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Background. Brief normothermic machine perfusion is increasingly used to assess and recondition grafts before trans-
plant. During normothermic machine perfusion, metabolic activity is typically maintained using red blood cell (RBC)-based
solutions. However, the utilization of RBCs creates important logistical constraints. This study explored the feasibility of
human kidney normothermic perfusion using William’s E-based perfusate with no additional oxygen carrier. Methods.
Sixteen human kidneys declined for transplant were perfused with a perfusion solution containing packed RBCs or William’s
E medium only for 6h using a pressure-controlled system. The temperature was set at 37 °C. Renal artery resistance, oxy-
gen extraction, metabolic activity, energy metabolism, and histological features were evaluated. Results. Baseline donor
demographics were similar in both groups. Throughout perfusion, kidneys perfused with William’s E exhibited improved renal
flow (P = 0.041) but similar arterial resistance. Lactic acid levels remained higher in kidneys perfused with RBCs during the
first 3h of perfusion but were similar thereafter (P = 0.95 at 6h). Throughout perfusion, kidneys from both groups exhibited
comparable behavior regarding oxygen consumption (P = 0.41) and reconstitution of ATP tissue concentration (P = 0.55).
Similarly, nicotinamide adenine dinucleotide levels were preserved during perfusion. There was no evidence of histological
damage caused by either perfusate. Conclusions. In human kidneys, Wiliam’s E medium provides a logistically con-

venient, off-the-shelf alternative to packed RBCs for up to 6h of normothermic machine perfusion.

(Transplantation Direct 2024;10: e1609; doi: 10.1097/TXD.0000000000001609.)

ransplantation is the preferred treatment for end-stage
kidney disease but faces severe shortage of available
organs. Machine perfusion has emerged as an important alter-
native to static cold storage (SCS) to help expand the pool of

usable organs.!? Compared with SCS, hypothermic machine
perfusion (HMP) without oxygen was shown to reduce delayed
graft function (DGF) and improve 1-y and 3-y graft survival.!
However, both static storage and oxygen-free perfusion at
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hypothermic storage diminish but do not entirely suspend cel-
lular metabolism, resulting in a slow but inexorable consump-
tion of cellular energy stores.® Although the addition of oxygen
during hypothermic perfusion promotes mitochondrial ATP
production,’® the benefits in human remain uncertain.**

To reduce cold ischemia, normothermic (37 °C) machine
perfusion (NMP), with “blood-mimicking perfusate,” con-
taining packed red blood cells (RBCs) with or without fresh
frozen plasma, has shown great promise.>® Although cold
anoxic storage aims to arrest cell metabolism, NMP provides
a continuous flow of warmed, oxygenated perfusate contain-
ing nutritional substrates, thereby maintaining the metabolic
activity of the kidney.” In addition, NMP allows graft assess-
ment, reconditioning, and repair.®’ In porcine preclinical
models, NMP reduced graft injury and improved kidney func-
tion after kidney transplantation.® Consistently, in donated
after circulatory death (DCD) pig kidneys, NMP improved
early creatinine clearance and reduced apoptosis compared
with SCS.? In a recent clinical study, short-term NMP after
HMP appeared to reduce DGF rate, although no difference
was observed at the 1-y follow-up.!® Similarly, using a RBC-
based, plasma-free solution, perfusion of marginal kidneys at
37 °C reduced the requirement for dialysis within the first 7 d
(DGF) compared with SCS."

Common clinical protocols use nutrient-enriched, RBC-
based perfusate to deliver nutrients and oxygen during 1h of
perfusion.'>!3 However, perfusion of organs at 37 °C is lim-
ited by the availability and cost of a blood perfusion system,
complex heating system, tight pH and glucose control, RBC
hemolysis, and risk of infection and immunization.'*" In
addition, failure of the perfusion machine would rapidly lead
to irreversible intragraft thrombosis and, most importantly,
add another ischemic insult. However, many of the above-
mentioned concerns could be avoided using RBC-free per-
fusate. In that regard, we recently demonstrated that a 2:1
William’s E media (WE):Hemopure (purified bovine hemo-
globin) perfusate was a logistically more convenient, non-
inferior, off-the-shelf alternative to RBCs during a 6-h
normothermic human kidney perfusion.'® Although effective,
purified bovine hemoglobin also comes with several logistic
impediments, including scarce availability and high utilization
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cost, and interferes with several assays used to determine
graft viability. In addition, we often observed venous O, >400
mmHg, suggesting that the addition of oxygen carrier might
not be required to sustain kidney aerobic metabolism.

