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Normothermic machine perfusion (NMP) is a technique of kidney preservation designed to
restore cellular metabolism after cold ischemia. Kidneys are perfused with an oxygenated
banked red blood cell (RBC) based solution for 1h at 36°C. During NMP, RBCs can
become damaged, releasing free heme into the perfusate. This can act as a damage-
associated molecular pattern (DAMP) activating inflammatory signalling pathways. The
aim of this study was to measure the levels of free heme during NMP, assess the effect on
kidney function and determine any association with inflammatory and stress related gene
expression. Levels of free heme were measured in perfusate samples from a series of
donation after circulatory death (DCD) kidneys undergoing NMP as part of a randomised
controlled trial (RCT). The age of RBCs and levels of free heme were correlated with
perfusion parameters. Changes in gene expression were analysed in a series of kidneys
declined for transplantation using the NanoString nCounter Organ Transplant Panel and
qRT-PCR. Older units of RBCs were associated with higher levels of free heme and levels
increased significantly during NMP (Pre 8.56 ± 7.19µM vs 26.29 ± 15.18µM, P<0.0001).
There was no association with levels of free heme and perfusion parameters during NMP
(P > 0.05). Transcriptional and qPCR analysis demonstrated the upregulation of
differentially expressed genes associated with apoptosis (FOS and JUN), inflammatory
cytokines (IL-6, SOCS3, ATF3), chemokines (CXCL8, CXCL2, CC3/L1) and oxidative
stress (KLF4) after NMP. However, these did not correlate with levels of free heme
(P >0.05). A significant amount of free heme can bedetected in the perfusate before and after
NMP particularly when older units of red cells are used. Although transcriptional analysis
demonstrated significant upregulation of genes involved with apoptotic, inflammatory and
oxidative pathways these were not associated with high levels of free heme.
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INTRODUCTION

Normothermic machine perfusion (NMP) technologies are being
trialled in clinical practice to improve early graft function and
assess the quality of kidneys for transplantation (1–3). An
oxygenated red cell-based solution is circulated through the
kidney under near physiological conditions. Cellular function
is restored to replenish ATP and minimize the effects of
cold ischemia.

NMP can be carried out using a number of different strategies.
Experimentally, prolonged durations of NMP have shown
benefit in improving early graft function (4). However, in
clinical practice shorter durations performed after hypothermic
preservation at the recipient center are logistically more practical.
Preliminary studies have demonstrated the safety and feasibility
of this technique in clinical practice (5) and the results of a RCT
in DCD kidneys (1) are expected later this year.

Compatible packed red blood cells (pRBCs) from a local
blood bank are used in most NMP circuits as an oxygen carrier.
RBCs are also important regulators of vascular tone and nitric
oxide bioavailability (6). Although pRBCs can be stored for up to
42 days, over time their condition deteriorates (7). During
storage the destruction of the RBC membrane causes the
release of haemoglobin and free heme (8, 9). This is further
exacerbated during NMP when RBCs come into contact with
artificial surfaces and by the perfusion pump (10, 11). Excess free
heme is highly toxic and has the ability to induce oxidative stress,
inflammation, cellular injury and apoptosis (10, 12). Free heme
also binds nitric oxide derived from the endothelium reducing
nitric oxide availability to cause vasoconstriction, thrombin
formation, fibrin deposition, platelet activation and aggregation
that leads to organ dysfunction (10, 12).

The aim of this study was to measure the levels of free heme
during NMP and assess the effect on kidney function and to
determine any association with inflammatory and stress related
gene expression.
MATERIALS AND METHODS

