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Presence of Cytotoxic Extracellular Histones in
Machine Perfusate of Donation After Circulatory
Death Kidneys
Tim C. van Smaalen, MD, MSc,1 Daniëlle M. H. Beurskens, MSc,2 E. R. Pieter Hoogland, MD, PhD,1

Bjorn Winkens, PhD,3 Maarten H. L. Christiaans, MD, PhD,4 Chris P. Reutelingsperger, PhD,2

L. W. Ernest van Heurn, MD, PhD,5 and Gerry A. F. Nicolaes, PhD2
Background. Extracellular histones are cytotoxic molecules that are related to cell stress and death. They have been shown to
play a crucial role inmultiple pathophysiologic processes like sepsis, inflammation, vascular dysfunction, and thrombosis. Their role
in organ donation and graft function and survival is still unknown. The aim of this study was to assesswhether an association exists
between the presence of extracellular histones in machine perfusates and deceased donor kidney viability. Methods.Machine
perfusates of 390 donations after circulatory death kidneyswere analyzed for histone concentration, and corresponding graft func-
tion and survival were assessed. Results. Extracellular histone concentrations were significantly higher in perfusates of kidneys
with posttransplant graft dysfunction (primary nonfunction and delayed graft function) and were an independent risk factor for
delayed graft function (odds ratio, 2.152; 95% confidence interval [95% CI], 1.199-3.863) and 1 year graft failure (hazard ratio,
1.386; 95% CI, 1.037-1.853), but not for primary nonfunction (odds ratio, 1.342; 95% CI, 0.900-2.002). One year graft survival
was 12% higher in the group with low histone concentrations (P = 0.008) as compared with the group that contained higher
histone concentrations.Conclusions. This study warrants future studies to probe for a possible role of cytotoxic extracellular
histones in organ viability and suggests that quantitation of extracellular histonesmight contribute to assessment of posttransplant
graft function and survival.

(Transplantation 2017;101: e93–e101)
The use of hypothermic machine perfusion (HMP) to
preserve deceased donor kidneys continues to in-

crease,1-3 likely due to the general consideration that
HMP limits the effects of ischemia to the tissue.4,5 HMP
performs superior to static cold storage in terms of graft
survival and posttransplant graft function.6-8 It is as-
sumed that especially high-risk donor kidneys, that is,
kidneys from old donors, donors with increased morbidity
and donors after circulatory death (DCD), may benefit from
this preservation technique.1,3,9,10 In addition to improved
transplant outcome, HMP provides an opportunity to easily
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perform viability tests on donor kidneys by measurement of
pump parameters or analysis of machine perfusate.11-13

Machine perfusate metabolites and other components
have been studied extensively over the last decades, but con-
troversy exists regarding the value of such analyses to assess
kidney quality. Several studies have shown the increased
presence of a number of different metabolites in machine
perfusates and associations with higher rates of delayed
graft function (DGF) or primary nonfunction (PNF) were
made.1,11-14 However, none of these individual molecules
at present provides conclusive predictive value for short-
term graft function.
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Recent insights into cellular mechanisms underlying mi-
crocirculatory stress and, consequently, organ failure point
toward a critical role of (extracellular) histones.15,16 Because
extracellular histones, H2B, H3, and H4, are cytotoxic and
cause endothelial damage,17-23 we hypothesized that extra-
cellular histones in the machine perfusate reflect cell stress
and damage (Figure 1) and the activation of an amplifying
cascade of histone release and endothelial damage which to-
gether ultimately contribute to transplant failure. The aim of
this study was to assess whether an association exists be-
tween the presence of extracellular histones in machine per-
fusates and kidney viability. We measured histone H3 levels
in a large group (n = 390) of unselected machine perfused
DCD kidneys and revealed that histone H3 levels correlated
positively with DGF and 1 year graft failure.