Altogether, further research is required to define the opti-
mal perfusate at normothermia. Thus, in this study, we aimed
to explore the viability and efficacy of an acellular WE perfu-
sate during kidney NMP.

MATERIALS AND METHODS

Study Population

This study was approved and declared exempt by the
Massachusetts General Hospital Institutional Review Board.
Sixteen human kidneys were obtained from New England
Donor Services after being declined for transplantation by
all centers. No age or preservation time limits were applied.
Kidneys DCD as well as kidneys donated after brain death
(DBD) were accepted. Demographics of the kidney donors are
shown in Table 1. Recorded information included donor age,
gender, donor type (DBD/DCD), duration of cold ischemia
time, duration of warm ischemic time if applicable, reason
for discard, Kidney Donor Profile Index, and terminal cre-
atinine. When applicable, DCD kidneys were preserved
in the Belzer MPS UW solution on HMP pumps (Life Port
Kidney Transporter from Organ Recovery Systems, Itasca,
IL). Otherwise, organs were transported from their respective
donor hospitals in SCS (Table 1).

Graft Preparation

After arrival at our laboratory, extrarenal fat was cleaned
off. Next, both the renal artery and ureter were dissected and
cannulated using 10- or 12-French cannula as appropriate.
Before perfusion, the kidney was flushed with 500 mL of 4 °C
Lactated Ringer’s solution as published.'®

Ex Vivo NMP

NMP was performed for 6h using a modified pressure-
controlled commercial perfusion system (Organ Assist,
Groningen, The Netherlands) as previously published.! Pressure
was set at 70 mmHg, and flow was adapted accordingly.

Donor demographics

Blood WE
(N =5) (N=11) P
Age, y, median (IGR) 59.0 (58.0-66.0) 58.0 (49.0-63.5) 0.408
Gender, n (%)
Female 2 (40.0) 5(45.5) 1
Male 3(60.0) 6 (54.5)
Donor type, n (%)
DBD 3(60.0) 7 (63.6) 1
DCD 2 (40.0) 4(36.4)
Cold ischemia time, h, median (IQR) 9.1 (16.8-19.5) 9.1 (15.9-24.6) 0.849
Warm ischemia time, min, median (IQR) 61 5 (56.3-66.8) 50 0(25.3-73.5) 0.532
KDPI %, median (IQR) 94.0 (85.0-99.0) 90.0 (80.5-97.0) 0.570
Storage, n (%)
SCS 2 (40.0) 8(72.7) 0.299
HMP 3(60.0) 3(27.3)
Terminal creatinine, median (IQR) 1.36 (0.930-2.43) 214 (1.47-3.24) 0.534

DBD, donated after brain death; DCD, donated after circulatory death; HMP, hypothermic machine perfusion; IQR, interquartile range; KDPI, Kidney Donor Profile Index; SCS, static cold storage;

WE, William’s E medium.
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The temperature was set at 37 °C. pH and electrolyte were kept
within the physiological range (see below).'¢ In both groups, the
total volume of the perfusate was 2000 mL. The RBC perfusate
consisted of 2 units (500mL) of packed RBCs (type-specific
or O Rh-negative blood, irradiated and leukocyte-depleted) in
1500mL of WE with glucose (2g/L) and glutamine (50 mg/L).
The WE group consisted of 2000 mL of WE with glucose (2 g/L)
and glutamine (50 mg/L). Rationale for using WE is that it pro-
vides sufficient amino acids and is buffered using HCO,."” In
addition, both groups were supplemented with dexametha-
sone (16 mg), insulin (20 UI), heparin (10000 Ul), furosemide
(100 mg), creatinine (200mg), nitroprusside (25 mg/h) as well
as sodium bicarbonate 8.4% (titrated as needed to reach pH
7.35-7.45) and calcium chloride (titrated as needed to ionize
calcium of 1.1-1.4 mmol/L). The perfusate was oxygenated
with a carbogen mixture of 95% O,/5% CO,, achieving maxi-
mum partial oxygen pressure of >500 mmHg and undepleted
oxygen outflow (>200 mmHg). Glucose levels were maintained
at 100 to 200mg/dL. The urine was not recirculated. Fresh
media was used to replace urine (1:1).