Kidneys undergoing 1h NMP from a RCT (ISRCTN15821205)
were used to determine the effect of free heme on perfusion
Abbreviations: ATF3, activating transcription factor 3; ATP, adenosine
triphosphate; CC3/L1, C-C motif chemokine ligand 3 like 1; CXCL8, C-X-C
motif chemokine ligand 8; CXCL2, C-X-C motif chemokine ligand 2; DAMP,
damage-associated molecular pattern; DBD, donation after brain death; DCD,
donation after circulatory death; ERK, extracellular signal-regulated kinase; FOS,
Fos proto-oncogene; HMGB1, high mobility group box 1; HO-1, hemeoxygenase
1; IL-6, interleukin 6; IL-10, interleukin 10; JNK, c-Jun N-terminal kinases; JUN,
Jun proto-oncogene; KLF4, Kruppel Like Factor 4; MAPKs, mitogen-activated
protein kinases; NF-kB, nuclear factor kappa B; NGAL, neutrophil gelatinase-
associated lipocalin; NLR, nod like receptor; NLRP3, NLR family pyrin domain
containing 3; NMP, normothermic machine perfusion; pRBCs, packed red blood
cells; RBCs, red blood cells; RBF, renal blood flow; RCT, randomised controlled
trial; RT, reverse transcription; SOCS3, suppressor of cytokine signalling 3; TLR4,
toll-like receptor 4; TNF, tumor necrosis factor; VEGF, vascular endothelial
growth factor.
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parameters (n = 42). The study protocol and trial documents
were approved by the NHS Health Research Authority East of
England, Cambridge Central Research Committee (15/EE/0356).

Human kidneys rejected for transplantation and offered for
research were used to investigate the transcriptional effects of free
heme on gene expression and cellular damage (n = 15). Consent
for research was obtained by specialist nurses in organ donation
(SNODs). The study was approved by the National Research
Ethics committee and Research and Development office at the
University of Cambridge (NRES: 15/NE/0408).

Normothermic Machine Perfusion
NMP was carried out for 1 hour after a period of static cold
storage as previously described (1). In brief, the NMP was
performed using adapted cardiopulmonary bypass technology
(Medtronic) and consisted of a centrifugal pump, membrane
oxygenator, heat exchanger, venous reservoir and PVC tubing.

The circuit was primed with one unit of compatible packed
red blood cells (RBCs) mixed with a priming solution
(Supplementary Table 1). Supplements were added to support
kidney function. In the research kidneys creatinine (1500µmol/L)
was added to the perfusate to measure creatinine clearance.
Kidneys were flushed with 500ml cooled Ringer’s solution (4°C)
prior to being connected to the NMP circuit

The renal artery was cannulated and kidneys were perfused at
a pump speed of 1450 RPM. The perfusate temperature was
maintained between 35 and 37°C and mean arterial pressure of
75–85mmHg. Renal blood flow (RBF), arterial pressure,
temperature and urine output were monitored throughout.

Quality Assessment Score
During NMP the quality of each transplanted kidney was graded.
The NMP quality assessment score was derived from three
factors: macroscopic appearance, mean RBF and total urine
output. Kidneys with a quality assessment score of 4 or less
were considered suitable for transplantation provided there were
no other preclusions to transplant (13).

Perfusate and Urine Analysis
Perfusate samples were collected before and after NMP. Samples
were centrifuged at 1600 RPM for 10 minutes at 4°C.
Supernatant was removed, flash frozen in liquid nitrogen and
stored at –80°C. Urine samples were collected after 1h NMP.
Samples were centrifuged at 1600 RPM for 10 minutes at 4°C.
Supernatant was removed, flash frozen in liquid nitrogen and
stored at –80°C.

Free Heme
Free heme was measured in the perfusate samples before and
after NMP using the Heme Assay Kit (Sigma-Aldrich, St Louis,
USA) following manufacturer’s instructions.

Tissue Samples
In the research kidneys, wedge biopsies of cortex were taken
before and after NMP. Biopsies were divided into three for
fixation in 10% formalin (CellStor, CellPath, Powys, UK) for
paraffin wax embedding, flash frozen in liquid nitrogen and fixed
May 2022 | Volume 13 | Article 849742
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in RNALater Stabilisation Solution (Invitrogen, ThermoFisher,
California, USA).