MATERIALS AND METHODS

Donor, Graft, and Recipient Data
Between January 1997 and March 2013, all DCD kid-

neys that were preserved using hypothermic pulsatile ma-
chine perfusion in our medical center, for at least 4 hours,
were used for analysis. This included kidneys procured
FIGURE 1. Top half: Histones 2A (orange) and 2B (yellow) form a dime
with another H3-H4 dimer to form a H3-H4 tetramer. All combined, a
nucleosome. DNA is wrapped around these histone cores to package
tains a nucleus with nucleosomes. After ischemic injury, the renal cell m
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and transplanted in our center or elsewhere, within the
Eurotransplant region.

Donor data were routinely registered and analyzed for do-
nor sex, age (years), most recent serum creatinine (μmol/L),
cause of death (cerebrovascular, cardiac, respiratory, trauma,
suicide, other), and DCDMaastricht category (1, 2, 3, or 4).

The following graft characteristics were recorded: left or
right kidney, type of machine perfusion (Gambro (Lund,
Sweden) or Lifeport (Lifeport Kidney Transporter, model
no. LKT-100-P; Organ Recovery Systems, Des Plaines, IL),
duration of machine perfusion time, warm ischemia time
(WIT) (defined as time of death, as witnessed by an absent
circulation, until time of cold perfusion), cold ischemia time
(CIT) (defined as the period between start of cold perfusion
until start of first anastomosis), and anastomosis time.

Recipient characteristics and follow-up data were re-
corded and retrieved: recipient sex, age (years), primary kid-
ney disease (renovascular or other), dialysis type (no, hemo
dialysis or peritoneal dialysis), years of dialysis, number of
previous transplants, total number of HLA mismatches (in-
cludingHLA-A, HLA-B, andHLA-DR; scoring 0-6), and im-
munosuppressive regimen. The immunosuppressive regimen
changed during the study period, but mainly included use
r. Histones 3 (blue) and 4 (green) also form a dimer, which associates
histone octamer is formed, which serves as the core structure of a
the genome inside the nucleus. Lower half: A healthy renal cell con-
ay die and release histones into the extracellular space.
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of a calcineurin inhibitor (cyclosporine or tacrolimus) and
prednisolone. This was combined with sirolimus, mycophe-
nolate mofetil, or azathioprine, depending on the protocol
at the time. Dacluzimab was given to patients with increased
immunologic risk if needed.

The collection and storage of patient data was performed
in agreement with the “Code of Conduct for Health Re-
search” by the Dutch Federation of Biomedical Scientific
Societies (http://www.federa.org/).

Kidney Procurement, Preservation, and
Machine Perfusion

All kidneys were procured from DCD donors who in-
cluded all types of DCD donors according to the Maastricht
criteria (DCD 1-4).24 Perfusion was either performed by
using a double-balloon triple-lumen (DBTL) catheter or by di-
rect cannulation of the aorta, as previously described.25 After
nephrectomy, kidneys were placed on pulsatile perfusion ma-
chines. Before May 2007, the Gambro PF-3B perfusion ma-
chines (Gambro) were used with 500-mL UW-MPS (Belzer
MPS; Trans-Med, Elk River, MN) as perfusion solution. This
machine was set with a systolic pressure of 55 mmHg for the
first hour, after which flow was kept constant. As of June
2007, kidneyswere placed on the Lifeport Kidney Transporter
(model no. LKT-100-P; Organ Recovery Systems) with 1 L of
Kidney Perfusion Solution 1 (Organ Recovery Systems) and
perfused at 30 to 40 mm Hg pressure. All kidneys were per-
fused at a mean temperature of 4°C and pH was adjusted
when lower than 7.10. Perfusion characteristics, that is, tem-
perature, pressure, flow, renal resistance were recorded
during perfusion and any abnormalities were registered.

Sample Collection and Histone H3 Analysis
During machine perfusion, perfusate samples were taken

at 1, 2, and 4 hours after start of perfusion, centrifuged,
cooled, and stored at −80°C. To ensure a balanced state of
perfusion, the samples of 4 hours of perfusion were used
for biochemical analysis.