Perfusion Assessment

One milliliter samples of perfusion media were collected
at baseline, at 5 and 30min every hour from the arterial
inflow cannula and venous outflow (taken directly from the
vein(s)). Samples were analyzed for pH, partial pressure of
oxygen, partial pressure of carbon dioxide, oxygen satura-
tion, electrolytes, glucose and creatinine levels, and analyzed
as published.'® Briefly, oxygen consumption (mL O,/min per
g) was calculated as follows: (oxygen solubility coefficient
[mL O,/mm HgO, per mL] x arterial partial oxygen pres-
sure [mm Hg]| x renal artery flow [mL/min] - venous partial
oxygen pressure [mm Hg] x renal artery flow [mL/min] +
hemoglobin concentration [g/dL]/100 x hemoglobin oxygen-
binding capacity [mL O,/g] x arterial oxygen saturation
[%]/100 x renal artery flow [mL/min] - venous oxygen satu-
ration [%]/100 x renal artery flow [mL/min])/kidney weight.
Oxygen extraction was obtained by dividing oxygen con-
sumption by oxygen delivery. Oxygen delivery was calculated
as follow: hemoglobin concentration [g/dL] x hemoglobin
oxygen-binding capacity [mL O,/g] x arterial oxygen satu-
ration [%]/100 + oxygen solubility coefficient [mL O,/mm
HgO, per mL] x arterial partial oxygen pressure [mm Hg] x
renal artery flow [mL/min]/ kidney weight. The calculations
took into consideration the differences in hemoglobin-based
oxygen carriers (HBOCs) and RBCs, hemoglobin content,
and O, transport properties.

Sample analysis was performed using an i-STAT Blood
Analyzer (Abbott Point of Care, Princeton, NJ). Oxygen
consumption (mL O,/min/g), extraction (%), and arterial
resistance were calculated as described.'® The calculations
considered the differences in RBCs, hemoglobin content, and
O, transport properties. Kidney weight was recorded before
and after perfusion. The ureteral outflow was drained in a
collection tube, and urine production was assessed every hour.

Histological Evaluation

Time zero wedge biopsies were collected on arrival to the
perfusion laboratory (before ex vivo perfusion) and after 3
and 6 h of NMP. Biopsies were fixed in 10% formalin, stained
with hematoxylin and eosin to characterize changes associated
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with NMP in both groups as described previously,'¢ and were
evaluated by 2 blinded investigators.

Energy and Redox Measurements

Polar metabolite profiling was performed as described
previously.'® Briefly, human kidney wedge biopsies were
homogenized on dry ice in 80% methanol and kept at -80
°C overnight. Debris were pelleted, and the methanol sus-
pension was dried under nitrogen. The resulting pellet was
resuspended in water, and metabolites were measured using
targeted tandem mass spectrometry with polarity switching
and selected reaction monitoring with a Sciex TripleTOF
6600 Quadrupole Time-Of-Flight (AB Sciex, Foster City, CA)
as described.'® Energy charge (EC) was calculated using the
following formula: EC = [2ATP + ADPJ/ATP + ADP + AMP
and normalized to tissue volume.

Statistical Analysis

Data are presented as median+IQR or mean+SEM when
appropriate. Differences are considered significant when
a Pvalue of <0.05. Statistical significance was assessed in
GraphPad Prism version 9.1.1 (GraphPad Software, San
Diego, CA) using the Student # test, 1-way ANOVA, or 2-way
ANOVA unless otherwise specified.