Apoptosis was measured using TUNEL staining on 4µm
sections of paraffin fixed tissue. TUNEL staining was carried
out following manufacturer’s instructions (abcam, Cambridge,
UK). Sections were viewed at ×200 magnification and ten fields
of view were imaged. TUNEL positive cells were counted in each
field of view and an average number of positive cells was
calculated for each sample. Apoptotic cells were identified by
dark brown staining.

Injury Markers
Protein lysates were prepared from tissue samples collected
before and after NMP. Tissue (5mg) was homogenised in
RIPA lysis buffer (Sigma-Aldrich, St Louis, USA) with protease
inhibitor cocktail (Sigma-Aldrich, St Louis, USA) using
mechanical homogeniser. Samples were left on ice for 30 mins
and then centrifuged for 20 minutes at 4°C 12000 RPM.

The protein lysates were used to measure oxidative stress in the
research kidneys using the Protein Carbonyl content assay kit
(RayBiotech, Georgia, USA) following manufacturer’s instructions.

Human neutrophil gelatinase-associated lipocalin (NGAL)
was measured in the urine at the end of NMP following
manufacturer’s instructions (Cohesion Bioscience, London, UK).

NanoString Analysis
Gene expression profile was performed using the Human Organ
Transplant panel from NanoString technologies. Total RNA was
isolated from kidney biopsies and 770 genes related to organ
transplant pathways were screened according to manufacturer’s
instructions. Normalization, differential of expression and
pathways analysis were performed within the nSolver Software
Advanced Analysis. Normalisation was based on the selection of
a panel of housekeeping genes through geNorm pairwise
variation statistic. Differential of expression was displayed in a
volcano plot with p-value adjusted by the Benjamini–Hochberg
false discovery rate correction method. Further analysis was
performed within the R software: the heatmap and principal
component analysis were plotted with the top 25 and 100
differentially expressed genes respectively.

Gene Expression
Gene expression of IL-6, TLR4, HO-1, HMGB1, FOS and JUN
(ThermoFisher, California, USA) (Supplementary Table 2) was
quantified using RT qPCR on RNAlater fixed tissue in 15 of the
research kidneys. RNAlater fixed tissue was ground in lysis buffer
(Qiagen, Maryland, USA) using a micropestle. The samples were
homogenised. Chloroform was added and the samples were
shaken vigorously and centrifuged for 15 minutes at 12000g
and 4°C. The upper phase was collected and RNA extraction was
carried out using RNAEasy Mini Kit following manufacturer’s
instructions (Quiagen, Maryland, USA). The RNA elution was
immediately stored on ice to prevent RNA degradation. RNA
concentration and quality was measured using NanoDrop
Spectrophotometer ND-1000.

Reverse transcription (RT) was carried out on RNA samples
using a High Capacity cDNA Reverse Transcription Kit (Applied
Frontiers in Immunology | www.frontiersin.org 3
Biosystems, Fisher Scientific, California, USA) following
manufacturer’s instructions. Briefly, each sample was mixed
with the master mix provided and RT was carried out in the
thermal cycler (BioRad T100) at 25°C for 10 minutes, 37°C for
120 minutes, 85°C for 5 minutes and 4°C until used in qPCR.

qPCR was carried out on the BioRad CFX RealTIme System.
Samples were analysed in triplicate and each experimental well
contained SsoAdvanced Universal Probes Supermix (BioRad,
Hertfordshire, UK), primer (Supplementary Table 2), cDNA
and RNAase free water. PCR consisted of 95°C for 10 seconds
followed by 60°C for 30 seconds for a total of 40 cycles.

Fold increase of expression was quantified using the delta
delta ct method with 18s used as the gene of reference to which
samples were normalized. Gene expression was presented as a
fold change after NMP compared to baseline biopsies taken prior
to NMP.

Statistical Analysis
Continuous data were tested for normality and the appropriate
statistical test carried out. Data were compared using Student’s t-
test or Wilcoxon test. Correlations to determine associations
between levels of free heme measured in the perfusate before and
after NMP and age of pRBC, levels of potassium, lactate,
functional perfusion parameters and gene expression were
calculated using Pearson’s correlation matrix.