Histone H3 levels were determined semiquantitatively as
previously described.18 In brief, kidney perfusate samples
were centrifuged for 4 minutes at 3000g, subjected to so-
dium dodecyl sulfate polyacrylamide gel electrophoresis
and transferred to polyvinylidene diflouride membranes
(Bio-Rad Laboratories, Hemel Hempstead, UK) by semidry
blotting. After blocking for 1 hour in triethanolamine-
buffered saline with Tween + 5% (w/v) nonfat dry milk
(Bio-Rad Laboratories), membranes were incubated with a
rabbit polyclonal H3 antibody overnight at 4°C (1:1000, sc-
8654-R; Santa Cruz Biotechnology, Heidelberg, Germany),
followed by incubation with a biotin-conjugated goat anti-
rabbit IgG antibody for 30 minutes at room temperature
(1:1000, Vector Laboratories Burlingame, CA) and incuba-
tion with StreptABComplex/AP solution (1:3000, Dako
Cytonation, Glostrup, Denmark) for 30 minutes at room
temperature. Protein bands were detected by BCIP/NBT
(Sigma-Aldrich, St. Louis, MO) and band densities were
quantified by ImageQuant TL software (GE Healthcare, Lit-
tle Chalfont, UK). Purified H3 (Roche, Basel, Switzerland)
served as a reference to calculate unknown H3 concentra-
tions (μg/mL) in the perfusate by comparing the densities of
all H3 specific bands in these samples with the density of
known concentrations of purified H3.
Copyright © 2017 Wolters Kluwer H
Study Outcome Parameters
Immediate graft function (IGF), DGF, and PNFwere scored

as outcomemeasures for short-term graft function. DGFwas
scored if dialysis was needed in the first week after transplan-
tation. PNF was scored if the graft never showed adequate
function and dialysis was needed all through the follow-up
period of the patient. Serum creatinine levels were analyzed
for all recipients at 3 and 12 months and up to 5 years each
year after transplantation if possible.

Data Analysis
Numerical variables are presented as mean ± standard

deviations if approximately normally distributed, and as
median (interquartile range [IQR]) otherwise. Categorical
variables are presented as number (percentage). Analyses
were performed on all perfusates collected, irrespective of
any preanalytical variable. A P value of 0.05 or less was con-
sidered to represent statistical significance. To allow compar-
ison of determined concentrations between the Gambro and
Lifeport perfusion systems, the relative twofold concentra-
tion in the former was taken into account and corrected for.

Comparison of histoneH3 concentrations between groups
based on graft function (PNF vs DGF vs IGF) or based on
type of donor (uncontrolled vs controlled) was performed
using the Mann-Whitney test. Univariable and multivariable
binary logistic regression analyses were used for assessment
of the risk of PNF (vs DGF or IGF) or of DGF (vs IGF), where
the effects are presented as odds ratio (OR); 95% confidence
interval (CI). Multivariable analysis included clinically im-
portant risk factors (ie, WIT, CIT, anastomosis time, donor
age, and type of donor (uncontrolled vs controlled), the latter
was excluded in subgroup analysis for uncontrolled and con-
trolled DCD kidneys). The discriminative capacity of histone
H3 concentrations on graft function was assessed by present-
ing our data as receiver operating curves fromwhich the area
under the receiver operating curve (AURC) (95% CI) was
calculated. For multivariable predictive analysis, predictive
probabilities were calculated with and without Histone H3
concentrations and the added value of extracellular histones
to the model was assessed. Correlations between histone
H3 concentrations and WIT, donor creatinine, donor age
and posttransplant serum creatinine were tested with a
t-test for Spearman's rho (rs). Categorical comparison be-
tween groups (1- and 5-year graft survival, histone H3 con-
centrations below or above the median) was performed
using Pearson χ2 test. Graft survival was censored for death
for all patients who died with a functioning graft. A Kaplan-
Meier analysis was used to analyze graft survival, and differ-
ences between curves were assessed using log-rank tests. A
Cox proportional hazards model was applied to calculate
the hazard ratio (HR) of histone H3 concentrations at 1-
and 5-year graft failure. The multivariable Cox proportional
hazard model included aforementioned clinical factors.