RESULTS

Donor Characteristics

Donor demographics are presented in Table 1. Briefly, 16
discarded human kidneys were included in this study from 12
different donors. Seven DBD (63.6%) and 4 DCD (36.4%)
were perfused with WE solution without packed RBCs (WE).
In addition, 3 DBD (60.0%), and 2 DCD (40.0%) were per-
fused with packed RBCs/WE perfusate (RBC group). Median
donor age was 58 (49-64) and 59 (58-66) y in the WE and
RBC groups, respectively (P =0.408). In the WE group, there
were 54.5% men (n = 6), and in the RBC group, there were
60% men (n = 3) (P = 1.0). The median cold ischemia time and
warm ischemia time in the WE and RBC groups were 19.1
(15.9-24.6) versus 19.1 (16.8-19.5, P =0.849) h and 50.0
(25.3-73.5) and 61.5 (56.3-66.8, P =0.532) h, respectively.
Three (27.3%) kidneys perfused with WE and 3 of those per-
fused with RBCs (60%) underwent HMP by the organ pro-
curement organization before being declined for transplant and
offered for research (P =0.299). Other donor characteristics,
including the Kidney Donor Profile Index and serum creatinine
levels, were similar among the 2 treatment groups (Table 1).

Kidney Function During Perfusion

Renal artery flow improved over time, reaching means of
448 (130) mL/min at 6h compared with 357 (136) mL/min
in the RBC group (P > 0.05; Figure 1A). Similarly, vascular
resistance decreased over time, which was initially more pro-
nounced in the WE group but reached similar steady levels
(0.3-0.1 Hg min/mL) by 2 h of perfusion (P > 0.05; Figure 1B).
The median total urine output was 183.0 (25.0-333.5) mL in
the WE group versus 7.3 (2.5-208.4) mL in the RBC group
(P = 0.22; Figure 2A). Similarly, although urine output tended
to be superior during WE perfusion, this did not reach statisti-
cal significance at any given time (Figure 2A). There was also
no difference in creatinine clearance (Figure 2B). Interestingly,
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FIGURE 1. Renal flow and resistance during normothermic perfusion. A, Renal artery flow (mL/min) and renal artery resistance (B) in human
kidneys perfused with WE or packed RBCs. Bars indicate mean+SEM. N =5-11 per group. RBC, packed red blood cell; WE, William’s E

medium.
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FIGURE 2. Kidney function during ex vivo perfusion. A, Urine output at the indicated time during NMP with WE or packed RBCs. B, Percentage
of creatinine remaining in the perfusate over time in both groups as indicated. Lactate levels at each time point (C) and slope (D) measured in
the venous outflow of kidneys perfused with WE or RBCs. Black lines indicate simple linear regression and 95% Cl. Bars indicate mean + SEM,
and asterisks indicate the significance of the difference between perfusion methods by Mann-Whitney tests. “**P < 0.001. n = 5-11 per group.
Cl, confidence interval; RBC, packed red blood cell; WE, Wiliam’s E medium.

lactic acid levels over time were significantly higher in kidneys
perfused with RBCs up to 3h of perfusion (Figure 2C) but
because the rate of rise was faster in kidneys perfused with
WE (0.028-0.001 versus 0.017-0.002 mmol/L; Figure 2D),
the lactate levels were equivalent by 6 h. Although oxygen con-
sumption was similar in both groups (P = 0.41; Figure 3A),
renal oxygen extraction was increased in the absence of RBC
(at 3h, WE: 31.7% 22.7, RBC 4.8 3.5mL O, /min per g tis-
sue, P =0.04; Figure 3B). Of importance, both groups had
a sustained oxygen extraction reflecting active metabolism
throughout the entire duration of perfusion.
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Renal Energy Metabolism

Tissue concentration of ATP was used as an indicator of
the energy status of the grafts. The overall renal EC was simi-
lar in both groups (P = 0.57 at 6 h; Figure 4A). Interestingly,
total ATP (P =0.55; Figure 4B), ATP:ADP ratio (P =0.18;
Figure 4C), and ATP:AMP ratio (P = 0.30; Figure 4D) ini-
tially dropped on RBC kidney perfusion, whereas it increased
during WE perfusion after the first hour. In both groups,
these metabolites rapidly reached similar steady-state lev-
els (P > 0.05). At 6-h perfusion, the mean ATP content was
5.08+5.42 pg/mL in the WE group and 3.80+2.95 pg/mL in
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FIGURE 3. Oxygen consumption during the 6h normothermic ex vivo kidney perfusion. Kidney (A) oxygen consumption (mL O,/min per g tissue)
and (B) oxygen extraction percentage. Bars indicate mean + SEM. n = 5-11 per group. RBC, red blood cell; WE, William’s E medium.
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the RBC group (P =0.55; Figure 4). Of interest and central
to energy and redox metabolism, both oxidized nicotina-
mide adenine dinucleotide (Figure SA) and its reduced form
(Figure 5B) levels remained stable during the perfusion in
both groups.