For the transplanted and research kidneys donor
demographics and ischemic times were recorded.

To determine any differences between subpopulations of
research kidneys dependent on donor type demographics,
perfusion parameters, protein expression and gene expression
in donation after brain death (DBD) and DCD kidneys
were compared.

Values are presented as the mean ± SD for parametric data
and median and inter-quartile range (IQR) for non-parametric
distributed data. P values of >0.05 were considered significant.
Statistical analysis was carried out using Prism statistical
software version 9 (GraphPad, California, USA).
RESULTS

Clinical Series
A total of 42 kidneys underwent NMP with pRBCs. Donor
demographics and ischemic times are listed in Table 1. Levels
of free heme and lactate increased significantly during NMP
(P<0.0001, 0.0004; Table 1) but levels of potassium remained
stable (P =0.2795; Table 1).

The majority of kidneys were of good quality and had a
quality assessment score of 1 and 2 (Table 1). The mean RBF was
73.1 ± 20.5ml/min/100g, total urine output 130 ± 104ml and
urine NGAL 16.1 ± 13.2ng/ml (Table 1).

Correlation With Perfusion Parameters in
the Clinical Kidneys
Older units of pRBCs were associated with higher levels of free
heme, higher levels of potassium and lactate before and after 1h
May 2022 | Volume 13 | Article 849742
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TABLE 1 | Donor demographics and perfusion outcomes (n=42) of DCD kidneys that underwent 1h NMP prior to transplantation.

Demographics N=42 Statistical significance

Donor age (years) 54 ± 14
Donor gender
% Female

36

Donor cause of death (n) ICH
Hypoxic brain damage
Intracranial thrombosis
Respiratory failure
Pneumonia
Cardiac arrest
Pulmonary embolism

12
17
3
2
1
6
1

Terminal creatinine (µmol/L) 78.8 ± 43.5
Warm ischemic time
(minutes)

11.4 ± 2.5

Cold ischemic time (minutes) 824.2 ± 268.1
Free heme (uM) Pre NMP

1h NMP
8.56 ± 7.19

26.29 ± 15.18
<0.0001

Lactate (mmol/L) Pre NMP
1h NMP

8.26 ± 2.17
10.13 ± 3.63

0.0004

Potassium (mmol/L) Pre NMP
1h NMP

10.01 ± 2.81
10.53 ± 2.83

0.2795

QAS (n) 1
2
3
4

21
16
4
1

RBF (ml/min/100g) 73.10 ± 20.49
Urine output (ml) 130.2 ± 104.4
NGAL (ng/ml) 16.06 ± 13.22
Oxygen consumption (ml/mg/g) 45.67 ± 17.86
Frontiers in Immunology | www.frontiersin.org
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Data are presented asmean and standard deviation from the mean. Parameters measured pre and post NMPwere compared and statistical significance determined (Student’s paired t test).
ICH, intracerebral hemorrhage; NGAL, neutrophil gelatin lipocalin; NMP, normothermic machine perfusion; QAS, quality assessment score; RBF, renal blood flow.
FIGURE 1 | Heatmap showing Pearson’s correlation matrix to examine the associations of the age of packed red blood cells and levels of free heme on perfusion
parameters before and after 1h of normothermic machine perfusion (NMP). Values are R.
lume 13 | Article 849742
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NMP (P <0.05). Baseline levels of free heme were associated with
significantly higher levels of baseline potassium (P = 0.044),
baseline lactate (P = 0.001), 1h lactate (P = 0.001) and 1h free
heme (P <0.0001).

There was no association with the age of pRBCs or levels of
free heme and functional parameters (urine output, RBF, oxygen
consumption and NGAL; P >0.05) (Figure 1).

Research Kidneys
The donor characteristics and ischemic times for the research
kidneys (10 DBD and 5 DCD) are detailed in Table 2. The
average cold ischemic time before NMP was 1395 ± 498 minutes
(Table 2). Mean urine output was 83 ± 55ml, NGAL 3.1 ± 4.2ng/
ml and RBF 68.9 ± 31.2 ml/min/100g. The average age of pRBCs
was 25 ± 8 days (Table 2). Levels of free heme in the perfusate
increased significantly during NMP (P = 0.001; Figure 2).