RESULTS

Patients
From January 1997 until March 2013, 439 transplanted

DCD kidneys were machine perfused by our center. After
careful assessment of machine perfusion records, 10 kidneys
were excluded from analysis because of significant leakage,
obstruction or documented malperfusion. Next, 10 kidneys
ealth, Inc. All rights reserved.
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were transplanted outside of the Eurotransplant region, and
for 6 kidney transplantations, follow-up data could not be
obtained; of another 6, machine perfusion records were miss-
ing or incomplete. For 17 kidneys, machine perfusatewas not
available, because samples were used in previous studies, or
TABLE 1.

Donor, graft, and recipient characteristics are shown as median
if categorical

Characteristics

Donor sex
Female/male 143 (37%)/247 (63%)

Donor age, y 49 (38-58)
Donor creatinine, μmol/L 85 (63-123)
Donor cause of death
Cerebrovascular 125 (32%)
Cardiac 93 (24%)
Respiratory 6 (2%)
Trauma 110 (28%)
Suicide 11 (3%)
Other 45 (12%)

Donor Maastricht category
1 9 (2.3%)
2 102 (26.2%)
3 270 (69.2%)
4 9 (2.3%)

Graft
Left/right 199 (51%)/191 (49%)
Perfusion machine
Gambro/Lifeport 320 (82%)/70 (18%)
Machine perfusion time, h 19 (15-24)
WIT, min 25 (19-31)
CIT, h 25 (21-29)
Anastomosis time, min 38 (31-47)
Perfusate
Extracellular histones, μg/mL 0.65 (0.37-0.95)
Recipient
Recipient sex
Female/male 145 (37%)/245 (63%)

Recipient age, y 55 (44-63)
Recipient primary disease
Renovascular 97 (25%)
Other than renovascular 244 (63%)
Unknown primary disease 49 (13%)

Dialysis time, y
3 (1-4)

Dialysis type
Hemodialysis 236 (61%)
Peritoneal dialysis 147 (38%)
No dialysis 6 (1.5%)
Unknown 1 (0.3%)

Retransplantation, yes/no 50 (13%)/340 (87%)
Total HLA (A, B, DR) mismatches 3 (2-3)
Cyclosporine/tacrolimus/none
Cyclosporine 26 %
Tacrolimus 71 %
None 4 %

Antimetabolite, yes/no 64 %
Induction therapy, yes/no 11 %

Univariable regression analysis of the risk of PNF and DGF is shown in the 2 columns on the right. For variable
are marked with and asterisk if statistically significant (P ≤ 0.05).

Copyright © 2017 Wolters Kluwer
sample collection was wrongly performed at the time. A re-
maining total of 390 perfusate samples were included.

Donor, graft, and patient characteristics are shown in
Table 1. Of the 390 kidneys entering analysis, a majority of
270 (69%) were procured from DCD-3 donors. Median
(IQR) if the variable is numerical and as number (percentage)

Univariable PNF OR (95% CI) Univariable DGF OR (95% CI)

0.756 (0.443-1.291) 0.500 (0.302-0.828) *
1.017 (0.999-1.035) 1.014 (0.998-1.031)
1.004 (0.997-1.101) 1.014 (1.006-1.022) *

1.612 (0.961-2.705) 1.586 (0.895-2.809)
1.513 (0.867-2.640) 2.714 (1.318-5.589) *

0.462 (0.243-0.878) * 0.383 (0.228-0,644) *

1.509 (0.876-2.597) 2.459 (1.253-4.826) *
0.616 (0.366-1.037) 0.431 (0.231-0.803) *

0.731 (0.442-1.209) 1.012 (0.616-1.663)

1.075 (0.554-2.085) 2.754 (1.517-4.998) *
1.010 (0.970-1.051) 1.044 (1.002-1.087) *
1.028 (1.004-1.051) * 1.021 (0.995-1.048)
1.007 (0.969-1.046) 1.065 (1.022-1.109) *
1.010 (0.995-1.025) 1.014 (0.997-1.033)