Histological Evaluation

Next, we analyzed cortical biopsies stained with hematoxy-
lin and eosin taken at baseline (prior perfusion T0) and after 3
and 6 h of machine perfusion with WE and RBCs. There was
no difference between experimental groups and over time in
tubular integrity/dilatation, epithelial vacuolization/desqua-
mation (Figure 6).
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DISCUSSION

Supplementing perfusates with RBCs or artificial oxygen
carriers has been considered a prerequisite for successful
NMP of clinical organ grafts. In this capacity, we reported
in human kidneys that RBC could be substituted by a syn-
thetic HBOC.'* However, renal perfusions with RBC-free
artificial buffer have a long-standing history in physiologic
research and are recognized to be suitable if colloidal support
and higher oxygen partial pressures are provided.'® Here, we
aimed to understand the role of oxygen carriers through direct
comparison of an acellular, WE-based media in human kidney
grafts. In this study, kidney perfusion from both groups exhib-
ited comparable behavior regarding vascular flow, oxygen
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FIGURE 4. Kidney energy change with WE and RBC perfusate. (A) Overall energy charge (calculated as follow: [2ATP+ADP)/ATP+ADP+AMP)
in kidney biopsies over time during the indicated perfusion. B-D, Total ATP (A), ATP/ADP ratio (B), and ATP/AMP ratio (C) in kidneys perfused
with WE or RBCs. RBC, red blood cell; WE, Wiliam’s E medium. Bars indicate mean + SEM. n = 5-11 per group.
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FIGURE 5. Effect of perfusion on NAD. (A and B), Quantification of (A) oxidized NAD (NAD*), (B) reduced form (NADH) and in kidney biopsies
at indicated time during perfusion with WE and RBCs. Bars indicate mean + SEM. N=5-11 per group. NAD, nicotinamide adenine dinucleotide;

RBC, red blood cell; WE, Wiliam’s E medium.
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FIGURE 6. Histological assessment of human kidney. Photomicrographs (x10) of cortical biopsies fixed in 10% formalin and stained with
hematoxylin and eosin taken at baseline (prior perfusion TO) and after 3 and 6h of machine perfusion with WE and RBCs as indicated. Histology
reveals regular glomerular without debris and intact epithelial brush border and tubules. n = 5-1 per group. RBC, red blood cell; WE, William’s

E medium.

consumption, and reconstitution of tissue ATP. Similarly, we
found that tissue ATP and oxygen consumption were similar
between RBCs and acellular media (WE), thereby suggesting
that perfusion of human kidney grafts at 37 °C for 6 h with an
acellular WE is noninferior to RBCs.

Interestingly, oxygen extraction was increased in the kid-
neys perfused with WE. In fact, oxygen delivery (arterial oxy-
gen content x arterial flow/kidney weight) was reduced in the
absence of RBCs, thus leading to higher oxygen extraction (the
ratio of oxygen consumption to oxygen delivery) to support
aerobic metabolism. Somewhat consistently, previous studies
comparing HBOC- versus RBC-based solutions during human
liver NMP reported higher oxygen extraction using HBOCs
compared with RBCs.'”?* Of interest, lactic acids were higher
in the first 3h of perfusion with RBCs, which is compara-
ble with our previous study comparing RBCs with HBOCs.
However, lactate production rate was higher, reaching similar
levels at 6h of perfusion. The latter suggests that 6h might
be the longest perfusion duration possible without an oxygen
carrier. Of importance, lactate levels were higher in kidneys
perfused with RBCs at the initiation of the perfusion, likely
due to the RBCs themselves and not because the grafts were
producing more lactate. The rate of lactate increase might be
more relevant here, and it is still possible that there is some
low level of ischemia in the acellular perfusion.

