value prior to
implementing weighted gene coexpression network
analysis in R.I'8l We created the weighted adjacency
matrix with a soft thresholding parameter, p, for the
power function set to 12 and used it to generate a
topological overlap matrix and dendrogram that was
pruned using a dynamic hybrid branch cutting method
with a cut height of 0.3 to merge module eigengenes
(the first principal component of each network) so that
modules with a correlation of 0.7 or greater were
merged (minimum size of a module is set at 30 genes).
MEs were calculated by performing a singular
value decomposition on the topological overlap matrix.
We defined module membership, MM, as the absolute
correlation between each gene in a network module and
its module eigengenes. Finally, we correlated the cell
counts of MPO+-stained, LYSO+-stained, and CD68*-
stained cells with MEs.

Statistical analysis
To test for association between demographic data and

IRI status, Fisher exact was implemented for categor-
ical variables while Student ¢ test was implemented for
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continuous variables. Hierarchical clustering was
performed on columns using the Euclidean distance
for the column distance measure and Ward D for
the clustering method. All statistical analyses were
performed in R.

RESULTS
Demographic and clinical data

Demographic and clinical features of recipients of OLT
(n=40) and their donors are shown in Table 1. Biopsies
of donor allografts obtained 2 hours pre-reperfusion,
and post-reperfusion were scored by histopathology for
inflammation and necrosis as previously described.
There was no significant association between
recipient, donor, or transplant clinical or demographic
characteristics and IRI status (Table 1).

IRI has a unique pretransplant
transcriptomic profile

To identify genes that are differentially expressed
between pre-reperfusion biopsy samples from IRI+
(n=23) and IRI- (n=17) recipients of OLT, we per-
formed RNA-sequencing on biopsies obtained 2 hours
before reperfusion. There were 65 DEGs between IRI +
at the pre-reperfusion timepoint, with 60 upregulated and
5 downregulated in IRI+ versus IRI- patients (False
Discovery Rate <0.1) (Figure 1A; Supplemental Table
S1, http://links.lww.com/HC9/A727). Upregulated DEGs
included pattern recognition receptor genes (CLEC4D,
FPR1, FPR2, and TREM1), damage-associated molec-
ular pattern (DAMP) genes (HSPA6, ST00A8, ST00A9,
and S7100A12), the inflammation-associated enzyme
Cyclooxygenase-2 (PTGS2), and genes involved in
neutrophil recruitment (CXCL8, CXCR1, CXCR2,
FCN1, HSPA6, TNFAIP6, and CLEC4D). An unsuper-
vised heatmap of these 65 pre-reperfusion DEGs
predominantly clustered recipients of OLT by their IRI
status (Figure 1B), with the IRI+ cluster being 77% IRI+
(17/22) and the IRI- cluster being 69% IRI- (11/16).
Pathway enrichment analysis of the 65 DEGs revealed
that the top significantly enriched pathways included
neutrophil activation, innate immune system, DAMP
receptor binding, and cytokine-cytokine receptor
interaction (p-value <0.05) (Figure 1C; Supplemental
Table S2, http://links.lww.com/HC9/A728).

IRI alters the post-transplant
transcriptomic profile

Testing for differential expression between the pre-
transplant and post-transplant timepoints (PRE vs.

POST) in stratified analyses of IRI- samples or IRI+
samples separately, we observed that 573 genes
were differentially expressed in both IRI- and IRI+
samples (540 upregulated, 33 downregulated) (logs,-
Fold Change>1, False Discovery Rate<0.1), 330
genes were exclusively differentially expressed in the
IRI+ samples (247 genes upregulated, 83 downregu-
lated), and 202 genes were exclusively differentially
expressed in the IRI- samples (155 genes upregu-
lated, 47 downregulated; Figure 2; Supplemental
Table S3, http://links.lww.com/HC9/A729). Top path-
ways enriched for with DEGs exclusively in the IRI-
samples included hemoglobin biosynthetic process,
IL-8 receptor activity, ROS metabolic process,
response to hypoxia, and response to organic cyclic
compound (Figure 2; Supplemental Table S4, http://
links.lww.com/HC9/A730). Top pathways that were
significantly enriched with DEGs exclusively in the IRI
+ samples included innate immune response, leuko-
cyte activation, IL-4 and IL-13 signaling, and neutrophil
activation. These transcriptomic profiles reveal how
the reperfusion maneuver specifically differs in IRI-
and IRI+ patients and which specific biological
processes directly associated with either a “low-risk”
IRI- or a “high-risk” IRI+ endotype.