1.417 (0.974-2.063) 3.060 (1.694-5.526) *

1.209 (0.724-2.017) 0.675 (0.407-1.122)
1.013 (0.992-1.034) 1.007 (0.988-1.026)

1.196 (0.679-2.104) 0.984 (0.552-1.754)
0.963 (0.574-1.613) 1.142 (0.686-1.901)
0.783 (0.351-1.748) 0.786 (0.386-1.600)

1.133 (1.024-1.255) * 1.143 (0.999-1.309)

1.072 (0.640-1,794) 1.463 (0.886-2.416)
0.891 (0.529-1.501) 0.810 (0.489-1.344)

0.762 (0.342-1.698) 1.241 (0.582-2.648)
0.892 (0.711-1.118) 0.878 (0.694-1.112)

0.907 (0.494-1.663) 0.724 (0.401-1.308)
0.594 (0.344-1.027) 1.172 (0.648-2.119)

0.652 (0.384-1.109) 0.525 (0.285-0.966) *
1.066 (0.467-2.432) 1.143 (0.470-2.778)

s with multiple categories, ORs are calculated for single variable versus all other variables (yes/no). ORs
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donor age was 49 (IQR, 38-58) years. After death, the me-
dian WIT was 25 (IQR, 19-31) minutes, median CIT was
25 (IQR, 21-29) hours and median anastomosis time 38
(IQR, 31-47) minutes.

Graft Function
A majority of transplantations resulted in DGF: 228 of

the analyzed 390 (58.5%). Kidneys developed PNF in 76
(19.5%) cases and IGF in 86 (22.1%) cases after transplanta-
tion. Median overall machine perfusate extracellular histone
concentration was 0.65 (IQR, 0.37-0.95) μg/mL. Extracellu-
lar histone concentration (in μg/mL) was significantly higher
in kidneys which developed PNF (median, 0.73; IQR, 0.44-
1.00; P < 0.001) and DGF (median, 0.70; IQR, 0.43-0.98;
P < 0.001) compared with IGF (median, 0.42; IQR, 0.07-
0.78) (Figure 2). The difference between the histone H3 con-
centration in the PNF, as compared with the DGF group, did
not reach significance (P = 0.437).

The risk of PNFwas not significantly increased by elevation
of histone H3 levels as assessed by univariable and multivari-
able regression analyses (OR, 1.417; 95% CI, 0.974-2.063;
OR, 1.342; 95%CI, 0.900-2.002, respectively). Furthermore,
the discriminative power of histone H3 concentrations on de-
velopment of PNF was weak in univariable analysis (AURC,
0.573; 95% CI, 0.502-0.645). This significance increased
however after correction of the data for confounding clinical
factors in the multivariable model (AURC, 0.647; 95% CI,
0.577-0.717), with a minor added value of extracellular his-
tones to the predictive model (AURC without histones,
0.640; 95% CI, 0.571-0.708) (Figure 3).

We observed that, for development of DGF, histone H3
concentration was an independent risk factor in both
univariable (OR, 3.060; 95%CI, 1.694-5.526) andmultivar-
iable analysis (OR, 2.152; 95% CI, 1.199-3.863). However,
the predictive value of extracellular histone concentrations in
perfusates on DGFwas poor (AURC, 0.674; 95%CI, 0.604-
FIGURE 2. Histone concentration are significantly higher in PNF
(median, 0.73; IQR, 0.44-1.00 μg/mL; P < 0.001) and DGF (median,
0.70; IQR, 0.43–0.98 μg/mL; P < 0.001) groups compared with IGF
(median, 0.42; IQR, 0.07-0.78 μg/mL). Boxplots are presented as
median and quartiles, and whiskers include full range of values.

Copyright © 2017 Wolters Kluwer H
0.743), but increased to fair after correction for confounding
clinical factors (AURC, 0.710; 95% CI, 0.639-0.780), in
which histone H3 concentration added minor value to the
predictive model (AURC without histones, 0.689; 95% CI,
0.621-0.757) (Figure 3).

