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Extracellular histones have been involved in numerous inflammatory conditions such as ischemia/
reperfusion (I/R) injury, trauma, and infection. There is growing evidence of I/R injury associated with
primary graft dysfunction (PGD) following organ transplantation. Here we investigated whether
extracellular histones are clinically involved with PGD in human liver transplantation. In total 58
patients undergoing liver transplantation were studied. We collected blood samples from the
recipients before and serially after transplantation (24 h, 72 h). We measured extracellular histones,
myeloperoxidase (MPO), SI00A8/A9, and multiple inflammatory cytokines. Additionally, we exposed
human LO2 hepatocytes or U937 monocytic cells to the recipient's sera overnight, and assessed
cellular viability and cytokine production respectively. Lastly, we assessed the effect of histone-
targeted interventions by administration of heparin or an anti-histone antibody. It showed that
extracellular histones increased immediately after transplantation, peaked within 24 hours and
remained at high levels up to 72 hours (all p < 0.01). Notably, extracellular histone levels were
significantly higher in recipients with PGD (n = 9) than recipients without PGD (n = 49, p = 0.004).
Extracellular histones correlated positively with MPO, SI00A8/A9 and most detected cytokines. Ex vivo
analysis demonstrated that the patients’ sera after graft markedly induced LO2 cell death and caused
profound cytokine production in cultured U937 cells, which could be abrogated by heparin or an anti-
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histone antibody. Collectively, extracellular histones were increased

transplantation, which may contribute to the occurrence of PGD through direct cytotoxicity and
DOI: 10.1039/c9ra00425d enhancement of systemic inflammation. Targeting extracellular histones may provide a promising

rsc.li/rsc-advances approach for preventing PGD or other complications in clinical practice.
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1. Introduction

Liver transplantation (LT) is an established therapy for
patients with end-stage liver diseases such as acute liver
failure, cirrhosis, decompensated disease, and hepatocellular
carcinoma (HCC).' Although the outcomes of liver trans-
plantation have significantly improved during the past
decades, several complications such as primary graft
dysfunction (PGD) still remain a serious problem.* Recipients
with PGD usually have a longer intensive care unit (ICU) and
hospital stay, and increased mortality and higher graft loss
than those without graft dysfunction.** The etiology of PGD is
multifactorial but remains incompletely understood. Donor-
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related factors such as age, nutritional status, hemodynamic
stability during harvesting, and transplant-related factors
such as graft preservation, ischemia/reperfusion (I/R) injury
have been proposed as common risk factors for PGD.*” Of
these, I/R injury occurs unavoidably during the course of liver
transplantation and is widely accepted as a major culprit of
graft dysfunction, which may lead to organ injury via cyto-
toxicity and inflammation.*®

Liver I/R injury is a complex process involving many types of
cells and mediators through various pathways.®® Recently,
extracellular histones have been characterized as key mediators
of I/R injuries in many organs including the liver, kidney, heart,
and brain.”** Extracellular histones increase remarkably after I/
R injury, which are either released passively by stressed or
injured cells, or are actively secreted by innate immune cells
(e.g. neutrophils, monocytes/macrophages).">** Extracellular
histones not only correlate with disease severity and poor
outcomes, which can reflect ongoing cellular damage or the
inflammatory states, but also serve as a therapeutic target for I/
R injury."*** Targeting extracellular histones attenuates the I/R

injury of many organs.'*"* The mechanisms of histone-
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mediated injury are yet to be fully understood. Available
evidence suggests that extracellular histones are cytotoxic to
endothelial cells, enhance platelet aggregation and coagulation
activation, as well as promote inflammatory responses through
TLRs or other inflammatory pathways.>'*'” Histone-targeted
therapy appears to be protective in various inflammatory
injuries including I/R injury.**

Considering that I/R injury is a most important risk factor for
PGD in human liver transplantation, we reasoned whether
extracellular histones, which are critical mediators for I/R
injury, may play a pathological and targetable role during this
process. The aims of the present study were: (1) to measure
extracellular histones in patients who received liver trans-
plantation, (2) to investigate the relationship between extracel-
lular histones and other markers of inflammation (e.g. MPO,
S100A8/9, and multiple cytokines), and (3) to examine the
effect of extracellular histones on cell cytotoxicity and immune
cell activation via ex vivo investigations.