Specific myeloid cell populations correlate
with different weighted gene coexpression
network modules in IRI- and IRI+ patients
who underwent OLT

We previously reported the importance of myeloid cells
in IRI, particularly in regard to DAMP/pattern recognition
receptor signaling.'¥! Therefore, we next focused our
analysis on the impact of myeloid cell populations
present in the biopsies on the transcriptomic signatures
of the allografts. First, we identified specific myeloid
genotypes on a continuum of gene expression of MPO,
LYSO, or CD68. We then stained adjacent tissue
sections for lineage-associated markers commonly
used in the clinical setting: MPO (primarily neutrophils),
lysozyme (LYSO; pan-myeloid cells), or CD68 (acti-
vated phagocytic monocytes/macrophages, including
tissue-resident KCs). The number of MPO+ (Figure 3A),
LYSO+ (Figure 3B), or CD68* (Figure 3C) cells was
quantified in IRI+ versus IRI- patient biopsy samples,
and the cell counts were used to identify groups of
patients with myeloid cell counts above the median as
having phenotypes of MPOM, LYSOM, or CD68M.
Myeloid genotypes and phenotypes were correlated
with networks of coexpressed genes using weighted
gene coexpression analysis WCGNA, which identifies
biologically meaningful networks of coexpressed genes
in an unsupervised fashion (Figure 3D). We identified
26 network modules using weighted gene coexpression
network analysis, 22 of which were significantly
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TABLE 1 Clinical and demographic data

Clinical and demographic data ALL (n=40) IRI= (n=17) IRI+ (n=23)
Characteristic P?
Recipient
Age, years (mean + SD) 54+ 11 52+12 55+10 0.44
Sex [n (%)] — — — 0.34
Female 17 (43) 9 (53) 8 (35) —
Male 23 (58) 8 (47) 15 (65) —
Race [n (%)] — — — 0.19
Asian 4 (10) 2 (12) 2(9) —
Black/African American 3(8) 3(18) 0 —
White/Caucasian 23 (58) 8 (47) 15 (65) —
Other/unknown 10 (25) 4 (24) 6 (26) —
Ethnicity [n (%)] — — — 0.39
Hispanic/Latino 18 (45) 9 (53) 9 (39) —
Non-Hispanic/Latino 22 (55) 8 (47) 14 (61) —
Liver disease etiology [n (%)] — — — 0.18
Alcohol-associated 20 (50) 6 (36) 14 (61) —
HBV 5 (13) 3 (18) 2(9) —
HCV 6 (15) 2 (12) 4 (17) —
NASH 6 (15) 5 (29) 1(4) —
Other 3(8) 1(6) 2(9) —
HCC [n (%)] 5 (13) 2 (12) 3(13) >0.99
MELD, at list [mean + SD] 33+10 33+10 32+9 0.07
MELD, at transplant [mean + SD] 38+4 38+4 38+4 >0.99
Transplant(s) [n (%)] — — — 0.08
Isolated liver 36 (90) 16 (94) 20 (87) —
Liver-kidney 4 (10) 1 (6) 3(13) —
Donor
Age, y [mean + SD] 36+13 34+13 37+14 0.51
Sex [n (%)] — — — 0.20
Female 16 (33) 9 (56) 7 (44) —
Male 24 (68) 8 (33) 16 (67) —
Race [n (%)] — — — 0.41
Asian 3 (8) 0 3 (13) —
Black/African American 5 (13) 3 (18) 2 (9) —
White/Caucasian 20 (50) 9 (53) 11 (48) —
Other/undisclosed 12 (30) 5 (29) 7 (44) —
Ethnicity [n (%)] — — — 0.82
Hispanic/Latino 11 (28) 5 (29) 6 (26) —
Non-Hispanic/Latino 29 (72) 12 (71) 17 (74) —
Status [n (%)] — — — >0.99
DBD 38 (95) 16 (94) 22 (96) —
DCD 2 (5) 1 (6) 1 (4) —
Warm ischemia, min [mean + SD] 52 +17 50+ 14 54 +21 0.57
Cold ischemia, h [mean + SD] 7+2 7+1 8+2 0.12
Recipient + donor
ABO [n (%)] — — — 0.74
Identical 149 (91) 118 (90) 31 (94) —
Compatible 15 (9) 13 (10) 2 (6) —
DRI [mean + SD] 14+03 14+04 1.3+0.3 0.23