Transcriptional Gene Expression
NanoString nCounter Organ Transplant Panel was used to
examine the transcriptional changes in gene expression in four
human DBD research kidneys that underwent 1h NMP.

Seventeen differentially expressed genes were significantly
upregulated after NMP. These included genes associated with
apoptosis (FOS and JUN), inflammatory cytokines (IL-6, SOCS3,
ATF3), chemokines (CXCL8, CXCL2, CC3/L1) and oxidative
stress (KLF4). Several genes associated with anti-inflammatory
properties (IL-10) and endothelial cell recovery (VEGF) were
also upregulated though did not reach statistical significance
(Figures 3A, B). Pathway analysis showed that the top five
Frontiers in Immunology | www.frontiersin.org 5
significantly upregulated pathways after 1h NMP were
involved in nod like receptor (NLR) signalling, oxidative stress,
apoptosis and cell cycle regulation, Th17 mediated biology and
TNF family signalling (Figure 3C). Principal component
analysis demonstrated a distinct separation of the pre- and
post-1h NMP samples (Figure 3D)

Quantification (qPCR)
PCR analysis of the 15 research kidneys showed a significant increase
in expression of FOS (P < 0.0001), median fold increase 59 (3-364),
IL-6 (P = 0.0001), median fold increase 11 (3-81), JUN (P = 0.0001),
median fold increase 11 (1-146) and TLR4 (P = 0.0353), median fold
increase 1.4 (0.3-16.2). There was no significant fold change in HO-1
(P = 0.2293) and HMGB1 (P = 0.446; Table 3).

Correlations With Gene Expression and Perfusion
Parameters in the Research Kidneys
pRBC age and levels of free heme pre and post NMP did not
correlate with changes in gene expression (IL-6, FOS, JUN, HO-
1, HMGBI, TLR4 P >0.05; Figure 4) in the discard series. There
were associations between the expression of IL-6 and FOS and
JUN (P = 0.048, 0.015, respectively; Figure 4), HO-1, FOS, JUN
and HMGB1 (P <0.05; Figure 4) and HMGB1, FOS, JUN and
TLR4 (P<0.05; Figure 4)

pRBC age and levels of free heme pre and post NMP also did
not correlate with each other or with perfusate levels of IL-6 or
levels of functional parameters (P>0.05; Figure 4). There was a
significant positive correlation between levels of IL-6 and urinary
NGAL (r=0.824, ***P<0.0003; Figure 4).
TABLE 2 | Donor demographics and ischemic times for research kidneys (n=15) that underwent 1h NMP.

Donation
type

Donor age
(Years)

Left/Right
Kidney

WIT
(mins)

CIT
(mins)

Reason for
decline

Cause of death Urine
output (ml)

Urine NGAL
(ng/ml)

Mean RBF (ml/
min/100g)

Age of pRBCs
(days)

DBD 64 Right na 2051 Enlarged lymph
nodes

Cardiac arrest 35 – 73.3 21

DBD 60 Left na 653 Suspected
malignancy

ICH 120 14.01 102.7 23

DBD 72 Right na 1380 Past medical
history

ICH 92 16.32 69.5 33

DCD 53 Left 17 1674 Cut ureter ICH 92 39.46 78.2 19
DBD 75 Left na 2034 Remuzzi score ICH 164 10.16 104.8 14
DBD 45 Right na 1545 Suspected

malignancy
ICH 116 15.22 82.0 37

DCD 68 Right 10 1773 Remuzzi score ICH 120 33.70 92.2 35
DBD 58 Left na 1248 Dissection

renal artery
Hypoxic brain
damage

14 10.27 53.2 17

DBD 60 Left na 1483 Damage to
ureter

Trauma -
unknown cause

30 46.61 40.9 35

DCD 74 Right 10 1327 Remuzzi score ICH 145 21.11 128.5 29
DBD 56 Left na 1154 Suspected