2. Patients and methods

2.1. Patients

This retrospective study was approved by the Ethics Committee
of Beijing Youan Hospital, Capital Medical University (Beijing,
P. R. China), which followed the recommendations of the
Declaration of Helsinki for biomedical research involving
human subjects. Written informed consent was obtained from
all patients or their nominated next of kin. Totally 58 patients
who underwent liver transplantation between December 2015
and May 2017 were included in this study. Indications for liver
transplantation were presented in Table 1. The PGD was eval-
uated based on the following parameters: aminotransferase
activity, bile production, and coagulopathy within 72 hours
after transplantation.**®

2.2. Sample collection

The peripheral blood samples were collected from these recip-
ients before and serially after transplantation. Totally 3 time
points were defined: before graft (T0), within 24 hours after
graft (T1), and 72 hours after graft (T2). Sera samples were

Table 1 Baseline characteristics liver

transplantation®

in patients undergoing

Characteristics Values

52.0 (46.0-61.0)
39/19

Age (years)

Gender (male/female)
Etiology of liver disease
Liver cirrhosis (%)
Hepatocellular cancer (%)
Acute liver failure (%)
Others (%)

MELD score

22 (37.9%)

20 (34.5%)

9 (15.5%)

7 (12.1%)

17 (range, 9-28)

“ Data are expressed as median (interquartile range) or number of
patients (%). MELD = model for end-stage liver disease.
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separated, aliquoted and stored at —80 °C. Baseline character-
istics of these recipients were recorded electronically.

2.3. Measurement of extracellular histones

We measured extracellular histone levels in the sera of patients
using a commercially available sandwich enzyme-linked
immunosorbent assay (Cell Death Detection ELISA kit; Roche
Applied Science, Germany).*® Purified calf thymus histones were
used to generate standard curves.

2.4. Measurement of MPO, S100A8/9 and multiple cytokines

It is known that the process of I/R recruits neutrophils and
activated macrophages that exaggerate organ inflammation,
tissue injury and malfunction.**® MPO activity is an index of
neutrophil, monocyte/macrophage activation, whereas S100A8/
A9, which is abundantly stored in neutrophil cytoplasm, is
another classical marker for neutrophil activation.”** There-
fore, we assayed both MPO and S100A8/A9 levels to assess
activation of innate immune cells particularly neutrophils, in
the sera of patients undergoing liver transplantation using
commercially available Kkits.

We also measured a panel of multiple cytokines (IFN-y,
MCP-1, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p70, IL-13,
IL-17A, IL-18, IL-21, IL-23, IL-27, and TNF-a) using the
ProcartaPlex™ Multiplex Immunoassay from Affimetrix eBio-
science (San Diego, CA, USA).

2.5. Ex vivo experiments

We obtained the human hepatocyte cell line L02 and human
monocyte cell line (U937) from American Type Culture Collec-
tion (ATCC), and cultured the cells in DMEM (Dulbecco's
Modified Eagle's Medium, Sigma-Aldrich, USA) supplemented
with 10% fetal bovine serum (HyClone, UT, USA), 2 mM gluta-
mine, and 100 U per ml penicillin per streptomycin (Sigma-
Aldrich, USA) in a 5% CO, humidified atmosphere at 37 °C.
After the cells grew to 80-90% confluence, they were incubated
overnight with 50% of the sera samples, which were pooled
from these recipients before (T0) or after graft (T1) respectively.
For interventional studies, anti-histone H4 antibody (20 pg
ml™") or heparin (200 U ml™", Sigma-Aldrich, USA) was
administered to the cultured cells. The mouse anti-histone H4
mAb was prepared following the previous protocol involving
autoimmune mice.***

L02 cell integrity was assessed using the Cell Counting Kit-8
(CCK-8, Sigma-Aldrich, USA), according to the manufacturer's
instructions. Briefly, after incubation overnight with the sera,
the cells were washed with PBS twice and incubated with 10 ml
of CCK-8 solution for 1 hour. The absorbance was measured at
450 nm using a spectrophotometer.