2t test for continuous variables; Fisher exact test for categorical variables.
Abbreviations: DBD, Donation after Brain Death; DCD, Donation after Circulatory Death; DRI, Donor Risk Index; IRI, ischemia-reperfusion injury; MELD, Model for
End-Stage Liver Disease.
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correlated with MPO, LYSO, or CD68 copy numbers or
MPON, LYSOM, or CD68" (Figure 3D; Supplemental
Tables S5-S30, S5 http://links.lww.com/HC9/A731, S6
http://links.lww.com/HC9/A732, S7 http://links.lww.com/
HC9/A733, S8 http://links.lww.com/HC9/A734, S9
http://links.lww.com/HC9/A735, S10 http://links.lww.
com/HC9/A736, S11 http://links.lww.com/HC9/A737,
S12 http://links.lww.com/HC9/A738, S13 http://links.
Iww.com/HC9/A739, S14 http://links.lww.com/HC9/
A740, S15 http://links.lww.com/HC9/A741, S16 http:/
links.lww.com/HC9/A742, S17 http://links.lww.com/
HC9/A743, S18 http://links.lww.com/HC9/A744, S19
http://links.lww.com/HC9/A745, S20 http://links.lww.
com/HC9/A746, S21 http://links.lww.com/HC9/A747,
S22 http://links.lww.com/HC9/A748, S23 http://links.
Iww.com/HC9/A749, S24 http://links.lww.com/HC9/
A750, S25 http://links.lww.com/HC9/A751, S26 htitp://
links.lww.com/HC9/A752, S27 http://links.lww.com/
HC9/A753, S28 http://links.lww.com/HC9/A754, S29
http://links.lww.com/HC9/A755, S30 http://links.lww.
com/HC9/A756).

MPO+cells are associated with different
gene signatures in IRI+ versus IRI-
recipients of OLT

MPO is a lysosomal enzyme produced in high amounts
by neutrophils, especially during their maturation phase.
MPO+ cells were present within the donor allografts prior
to transplantation (PRE) in similar numbers between IRI-
and IRI+ individuals (507 +326 vs. 465 + 280 cells per
mm?); Figure 3A). MPO+ cells were larger and more
frequently in portal tract areas in IRI- patients at the PRE
timepoint than MPO+ cells in IRI+ recipients, where cells
remained small and diffuse (Figure 4A). MPO+ cell
numbers remained similar at the POST timepoint for IRI-
recipients but were significantly higher in IRI+ recipients
(Figure 3A; 416 +237 vs. 897 + 602 cells per mm?2). At
the POST timepoint, MPO+ cells in biopsies from IRI-
patients were small and diffuse, whereas MPO+ cells in
IR+ recipients were large and found in clusters
(Figure 4A).

IRI- patients with a pretransplant MPOM phenotype
positively correlated with ME17, which contains GO
terms associated with steroid synthesis (Figures 3B,
4B; Supplemental Table S21, http://links.lww.com/HC9/
AT747), whereas IRI+MPON patients positively corre-
lated with ME18, associated with GO terms of an acute
inflammatory response (Figures 3B, 4B; Supplemental
Table S22, http://links.lww.com/HC9/A748), and nega-
tively correlated with ME2, MES5, ME6, and ME16
(Figure 3B, Supplemental Tables S6 http://links.lww.
com/HC9/A732, S9 http://links.lww.com/HC9/A735,
S10 http://links.lww.com/HC9/A736, and S20 http://
links.lww.com/HC9/A746). At the POST timepoint, there
were no modules significantly associated with MPOM

cell counts in IRI- patients. However, ME2, ME15, and
ME24 positively associated with the MPO copy num-
bers, and module eigengenes 17 and ME26 negatively
associated with the MPO" phenotype in IRI+ patients
(Figure 3B, Supplemental Tables S6 http:/links.lww.
com/HC9/A732, S19 http://links.lww.com/HCO/A745,
S21 http://links.lww.com/HC9/A747, S28 http://links.
Iww.com/HC9/A754, S30 http://links.lww.com/HC9/
A756). ME2 contains terms related to increased
transcription and translation, and ME24 contains terms
related to immune cell activation and proinflammatory
responses (Figure 4B).

LYSO+ cells are associated with different
gene signatures in IRI+ versus IRI-
recipients of OLT

LYSO is an antimicrobial enzyme predominantly pro-
duced by cells of the myeloid lineage, including both
neutrophils and macrophages, as well as progenitors
and differentiating cells. LYSO+ cells were present
within the donor allografts prior to transplantation (PRE)
in similar numbers between IRI- and IRI+ individuals
(620 +235 vs. 506 +216 cells per mm?; Figure 3A).
LYSO+ cell nhumbers remained similar at the POST
timepoint for IRI- recipients, but were significantly
higher in IRI+ recipients (512 + 192 vs. 923 + 580 cells
per mm?). Similar to what was observed in MPO+ cells,
LYSO+ cells were larger and more frequently in portal
tract areas in IRI- patients at the PRE timepoint than
LYSO+ cells in IRI+ recipients, where cells remained
small and diffuse (Figure 5A). At the POST timepoint,
LYSO+ cells in biopsies from IRI- patients were small
and diffuse, whereas LYSO+ cells in IRI+ recipients
were large and found in clusters.