malignancy
Septicaemia 10 17.31 32.3 21

DBD 76 Right na 536 Diseased aortic
patch

ICH 28 24.19 31.6 37

DBD 75 Left na 711 Atheroma renal
artery

ICH 25 8.41 28.2 18

DCD 59 Right 18 1140 Damage to
renal artery

ICH 164 9.58 81.3 22

DCD 67 Right 9 1647 Damage to
renal vein

ICH 90 16.24 34.0 19
May
 2022 | Volume 13
CIT, cold ischemic time; DBD, Donation after brain death; DCD, donation after circulatory death; ICH, intracerebral hemorrhage; NMP, normothermic machine perfusion; WIT, warm
ischemic time. na, not applicable.
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Oxidative Stress and Apoptosis
There was a numerical increase in levels of protein carbonyl after
NMP; however, this did not reach statistical significance (P =
0.115) (Figure 5).

The number of apoptotic cells significantly increased during
NMP compared to baseline samples (P = 0.027). The majority of
positive staining was found in the tubular epithelial cells
(Figures 6A, B).

Comparison of DCD and DBD
Research Kidneys
A subanalysis was carried out to determine any differences
between the DCD and DBD kidneys. There was no significant
difference in the mean donor age (DBD 66 ± 10y, DCD 62 ± 9y;
P = 0.241) and the cold ischemic time was matched between
groups (DBD 1512 ± 267 min, DCD 1360 ± 573 min; P = 0.588).

Baseline and 1h NMP levels of free heme were similar
between DCD and DBD kidneys (baseline P = 0.699, 1h NMP
P = 0.254).

DBD kidneys had a significantly greater fold change in IL-6
gene expression compared to the DCD kidneys after 1h NMP
(DCD 6.08 (4.09-14.83), DBD 29.51 (8.41-52.25); P = 0.029).
There were no significant differences between groups in the five
other target genes (FOS, JUN, HO-1, HMGB1, TLR4; P > 0.05).
Frontiers in Immunology | www.frontiersin.org 6
DISCUSSION

The NMP system uses adapted clinical grade pediatric
cardiopulmonary bypass technology designed to minimize
hemolysis. However, factors such as the heat generated by the
centrifugal pump, shear stress, negative pressures, turbulent flow
and gravity assisted venous drainage contribute to hemolysis and
release of free heme. In cardiac bypass procedures excess levels of
heme are associated with organ damage and increased mortality
(11, 14). The use of banked RBCs for NMP is problematic in that
during storage the deformability and surface charge of RBCs
decreases and fragility and aggregability increases (15, 16). This
makes them more susceptible to damage during NMP. During
storage there is also an accumulation of lipids and RBC derived
microparticles or macrovesicles that act as damage-associated
molecular patterns (DAMPs), which can stimulate the immune
system and production of reactive oxygen species (17, 18). In the
clinical series, we found that older units of pRBCs had
significantly higher levels of free heme at baseline and levels
increased further during NMP. Furthermore, older units of
pRBCs also had higher levels of potassium and lactate before
and after NMP. This is presumably due to leakage from the
fragile RBCs during storage. Perfusate levels of lactate increased
significantly during perfusion but it is difficult to determine
whether this was due to further damage of the red cells or
increased lactate production due to inadequate tissue
oxygenation (19). Interestingly, in the discard kidney series the
age of pRBCs was not associated with increased levels of free
heme but levels increased significantly during NMP. This may be
due to the small sample size and variation within this group.
Nonetheless, in both the transplanted and discarded kidneys no
association was found between the levels of free heme and renal
perfusion parameters including oxygen consumption which
suggests no detrimental effect and adequate tissue oxygenation.
There was also no evidence of significant oxidative damage at the
level of protein expression or in the number of apoptotic cells
within this short NMP timeframe.