As for measurement of the stimulatory effects, after U937
cells being treated overnight with the sera, the cell culture
supernatants were harvested and analyzed for IL-1, IL-6, IL-10,
IL-18, IFN-y and TNF-u levels, using the ProcartaPlex™ Multi-
plex Immunoassay from affimetrix eBioscience (San Diego, CA,
USA).
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2.6. Statistical analysis

For human data, values were expressed as medians and
interquartile ranges or percentages unless otherwise stated.
For cell culture data, values were expressed as mean orstan-
dard deviation (SD). Data were analyzed using unpaired
Student's ¢ test or Mann-Whitney test (for two groups), one-
way analysis of variance (ANOVA) followed by Turkey post-
tests (for more than two groups). Correlations between vari-
ables were assessed using Spearman's rank correlation or
Pearson correlation analysis. Results were considered statis-
tically significant when p < 0.05. All statistical analyses were
calculated using GraphPad Prism v6 (GraphPad Software, Inc.,
San Diego, CA).

3. Results

3.1. Patient characteristics

The baseline characteristics of the recipients were listed in
Table 1. A total of 58 adult liver transplantations were per-
formed. Donor livers were obtained from deceased cardiac
failure patients. Main reasons for transplantation were liver
cirrhosis (n = 22, 37.9%), hepatocellular cancer (n = 20,
34.5%), acute liver failure (n = 9, 15.5%) and others (n = 7,
12.1%).

3.2. Histone levels increased greatly after liver
transplantation

It showed that extracellular histone levels in patients after liver
transplantation were 5-6 times greater than the levels measured
before transplantation. Overall extracellular histones peaked
within 24 hours after graft (T1) and tended to decrease within 72
hours (T2), but were still significantly higher than the levels
before graft (TO) (Fig. 1A).

We assessed whether these recipients developed PGD, which
was defined as graft insufficiency with possible early graft loss,
without technical, anatomical, immunological or hepatitis-
related issues."* According to an early evaluation (72 h post-
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transplantation), the recipients were divided into those with
PGD (n = 9) and those without PGD (n = 49). Notably, extra-
cellular histone levels in patients with PGD (median value, 20.99
pg ml~"; range, 18.95-26.54) were significantly higher than in
patients without PGD (median value, 16.43 pg ml'; range,
14.29-18.07; p = 0.004) (Fig. 1B).

3.3. Extracellular histone levels correlated with immune cell
activation and systemic inflammation

It has been reported that high levels of extracellular histones are
closely associated with innate immune cell activation and
pronounced systemic inflammation.**~**> We chose to assay MPO
activity and S100A8/A9 levels, which reflect activation of
immune cells particularly neutrophils, during the course of liver
transplantation. It showed that MPO and S100A8/A9 levels were
both elevated significantly at T1 (24 h post-transplantation), as
compared with TO (before transplantation). MPO and S100A8/
A9 levels exhibited a decreasing trend within 72 hours post-
transplantation, but were still higher than the levels at TO
(Fig. 2). There was also a positive correlation between extracel-
lular histones and MPO (r = 0.5262, p = 0.003) and S100A8/A9 (r
= 0.4738, p = 0.015).

In addition, we evaluated the degree of systemic inflam-
mation in patients after liver transplantation by measuring
a panel of cytokines. We found that a total of 10 cytokines was
markedly increased in recipients at T1 (24 hour after liver
transplantation) as compared with their levels before graft
(Fig. 3). At T2 (72 hours after graft), several cytokines (IFN-v,
IL-1B, IL-6, IL-10, IL-18, and TNF-a) showed a decreasing trend
but were still higher than at T0, whereas some cytokines
remained at the elevated levels (IL-2, IL-12p70, IL-17A). A line
correlation analysis demonstrated that extracellular histone
levels were significantly related to most detected cytokines
(Table 2). Collectively, these findings suggested that the
elevated extracellular histones may account for immune cell
activation and the enhanced systemic inflammation after liver
transplantation.
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Fig. 1 Extracellular histones were significantly elevated in the sera of patients undergoing liver transplantation. (A) Sequential extracellular
histone levels in patients undergoing liver transplantation at TO (before graft), T1 (24 hours after graft) and T2 (within 72 hours after graft). (B)
Median extracellular histones (T2) were significantly higher in patients with PGD than those in patient without PGD (p = 0.004). Variables were

expressed as median (interquartile range).
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Fig. 2 MPO (A) and S100A8/A9 (B) were increased in the sera of patients undergoing liver transplantation. As compared with TO (before graft),
both MPO and S100A8/A9 levels were increased remarkably at T1 (24 hours after graft), and showed a decreasing trend at T2 (within 72 hours
after graft) but were still significantly higher than TO. Variables were expressed as median (interquartile range).