Also similar to the MPOM phenotype in IRI- patients at
the PRE timepoint, the LYSO" phenotype in IRI- patients
at the PRE timepoint correlated with ME17 and steroid
synthesis (Figures 3B, 5B; Supplemental Table S21,
http://links.lww.com/HCO/A747).  Pretransplant  IRI+
patients with increased LYSO counts were positively
correlated with 2 modules, ME15, ME19, and ME22
(Figure 3B, Supplemental Tables S19 http://links.lww.
com/HC9O/A745, S23 http://links.lww.com/HC9/A749, and
S26 http://links.lww.com/HC9/A752). ME19 contains GO
terms associated with immune cell migration and activa-
tion (Figure 5B; Supplemental Table S23 http://links.lww.
com/HC9/A749), and ME22 contains GO terms associ-
ated with adaptive immune responses (Figure 5B;
Supplemental Table S26 http://links.lww.com/HC9/
A752). At the POST timepoint, LYSO gene counts
positively correlated with ME16 in IRI- recipients, which
contains GO terms associated with a response to steroids
(Figure 5B; Supplemental Table S20 http://links.lww.com/
HC9/A746), whereas the LYSOM IRI+ patient phenotype
positively correlated with ME2, MES5, and ME7 (Figure 3B;
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FIGURE 1 Genes are differentially expressed between IRI+ and IRI- biopsies at the pretransplant timepoint. (A) Volcano plot of genes
differentially expressed between IRI+ and IRI- patient biopsies at the pretransplant timepoint, with zoomed-in view of genes differentially
expressed with log2FC >4 and FDR <0.1. (B) Heatmap of genes differentially expressed between IRI+ and IRI- patient biopsies at the pre-
transplant timepoint (log2FC >4, FDR <0.1), with samples hierarchically clustered in an unsupervised manner. (C) GO, REAC, or KEGG path-
ways that are significantly enriched for by the genes differentially expressed between IRI+ and IRI- patient biopsies at the pretransplant timepoint.
The number of genes enriched for in a pathway is indicated in the bar. Black vertical line corresponds to a p-value of 0.05. Abbreviations: DEG,
differentially expressed gene; BP, Biological Process; FC, Fold Change; FDR, False Discovery Rate; GO, Gene Ontology; IRI, ischemia-
reperfusion injury; KEGG, Kyoto Encyclopedia of Genes and Genomes; ME, Module Eigengene; REAC, reactome.
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FIGURE 2 IRI+ and IRI- patients have distinct changes in their transcriptomic profiles between the pretransplant and post-transplant
timepoints. Venn diagram displaying number of differentially expressed genes (log2FC >4, FDR < 0.1) between pretransplant and post-transplant
that are exclusive to IRI+ samples (n=330), exclusive to IRI- samples (n=202), or shared between IRl + samples (n=573). Selected GO,
Reactome (REAC), or KEGG pathways that are significantly enriched by genes that are exclusively differentially expressed between pretransplant
and post-transplant timepoints for IRI+ or IRI- samples are shown. The number of genes enriching for a pathway is indicated in the bar. Black
vertical line corresponds to a p-value of 0.05. Abbreviations: BP, Biological Process; FC, Fold Change; FDR, False Discovery Rate; GO, Gene
Ontology; IRI, ischemia-reperfusion injury; KEGG, Kyoto Encyclopedia of Genes and Genomes; MF, Molecular Function; REAC, reactome.

Supplemental Tables S6 http://links.lww.com/HC9/A732,
S9 http://links.lww.com/HC9/A735, and S11 http://links.
Iww.com/HC9/A737), and negatively correlated with ME4,
ME22 and ME26 (Figure 3B; Supplemental Tables S8
http://links.lww.com/HC9/A734, S26 http://links.lww.com/
HC9/A752, and S30 http:/links.lww.com/HC9/A756). The
LYSO genotype for post-IRI+ also correlates with ME2
and ME5 and negatively correlates with ME26. ME7
contains GO terms related to protein translation
(Figure 5B, Supplemental Table S11, http:/links.lww.
com/HCO/A737).