Extracellular histone concentrations correlated with se-
rum creatinine at 3 months after kidney transplantation
(rs = 0.115, P = 0.044). Thereafter, at 1, 2, 3, 4, and 5 years
follow-up, this correlationwasno longer significant (rs =0.111,
P = 0.059; 0.119, P = 0.053; 0.110, P = 0.086; 0.091,
P = 0.190; 0.103, P = 0.180, respectively) (Table 2).

Graft Survival
Median follow-up was 6.1 (IQR, 3.8-8.7) years. Overall,

1 year death-censored graft survival was 77%, and at
5 years, this was 71%. Figure 4 shows Kaplan-Meier curves
with a significantly better survival of kidneyswith histoneH3
concentrations below the median of 0.65 μg/mL than those
that have levels of extracellular histones that are above the
median (log-rank, P = 0.026). Analysis excluding kidneys
with PNF did not result in a significant difference (log-rank,
P = 0.443). One year graft survival was significantly better
for the group with a histone concentration below the median
concentration than above (graft survival, 83% vs 71%;
P = 0.008, respectively). This difference persisted up to
5 years (graft survival, 76% vs 65%; P = 0.014, respectively).

The risk of graft failure within 1 year significantly in-
creased with increasing histone concentration (HR, 1.411;
95% CI, 1.071-1.858) in a univariable Cox regression
model. Multivariable analysis also resulted in a significantly
increase (HR, 1.386; 95% CI, 1.037-1.853). The risk of
5-year graft failure was significantly increased with increas-
ing histone concentration in the univariable analysis (HR,
1.335; 95% CI, 1.026-1.738), but not in the multivariable
analysis (HR, 1.270; 95% CI, 0.960-1.680). Predictive value
on graft failure within 1 and 5 years was weak after uni-
variable analyses (AURC, 0.547; 95% CI, 0.479-0.614;
AURC, 0.537; 95%CI, 0.477-0.597, respectively). Although
the predictive value increased after correction for confound-
ing clinical factors (AURC, 0.637; 95% CI, 0.573-0.702;
AURC, 0.648; 95% CI, 0.590-0.707, respectively), there
was no added value of extracellular histones to the model
for 1- and 5-year graft failure (AURC without histones,
0.641; 95% CI, 0.577-0.703; AURC without histones,
0.649; 95% CI, 0.591-0.707, respectively.)

Factors Associated With Increased Extracellular
Histone Concentrations

Extracellular histone concentrations weakly correlated to
WIT (rs = 0.190, P < 0.001) and donor creatinine (rs = 0.167,
P < 0.001). Histone concentrations did not correlate with
donor age. The median histone H3 concentration in un-
controlled donors was significantly higher than that in
controlled donors (median, 0.73; IQR, 0.52-1.1 μg/mL;
n = 111 vs median, 0.59; IQR, 0.28-0.92 μg/mL; n = 279;
P < 0.001, respectively) (Table 2).

Controlled Versus Uncontrolled DCD
Because there is a difference in histone concentration be-

tween uncontrolled (Maastricht categories 1 and 2) and con-
trolled (Maastricht categories 3 and 4) DCD donors, we
performed subgroup analyses.
ealth, Inc. All rights reserved.



FIGURE 3. The predictive value of extracellular histones on PNF and DGF, for all DCD kidneys and after subgroup analysis for controlled and
uncontrolled DCD kidneys. Receiving operator curves are shown and AURC (95% CI) calculated by multivariable analysis, including clinically
important risk factors.
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TABLE 2.