Interestingly, we found that ATP levels and EC were sta-
ble over the 6-h perfusion duration in both WE and RBC
groups. Previously, we reported that kidney ATP levels were
biomarkers of kidney injury during perfusion in porcine
DCD grafts.® This is consistent with the hypothesis that the
kidneys are functionally and metabolically active in the pres-
ence of sufficient oxygen during the perfusion period. Thus,
cells can use ATP to sustain metabolic processes that protect
them from ischemic damage. Several studies demonstrated
that ATP levels correlate with ischemic injury of the kid-
ney?! and liver.”2. Moreover, ATP is often used as a marker
of viability during ischemia.?® In humans, ATP level in liver
tissue is an independent predictor of initial graft function.”
Notably, ATP levels measured after transplantation were
inversely related to warm ischemia time.? Similarly, low ATP

levels were significantly associated with primary liver graft
nonfunction.?® Moreover, in kidney, the gene expression pro-
file of NMP kidneys resembled no storage kidneys and was
enriched for pathways related to fatty acid metabolism and
oxidative phosphorylation.”

Glomerular function, evaluated by renal clearance of cre-
atinine, did not differ significantly between the groups. This is
consistent with another study?” in which perfusion of porcine
kidneys with an acellular media (Aqix RS I) supplemented
with 40 g/L of bovine serum albumin resulted in similar cre-
atine clearance compared to perfusion with RBCs. However,
this differs from another study?® using porcine kidneys sub-
jected to 30 min of warm ischemia, HMP for 3h, and NMP
for 4h. In the latter, perfusion of DCD pig kidneys with
diluted blood during NMP reduced renal injury, improved
Na reabsorption and creatine clearance, and was associated
with increased tissue ATP levels. Of interest, Von Horn et
al?” also demonstrated that creatinine clearance and oxygen
consumption were reduced when the perfusate oxygenation
was diminished from >500 mmHg (similar to our study and
supraphysiologic) to 200 mm Hg, at a flow rate of ~0.5 L/min.
This suggests that the requirement for an O, carrier (RBCs or
synthetic) depends on the amount of dissolved O, provided.

Here, the perfusion pressure was kept constant during
NMP. Thus, low renal blood flow indicates a high intrarenal
resistance, underlying vascular injury, or interstitial edema.
Both renal artery flow and resistance were similar in both
experimental conditions. None of the groups demonstrated
significant vacuolization or histological injury. In our study,
flow during NMP was between 145 and 450 mL/min. The
flow was consistent with our previous findings,'® and within
the range of DCD pig kidneys*® and DBD, healthy porcine
grafts. Consistently, lower flow and higher resistance were
observed during HMP with?’ or without*® oxygen. Notably,
low renal arterial flow and high resistance were associated
with allograft dysfunction during NMP® and HMP.%’

Limitations need to be acknowledged. The number of sam-
ples was relatively small (n =11 WE, 5 blood), thus increas-
ing the risk of type II error. We further appreciate that most
of the kidneys used in this study were deemed marginal
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(Kidney Donor Profile Index >90%). The utilization here of
both DBD and DCD organs should improve the external
validity of our study. Although the broader utility of these
perfusion media should be tested in all donor types, we pre-
dict that the outcome would be similar in a younger, less
morbid population. In addition, we did not correlate perfu-
sion parameters or ATP levels with kidney function in vivo
or after transplantation. Although our group®!¢ and others®?’
have used a combination of EC, kidney metabolism, perfu-
sion parameters, urine output, macroscopic and microscopic
assessment, and gene-associated damage to provide an overall
measure of kidney quality during NMP, it remains to be estab-
lished whether these interventions have an impact on both
short-term (eg, DGF)! and long-term kidney graft function.’!
However, early human data suggest that NMP reduces DGF
compared with SCS.!>!" In DCD kidney, transplant of a 1-h
period of NMP at the end of SCS did not reduce the rate of
DGF compared to SCS alone.? The efficacy of NMP for a
longer period or continuous (initiated at the donor hospital)
NMP needs to be tested for future trials.

In conclusion, this study demonstrates that human kidneys
undergoing NMP for 6h with WE are feasible and do not
result in inferior outcomes compared with perfusion with
RBCs. Furthermore, we show that the functional and histo-
logical integrity of kidney grafts during perfusion at 37 °C is
maintained for up to 6 h. These findings using an acellular per-
fusate provide a simple, effective alternative that can poten-
tially eliminate the risk of thrombosis and graft loss during
NMP of human kidney grafts.
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