CD68" cells are associated with different
gene signatures in IRI+ versus IRI-
recipients of OLT

CD68 is an intracellular glycoprotein primarily associated
with cytoplasmic granules under homeostatic conditions
that cycle to the cell membrane in phagocytic macro-
phages. Tissue-resident macrophages such as KCs
express CD68 in high amounts, as do actively phagocy-
tosing infiltrating myeloid cells. CD68" cells were present
within the donor allografts prior to transplantation (PRE)
in similar numbers between IRI- and IRI+ individuals
(323 +203 vs. 295+204 cells per mm?; Figure 3A).
Similar numbers of CD68" cells were seen at the POST
timepoint for IRI+/- recipients as their baseline numbers
(257 =211 vs. 292 + 169 cells per mm?); however, very
large CD68+cells can be seen in the POST biopsies
from IRI+ recipients as compared with other settings
(Figure 6A).

The CD68" phenotype in IRI- patients at the PRE
timepoint positively correlated with ME3 and nega-
tively correlated with ME5, ME6, ME9, ME10, ME18,
and ME26 (Figures. 3B, 6B; Supplemental Tables S7,
http://links.lww.com/HC9/A733, S9, http://links.lww.
com/HC9/A735, S10, http://links.lww.com/HC9/A736,
S13, http://links.lww.com/HC9/A739, and S22, http://
links.lww.com/HC9/A748). CD68 genotype correla-
tions were also negative for ME18 and positive for
ME24. ME3 contains GO terms associated with
metabolism and catabolism (Figure 6B, Supplemental
Table S7, http://links.lww.com/HC9/A733), whereas
ME9 is associated with protein translation and
trafficking (Figure 6B, Supplemental Table S13,
http://links.lww.com/HC9/A739). CD68" cell counts
positively correlated with ME1, ME7, ME13, ME15,
ME18, and ME26 (Figure 3B; Supplemental Tables
S5, http://links.lww.com/HC9/A731, S11, http://links.
Iww.com/HC9/A737, S17, http://links.lww.com/HC9/
A743, S18, http://links.lww.com/HC9/A744, S19,
http://links.lww.com/HC9/A745, S22, http://links.lww.
com/HC9/A748, and S30, http:/links.lww.com/HC9/
A756), and negatively correlated with ME2, MES5,
ME6, ME12, and ME16 at the PRE timepoint in IRI+
recipients (Figure 3B; Supplemental Tables S6, http://
links.lww.com/HC9/A732, S9, http://links.lww.com/
HC9/A735, S10, http://links.lww.com/HC9/A736, S16,
http://links.lww.com/HC9/A742, and S20, http://links.
Iww.com/HC9/A746). ME13 is associated with immune
cell activation (Figures 3B, 6B; Supplemental Table
S17, http://links.lww.com/HC9/A743). CD68 gene
counts positively correlated with ME13, ME14, ME18,
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FIGURE 3 Weighted gene coexpression analysis correlations with myeloid-lineage cell counts. The number of cells positive for (A) MPO, (B)
LYSO, or (C) CD68 per mm? of tissue in pre-reperfusion or post-reperfusion biopsies. (D) Matrix plots showing the association of MPO, LYSO, and
CD68 copy numbers and MPOM, LYSO", and CD68" phenotypes with each of the 26 module eigengenes for PRE IRI-, PRE IRI+, POST IRI-,
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indicating negative correlations. Small circles indicate a nonsignificant correlation, while large circles indicate a significant correlation (p <0.1).

Abbreviations: IRI, ischemia-reperfusion injury; LYSO, lysozyme; ME, Module Eigengene; MPO, myeloperoxidase; ns, no significance.

and ME26 and negatively correlated with ME5, MES, positively correlating with ME16 (Figure 3B;
and ME16. At the POST timepoint, the CD68 genotype Supplemental Tables S12, http://links.lww.com/HC9/
positively correlated with ME8, ME11, ME19, and A738, S15, http://links.lww.com/HC9/A741, S20, http://
ME24 in IRI- recipients, with the CD68" phenotype links.lww.com/HC9/A746, S23, http://links.lww.com/
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FIGURE 4 Gene modules associated with MPO+ cells in IRI- patients differ from MPO-associated gene modules in IRI+ patients. (A) Biopsies
obtained from donor allografts at 2 hours pre- (PRE) or post-reperfusion (POST) were stained with MPO (brown) and counterstained with hematoxylin
(blue). (B) Top 5 GO biological pathway terms that are significantly enriched with genes from ME17, ME18, ME2, and ME24. The threshold for significant
enrichment was p < 0.05. Abbreviations: GO, Gene Ontology; ME, Module Eigengene; IRI, ischemia-reperfusion injury; MPO, myeloperoxidase.