Correlation of histone concentration to donor, graft and
outcome factors

Factors compared with histone
concentration

Spearman correlation
coefficient (rs) P

Warm ischemic time 0.190 <0.001
Donor serum creatinine 0.167 0.001
Donor age −0.018 0.725
3-mo serum creatinine 0.115 0.044
1-y serum creatinine 0.111 0.059
2-y serum creatinine 0.119 0.053
3-y serum creatinine 0.110 0.086
4-y serum creatinine 0.091 0.190
5-y serum creatinine 0.103 0.180

© 2016 Wolters Kluwer van Smaalen et al e99
Perfusates from uncontrolledDCDdonor kidneys (n = 111)
showed no significant difference in histone H3 concentra-
tions between the groups with PNF, DGF, or IGF (PNF vs
DGF, P = 0.884; PNF vs IGF, P = 0.988; DGF vs IGF,
P = 0.929). Furthermore, histone H3 concentration was not
associated with an increased risk of graft dysfunction (PNF
or DGF). Only in multivariable predictive analyses, histone
H3 concentration was predictive for PNF (AURC, 0.664;
95% CI, 0.551-0.777) and DGF (AURC, 0.690; 95% CI,
0.546-0.833) (Figure 3).

Controlled DCD perfusates (n = 279) contained a signifi-
cantly higher median (IQR) concentration of histone H3 in
kidney with PNF (0.74 (0.42-0.96) μg/mL, P < 0.001) and
DGF (0.63 (0.39-0.97) μg/mL, P < 0.001) compared to IGF
perfusates (0.32 (0.02-0.67) μg/mL). For controlled DCD,
we found that histone H3 concentration is an independent
risk factor for DGF (univariable OR, 3.071; 95% CI,
FIGURE 4. Kaplan-Meier graph of graft survival after transplantation. Aft
had a 12% higher graft survival compared to group with histones H3 con
time of death for patients who died with a functioning graft.

Copyright © 2017 Wolters Kluwer H
1.588-5.941; multivariable OR, 2.433; 95% CI, 1.253-
4.723); for PNF, however, such significance could not be
shown. Furthermore, the discriminative power for develop-
ment of PNF and DGF of extracellular histone levels in this
subgroup is comparable to the entire group of perfusates
(PNF univariable AURC, 0.597; 95% CI, 0.512-0.683; PNF
multivariable AURC, 0.643; 95% CI, 0.559-0.726; DGF
univariable AURC, 0.683; 95% CI, 0.607-0.759; and DGF
multivariable AURC, 0.710; 95%CI, 0.631-0.788) (Figure 3).

One-year death-censored graft survival was 78%, and at
5 years, this was 72%. Comparing the groups with histone
H3 concentrations above and below the median, Kaplan-
Meier analysis showed a significant (log rank, P = 0.012) dif-
ference in graft survival in favor of the lower concentrations.
Notably, 1- and 5-year graft survival were significantly better
in the group with lower concentrations (at 1 year, 84% vs
72% [P = 0.019] and at 5 years 79% vs 66% [P = 0.015]).

DISCUSSION
Many studies have sought to identify possible relations

between measurable biomolecules and organ injury, post-
transplant graft function or survival. It has been shown that
kidneys release a plethora of biomolecules over time during
machine perfusion. The release of these molecules appears
to reflect the pathophysiologic processes that occur during
organ donation.

Interest in extracellular histones has grown rapidly during
the last decade. Studies have demonstrated a crucial role of
extracellular histones multiple pathophysiologic processes
like sepsis, inflammation, vascular dysfunction, and throm-
bosis.15,16,18,22,26-28 It has been shown that extracellular his-
tones are in fact cytotoxic molecules that can kill various cell
types, including endothelial cells, and contribute to organ
failure.15,18,20,22,28-30 Hence, histones once released into the
er 1 year, the group with histone H3 concentrations below the median
centrations above the median (P = 0.008). Data were censored at the

ealth, Inc. All rights reserved.
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circulation may initiate an amplifying cascade of cell death
and histone release culminating in microcirculatory damage
and consequently organ failure. Extracellular histones have
not yet been studied in the pathophysiologic process of kid-
ney injury and organ viability in a clinical setting of organ do-
nation and transplantation. In this study, we addressed the
relevance of measuring extracellular histones in the machine
perfusate of hypothermic machine perfused DCD kidneys
before transplantation.