To determine the molecular effects of heme, changes in
transcriptional gene expression in a number of the discarded
kidneys were assessed. There was significant upregulation of
cellular stress related genes that are consistent with ischemic
injury. Genes upregulated after NMP included heat shock
proteins, oxygen free radicals (KLF4), hypoxia and
inflammatory genes (IL-6, SOCS3, ATF3) and chemokines
(CXCL8, CXCL2, CC3/L1). FOS and JUN gene transcription
were amongst the top five significantly upregulated differentially
expressed genes. They regulate activator protein 1, a prominent
transcription factor involved with regulating cellular fate
involving the mitogen-activated protein kinases (MAPKs)
pathways (ERK, p38 and JNK). Together with the NLR
pathway, the MAPK pathway is involved in the downstream
signalling of the innate immune response and pro-inflammatory
cytokine production with activation of NF-kB/NLRP3
inflammasome (20).

To quantify the findings from the transcriptional data, a
number of genes were investigated using qRT-PCR. In
agreement with the NanoString transcriptomic data, there was
FIGURE 2 | Levels of free heme measured in the perfusate pretransplant and
post 1h NMP in a series of human kidneys that were rejected for transplanted
and offered for research. Data presented as mean (SD). ***P < 0.0003
May 2022 | Volume 13 | Article 849742
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a significant upregulation of IL-6, FOS and JUN. We also
measured HMGB1, a nuclear protein that in situations of
stress and ischemia, translocates from the nucleus to the
cytoplasm and is excreted into the extracellular space to act as
a DAMP (21, 22). HMGB1 has proinflammatory interactions
Frontiers in Immunology | www.frontiersin.org 7
with downstream receptors such as toll like receptor-4 (TLR4).
The HMGB1/TLR4 pathway is well recognized in the
pathophysiological process of renal ischemic injury and acute
kidney injury activating NF-kB mainly through the MyD88
pathway (23). In this study we found a significant upregulation
A B

DC

FIGURE 3 | Nanostring nCounter Organ Transplant Panel analysis of 4 cortex samples of kidneys comparing transcriptional analysis of differential expressed genes
after 1h NMP compared to baseline pre samples. Total RNA was isolated and processed. (A) Heatmap of the top 25 significantly differentially expressed genes.
(B) Volcano plot represents differential gene expression after 1h NMP. Difference in gene expression level with p-value adjusted <0.01 or <0.05 are marked by red
dots. (C) Top 5 pathways up-regulated after NMP. Statistical significance was calculated by Mann Whitney test (*, p<0.05). (D) Principal component analysis on the
top 100 differentially expressed genes.
TABLE 3 | Expression of genes in tissue measured using qPCR.

Gene name Fold change (median (IQR)) Significance (p value)

FOS 59.03 (21.91–98.13) <0.0001
IL-6 11.02 (6.32–41.46) 0.0001
JUN 11.24 (5.71–17.07) 0.0001
TLR4 1.44 (1.00–3.04) 0.0353
HO-1 1.15 (0.65–3.04) 0.2293
HMGB1 1.03 (0.49–3.07) 0.4457
May 2022 | Volu
Measured as median fold change (IQR) post NMP compared to samples taken prior to NMP. Wilcoxon test for significance (p < 0.05)
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of TLR4 after NMP but not HMGB1. Dexamethasone is a
glucocorticoid receptor that suppress NF-kB and MAPK-ERK
activation and the subsequent translocation of HMGB1 (24). It is
added to the perfusate during NMP as an anti-inflammatory
agent and may therefore account for our findings.

There was no association in levels of free heme and gene
expression in the series of discarded kidneys. However, based on
the known effects of free heme we cannot dismiss the possibility
of its contribution to the stimulation of these inflammatory and
oxidative stress pathways. With such a short perfusion time, we
were unable to quantify the protein expression of these pathways.
As a DAMP, free heme influences the expression of many genes
and, in the NMP environment in the absence of plasma proteins,
free heme can interact with TLR4 to upregulate inflammatory
mediators (23, 25, 26). Pathway analysis showed upregulation of
NLR, oxidative stress, apoptosis, Th17 and TNF family
signalling, all of which can be stimulated by free heme (27).
Surprisingly, hemeoxygenase-1 (HO-1), an important enzyme
rapidly stimulated to counteract the detrimental effects of free
heme by catalyzing heme to carbon monoxide, ferrous iron and
biliverdin (28), was not upregulated during NMP. Again, this
may be due to the addition of dexamethasone during NMP
which can suppress its expression (29).