HC9/A749, and S28, http://links.lww.com/HCO/A754).
ME11 contains GO terms related to cellular adhesion
(Figure 6B, Supplemental Table S15, http:/links.lww.

com/HC9/A741). CD68 gene counts positively

correlated with ME12, ME14, ME22, and ME26 and
negatively correlated with MES5 at the POST timepoint,
whereas CD68" IRI+ patients positively correlated
with ME24 and ME26 (Figure 3B; Supplemental


http://links.lww.com/HC9/A749
http://links.lww.com/HC9/A754
http://links.lww.com/HC9/A741
http://links.lww.com/HC9/A741

MYELOID MOLECULAR SIGNATURE OF HUMAN LIVER IRI 1"

(A) ‘ IRI- IRI+

L

o

(a'

7

O T ;...;,.‘(‘— e
(a8

immune system

hagocytosis, recognition
process phagocyt g

defense response opsonization

complement activation,

immune response 4
classical pathway

humoral immune response

leuk ( I S

:]%’Z%ts mediated by circulating
immunoglobulin

locomotion adaptive immune response

ribonucleoprotein
complex biogenesis

ribosome biogenesis

cellular response ncRNA processing

to glucocorticoid

stimulus .
ncRNA metabolic

process

RNA processing

¢
=)

0.5 1.0
~log10(p-value) -log10(p-value)

FIGURE 5 Gene modules associated with lysozyme+ cells in IRI- patients differ from lysozyme-associated gene modules in IRI+ patients.
(A) Biopsies obtained from donor allografts at 2 hours pre- (PRE) or post-reperfusion (POST) were stained with lysozyme (brown) and coun-
terstained with hematoxylin (blue). (B) Top 5 GO biological pathway terms that are significantly enriched for with genes from ME19, ME16 (only
one pathway term was significantly enriched for), ME7, and ME22. The threshold for significant enrichment was p < 0.05. Abbreviations: GO, Gene
Ontology; IRI, ischemia-reperfusion injury; ME, Module Eigengene; ncRNA, non-coding RNA.

Tables S16, http://links.lww.com/HC9/A742, S18, DISCUSSION

http://links.lww.com/HC9/A744, S26, http://links.lww.

com/HC9/A752, S28, http://links.lww.com/HCO/A754, In this study, we performed spatial phenotyping and
and S30, http://links.lww.com/HC9/A756). transcriptomic analysis to reveal how immune cells
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FIGURE 6 Gene modules associated with CD68* cells in IRI- patients differ from CD68-associated gene modules in IRI+ patients.

(A) Biopsies obtained from donor allografts at 2 hours pre- (PRE) or post-reperfusion (POST) were stained with CD68 (brown) and counterstained
with hematoxylin (blue). (B) Top 5 GO biological pathway terms that are significantly enriched with genes from ME3, ME9, ME13, and ME11. The
threshold for significant enrichment was p < 0.05. Abbreviations: GO, Gene Ontology; IRI, ischemia-reperfusion injury; ME, Module Eigengene.

organize in the tissue landscape of IRI in patients who
underwent OLT. We first characterized DEGs for IRI-
and IRI+ patients at the pre-reperfusion and post-
reperfusion timepoints and found that many were
associated with myeloid cell activation and related

immune functions. To investigate the myeloid contrib-
ution more specifically, we identified patient samples
with increased numbers of 3 overlapping functional
subsets of myeloid cells by MPO, LYSO, and CD68
gene and protein expression. We then created an
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unsupervised coexpression network of genes using
weighted gene coexpression analysis and identified
subnetworks (modules) that are significantly associated
with myeloid-specific genotypes and/or phenotypes.
These modules were significantly enriched for path-
ways involved in cellular metabolism, steroid synthesis,
innate immune response, and adaptive immune
response but differed dramatically in association with
different myeloid cell types, pre-reperfusion versus
post-reperfusion timepoints, and between IRI+/- recip-
ients of OLT. Identifying the distinct cellular and
molecular phenotypes in liver IRl provides a better
understanding of the processes that underlie this injury,
as well as specific therapeutic targets for potential
strategies to decrease the incidence of IRI in future
recipients of OLT.