The incidence of PNF in this group of DCD kidneys is
high. Donor kidneys in this group were procured in the pe-
riod that the waitlists exceeded 5 years for kidney transplan-
tation and we were able to extend the donor pool threefold
by transplanting marginal donor kidneys. These kidneys
were further characterized by a very long CIT due to alloca-
tion issues and were mainly transplanted in fragile recipients
in whom a prolonged waiting time for transplantation was
considered not desirable. Despite the relatively good graft
survival of functioning grafts and although transplantation
of marginal kidneys with a high incidence of PNF may pro-
vide a survival benefit to recipients who alternatively would
wait for a standard criteria donor kidneys, we considered this
percentage as too high and adapted our acceptance criteria
for marginal donor kidneys.31

Essentially, every nucleated cell contains core histones,
which include the histones H2A, H2B, H3, and H4 in an
equimolar ratio (Figure 1). Considering the equimolar pres-
ence of the cytotoxic histones H2B, H3, and H4, measure-
ment of histone H3 is considered a proxy-measurement of
H2B and H4 as well. Recently, we were able to show a corre-
lation between disease severity andmortality in sepsis and ex-
tracellular histone H3 levels in patients in the intensive care
unit.26 Therefore, we decided to measure the levels of histone
H3 in our collection of machine perfusates.

To verify that differences in perfusion protocols and time
of storage did not influence extracellular histone H3 mea-
surements, we compared mean histone H3 concentrations
for IGF, DGF, and PNF between the different perfusion pro-
tocols used here, and analyzed a possible influence of storage
time. We neither observed differences between perfusion
protocols nor did we observe an influence of storage time.
This notion is supported by several studies that show that
long-term storage only results in minor decreases of nucleo-
some concentrations and repeated freeze-thaw cycles do not
affect measured concentrations of nucleosomal DNA frag-
ments.32-34 We also verified the latter observation by mea-
suring histones repeatedly in our set-up (mean average
coefficient of variation, 7.24 ± 0.08% for 3 independent ex-
periments; data not shown).

The average extracellular histones concentration is strik-
ingly higher in kidneys which showed posttransplant dys-
function. The apparent prognostic benefit that correlates
with lower concentrations of extracellular histones in perfus-
ate was especially seen in graft survival analysis, where we
found a 12% higher one-year survival for the lower concen-
tration half (Figure 4). The survival of functioning grafts ap-
pears to be equal. Moreover, in contrast to three recent
studies,12,35,36 which did not find a significant association
of any molecule measured in machine perfusate to 1-year
graft failure, extracellular histones in this study were asso-
ciated with an increased risk of 1 year graft failure. Also,
we found that extracellular histones are an independent
Copyright © 2017 Wolters Kluwer
predictor of DGF when adjusted for relevant confounding
factors. Subsequent subgroups analyses yielded similar re-
sults for controlled DCD kidney transplantation. Analyses
on uncontrolled DCD only showed a significant association
to graft function in the multivariable prediction model for
DGF and PNF, likely due to a small group size of uncon-
trolled DCD and the lower amount of IGF (n = 12) in this
group. We have shown that extracellular histone concentra-
tion is associated with graft function and graft survival,
however its value to predict the outcome after transplanta-
tion is very limited and equivalent to the predictive value
of most other machine perfusate biomolecules.12-14,35,36

Therefore, the currently available data on perfusate histones
concentration does not aid in the decision to either accept or
refuse a kidney for transplantation.

Here, we have shown for the first time that extracellular his-
tones are present in the perfusate of hypothermically machine
perfused DCD kidneys. We observe that extracellular histones
are likely to represent an independent risk factor for DGF and
1-year graft failure and that there is an association to PNF.
DCD machine perfused kidneys with low histone concentra-
tions have a significantly better survival after transplantation.
Future studies are necessary to assess if graft survival can be
improved if the extracellular histones concentration is re-
duced either by better organ preservation or by therapies that
may filter or neutralise these potentially cytotoxic agents.
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