The upregulation of inflammatory mediators during NMP
has been associated with prolonged early graft dysfunction (30)
and therefore efforts should be made to improve the NMP
environment, including reducing levels of free heme, this may
be particularly important for longer periods of NMP. Younger
units of pRBCs would be advantageous but free heme, potassium,
lactate and microparticles can be removed by washing the RBCs
FIGURE 5 | Levels of protein carbonyl quantifying oxidative stress measured in the
perfusate pretransplant and post 1h NMP in a series of human kidneys that were
rejected for transplant and offered for research. Data presented as mean (SD).
FIGURE 4 | Heatmap showing Pearson’s correlation matrix in a series of 15 human kidneys rejected for transplantation to examine the associations of the age of
packed red blood cells (pRBC) and levels of free heme on gene expression (IL-6, FOS, JUN, HO-1, HMGB1 and TLR-4) after NMP, measures of renal function
(oxygen consumption, creatinine clearance [CrCl], fractional excretion of sodium [Fr Ex Na+], total urine output, renal blood flow), levels of urinary neutrophil
gelatinase associated lipocalin (NGAL) and perfusate levels of IL-6 post NMP. Values are R.
May 2022 | Volume 13 | Article 849742

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Hosgood et al. Free Heme During Kidney NMP
before use. However, this may affect the quality of the RBCs
increasing their fragility and susceptibility to mechanical stress
during NMP (8). Dilution of the RBCs with plasma or albumin
can reduce inflammation and oxidative damage by binding to
free heme (29).

The addition of an oxygen carrier during NMP is considered
essential for adequate oxygen delivery to the tissues. Venema L et
al, found that the addition of RBCs during more prolonged
periods of NMP of porcine kidneys resulted in higher levels of
oxygen consumption and function compared to conditions
without RBCs (19). Artificial oxygen carriers such as hemopure
are an alternative to RBCs and are being trialled in kidney NMP
(31, 32). Subnormothermic temperatures or the combination of
subnormothermic temperature and artificial oxygen carriers
have recently been shown to reduce inflammation and
pulmonary vascular resistance during ex vivo lung perfusion
(EVLP) (33) and should be explored in kidney NMP.

Another strategy is to use an oxygenated acellular solution to
rewarm kidneys in a controlled manner. Zlatev H et al. recently
published the results of six extended criteria donor kidneys
demonstrating the safety and feasible of the technique (34).
Nonetheless, this has not be trialled for longer periods of perfusion.

This is the first study to examine the effects of free heme
during kidney NMP. It involved two populations of kidneys: to
determine the effects of free heme on kidney function during
NMP a series of DCD kidneys included in a RCT were used; to
determine the effect of free heme at a molecular level a series of
DBD and DCD kidneys rejected for transplantation and offered
for research were used. Although the research kidneys had longer
cold ischemic times and were from DBD and DCD donors, levels
Frontiers in Immunology | www.frontiersin.org 9
of free heme and functional parameters during NMP were
similar to the RCT kidneys. The population of DCD research
kidneys were further disadvantaged with more of the DCD
kidneys being perfused with older units of pRBCs. The small
sample size limits any conclusion on the effect of free heme on
DCD compared to DBD kidneys in this study but previous
analysis of transcriptional gene expression after NMP has
found results to be similar between DBD and DCD kidneys (30).

In conclusion, high levels of free heme are found in units of
stored RBCs and increase significantly during 1h of NMP. There
was no direct association between levels of free heme, kidney
function or the upregulation of inflammatory and stress related
genes during perfusion. However, this may have consequences
for longer periods of perfusion and levels of hemolysis should be
minimized during NMP.
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