Analysis of pre-reperfusion biopsies revealed that
unsupervised clustering correctly grouped about 70% of
patients based on post-reperfusion IRI status (IRI+or IRI-),
suggesting ischemic insult or protection to the allograft can
be detectable at a transcriptomic level and is highly
detrimental to organ quality independent from the
reperfusion event. Knowing this impact of ischemia
on donor livers supports current efforts to implement
normothermic perfusion during graft recovery and
preservation.??! Genes upregulated in IRI+ versus IRI-
pre-reperfusion biopsies included multiple inflammation-
associated genes, such as pattern recognition receptors,
DAMPs, and molecules involved in myeloid recruitment,
that all align with signaling pathways and cell populations
we and others previously confirmed to be correlated with
IRI positivity.[10.1921221 At the post-reperfusion timepoint,
pathways were exclusively associated with either IRI- or
IRI+ endotypes. Although proinflammatory activation
dominated the signature for IRI+ recipients, IRI- exclusive
pathways included metabolic and immune responses
known to participate in myeloid-mediated resilience
against and/or resolution of inflammatory responses.

MPO is an antibacterial enzyme produced in high
amounts by neutrophils during their maturation. Neu-
trophils are known to play a considerable role in IRI,
arriving in large numbers to reperfuse allografts
and conducting canonical innate immune response
activities.'"19 Neutrophils have been shown to form
clusters at sites of injury as a result of coordinated
swarming during both sterile and nonsterile inflamma-
tory events.25-27] These clusters then respond to local
signals once they have arrived at the injury site.
Neutropenia is also reported to be protective against
IRLI28] We saw a significant increase in the number of
MPO+ cells present in post-reperfusion biopsies from
IRI+ recipients, with significant clustering and cellular
hyperplasia, suggesting their activation toward a detri-
mental proinflammatory phenotype. Further supporting
this role, gene signatures correlated with MPO" cells in
IRI+ recipients involved pathways associated with
increased metabolism, transcription, translation, and

proinflammatory activation. MPO+ cells in pretransplant
biopsies differed dramatically in their associated gene
signatures, morphology, and localization. MPO+ cells
from IRI- recipients had significantly increased natural
steroid synthesis, whereas a decrease in steroid
response genes and an increase in acute inflammatory
response genes were seen associated with MPOM cells
in pretransplant biopsies from IRI+ patients. This
indicates that deceased donor organs differentially
respond to ischemic stress by recruiting neutrophils
that provide either resilience to injury in the case of IRI-
recipients or promote acute inflammation in the case of
IRI+ recipients. These genes and their related pathways
should be considered direct targets during normother-
mic perfusion therapies. For example, leveraging
cholesterol synthesis as a possible intervention for
limiting neutrophil skewing toward pathogenic pheno-
types could be beneficial. The weighted gene coex-
pression analysis module ME17 is positively associated
with the neutrophil signature (MPO+) in IRI- pretrans-
plant and negatively correlated with MPO+ in IRI+ post-
transplant, and it is enriched for pathways related to
cholesterol biosynthesis. Further, ME18 is positively
associated with MPO+ in IRI+ pretransplant and is
enriched for complement-related pathways. Cholesterol
is a major structural component of neutrophil plasma
membranes and influences cell adhesion, a key
step in transmigration.2®! Neutrophils with low choles-
terol content were associated with increased inflamma-
tion in patients with cystic fibrosis.’ Cholesterol
depletion in human neutrophil cell membranes induced
a more proinflammatory phenotype that included
priming, enhanced activation, increased adhesion,
and oxidant production.Bl The possible impact of
cholesterol therapy on infectious diseases has been
suggested.l’237] Since many of the same molecular
mechanisms are in play during infection as sterile
inflammation, it is possible cholesterol or similar
treatment during liver IRI could be a beneficial therapy
for reducing infiltrating neutrophils and limiting further
tissue damage and immune activation.

LYSO is an enzyme with antimicrobial properties
largely produced by cells of the myeloid lineage. In the
liver, strongly stained LYSO+ cells largely represent a
population of highly plastic cells, which are capable of
differentiating into functional immune subsets once
receiving specific signals at their destination. IRI-
allografts typically contained larger cells spread across
all areas in the pre-reperfusion setting that became
reduced in size and number after reperfusion. Genes
associated with LYSOM cells in IRI- patients were
similar to MPO" cells at the pre-reperfusion timepoint,
with increased steroid synthesis that quickly transi-
tioned to increased steroid response following
reperfusion, indicating these cells are responding to
tissue damage with a natural steroid response, provid-
ing resilience against IRI. However, IRI+ allografts had



14

HEPATOLOGY COMMUNICATIONS

smaller cells at the portal tracts with larger cells in other
zones, particularly zone 3, where blood flow is leaving
the organ, in pre-reperfusion biopsies. LYSO+ cells in
IRI+ biopsies at the POST timepoint were significantly
increased in number and size, with obvious colocaliza-
tion at vessels with damaged endothelium, suggesting
differentiation into a functional phenotype in these
patients post-reperfusion. In IRI+ patients, the gene
signatures significantly associated with LYSO" cells at
the pre-reperfusion timepoint were related to immune
cell migration and activation, including phagocytosis
and adaptive immune responses. Interestingly, at the
post timepoint, these adaptive immune responses were
downregulated with a concomitant increase in transla-
tion machinery, with an increase in phagocytosis,
supporting the idea that myeloid cells in IRI+ patients
quickly differentiate into functional proinflammatory
subsets by 2 hours post-reperfusion.

CD68 is a glycoprotein that becomes strongly
localized to the cell membrane in phagocytic macro-
phages. Tissue-resident macrophages express CD68 in
high amounts, as do actively phagocytosing infiltrating
myeloid cells. CD68* cells in liver allografts are
predominantly donor KCs in the pre-reperfusion setting
and include additional infiltrating recipient cells in the
post-reperfusion setting. CD68* cells were found in
similar numbers in both patient groups at both time-
points. However, only the post-reperfusion biopsies
from IRI+ recipients showed large, activated cells
spread throughout the liver, where they were predom-
inantly localized to damaged vessels, as has been
described previously in other inflammatory states.[38:39
Gene signatures related to CD68+ cells also differed
dramatically between IRI- and IRI+ patients, with IRI-
CD68* cells increasing basic metabolic and catabolic
pathways while downregulating protein modifications
pre-reperfusion and increasing steroid response genes
at the post-reperfusion timepoint. CD68* cells from IRI-
patients at pre-reperfusion also increased immune cell
adhesion, migration, and activation pathways, indicating
they can communicate with parenchymal cells to

prevent the inflammation and tissue damage seen
in IRI+ allografts. In strong contrast, CD68* cells
increased immune activation and translation pathways
in IRI+ recipients prior to reperfusion, and upregulated
adaptive immune response genes post-reperfusion.
These results implicate pretransplant differences in
donor KCs of IRI- or IRI+ recipients as a potential
factor in the dampening or amplification of tissue
damage incurred by the post-transplant allograft.
Whether this is perpetuated by the same donor KCs
or by infiltrating recipient myeloid cells differentiating
into KCs at the post-reperfusion timepoint warrants
further study so targeted therapies can be developed. In
particular, this may be a way to identify individuals who
may be steroid-resistant and therefore in need of more
targeted therapeutic options.

We recognize the limitations of the current study,
including a relatively small sample size of 40 patients.
To reduce the bias associated with smaller sample
sizes, we have analyzed paired biopsies from each
patient to better understand the pre-reperfusion base-
line and changes seen in the post-reperfusion samples.
Additionally, recent advances in single-cell analysis and
imaging technologies have reportedly allowed for a
more in-depth comparison of the spatial and morpho-
logical phenotypes and genotypes within tissues of
patients experiencing specific inflammatory disease
states. However, these technologies are very expen-
sive, with complicated data analysis and unproven
clinical utility that often reduce the available sample
sizes to be used even further. Therefore, we have
analyzed immunohistochemical stains routinely ordered
by clinicians at our center along with the highly sensitive
RNAseq technique to provide the most clinically
relevant information for myeloid cell subsets and related
gene signatures found in human liver transplantation.
Evaluation of more specialized, niche immune popula-
tions, such as dendritic cells, is outside the scope of the
current study.

Overall, our data shows that IRI is associated with
specific transcriptomic signatures for each myeloid cell
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FIGURE 7 Overall transcriptomic changes in myeloid cell populations between PRE and POST timepoints for IRI- and IRI+ patients.

Abbreviations: IRI, ischemia-reperfusion injury; LYSO, lysozyme; MPO, myeloperoxidase.
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type at each timepoint during the transplant process
(Figure 7). Genes upregulated pre-reperfusion in livers
that become IRI+ have the potential to serve as markers
for organ assessment during static cold storage, given
that liver function tests are not available for nonperfused
livers, unlike those undergoing normothermic perfusion.
Genes identified as differentially expressed between
pretransplant and post-transplant that are unique to IRI-
and IRI+ patients, as well as gene coexpression
network modules that are correlated with cell counts
of CD68", LYSO+, and MPO+ cells at each of these
timepoints, can serve as newly identified pathway
components important in IRl manifestation. This study
also provides additional targets for therapeutics—
transcription factor inhibitors, siRNAs against specific
transcripts, or antibodies toward proteins produced from
elevated transcripts—to be developed to ultimately help
clinicians improve overall long-term graft and recipient
health.
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