3.4. Extracellular histones induced cellular damage and
promoted cytokine production ex vivo

We next asked whether the elevated extracellular histones after
graft have a direct impact on cellular damage and systemic
inflammation, which may further contribute to the occurrence
of PGD or other adverse outcomes. We collected patients' sera at
24 hour post-transplantation which contained high levels of
extracellular histones (median value, 26.2 pg ml~') and incu-
bated overnight with human L02 hepatocytes and human
monocytes U937 cells, respectively. As compared with the sera
obtained before graft (median value, 5.52 pg ml™ '), patients’
sera after graft had obviously damaging effects on L02 cells, as
evidenced by decreased cell integrity (Fig. 4). Likewise, over-
night culture of human U937 monocytes with patients' sera
after graft led to a drastic increase in histone-associated cyto-
kines (IFN-y, IL-1pB, IL-6, IL-10, IL-18, TNF-0) in the superna-
tants of cultured cells (Fig. 5).

Many studies have shown that therapeutic modulation of
extracellular histones by anti-histone H4 antibody, activated
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protein C (APC) or heparin was highly protective in various
inflammatory states.*****” In this study, we investigated whether
heparin, which can bind histones, can offer protection for this
condition.”® Anti-histone H4 antibody was also included. We
observed that administration of heparin or anti-histone anti-
body equally inhibited the patients' sera-induced cell death or
activation of U937 cells, which was evidenced by improved cell
viability and decreased inflammatory cytokine levels (Fig. 4 and
5). These results thereby suggest a direct relationship between
extracellular histones and cellular damage and systemic
inflammation, and provide a possible therapeutic target in
clinical practice.

4. Discussion

Liver transplantation (LT) is considered the best life-saving
therapy for patients with end-stage liver disease. In recent
decades, the development and broad administration of immu-
nosuppressive drugs have contributed to increased graft

IL-18 MCP-1 TNF-a

Fig. 3 Detection of systemic inflammation in the sera of patients undergoing liver transplantation. Multiplex immunoassay for a panel of multiple
cytokines was performed. Only 10 cytokines with significant differences (*p < 0.01 in contrast to TO) were shown. #p < 0.01 denotes a significant
difference between T1 and T2. Variables were expressed as median (interquartile range).
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Table 2 Correlation of extracellular histones with various variables in
liver transplantation patients®

r P
MPO 0.5262 0.003
S100A8/9 0.4738 0.015
IFN-y 0.5723 0.007
IL-1B 0.4047 0.037
IL-6 0.6527 0.001
IL-10 0.5894 0.001
IL-18 0.6017 0.001
TNF-o 0.4179 0.037

% p < 0.05 was considered to be statistically significant.

survival rates.>®* However, PGD still presents as one of most
common complications after liver transplantation, which can
affect the long-term postoperative outcomes.* There were many
risk factors for PGD." Of these, I/R injury is universally recog-
nized as a major cause for LT-related PGD, further leading to
higher episodes of both acute and chronic rejection.®®
Emerging evidence suggests that extracellular histones are key
mediators of I/R injury and targeting histones may attenuate I/
R-related cell and tissue damage."** In this study, we sought to
investigate whether extracellular histones are clinically involved
with the occurrence of PGD in human liver transplantation.
Histones, which are highly conserved, positively charged
proteins that include 5 main types (linker histone H1 and core
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Fig. 4 Liver transplantation patients’ sera induced human liver cell
damage. It showed that the patients’ sera at T1 that contained high
levels of extracellular histones induced significant human liver cell
damage after overnight incubation as compared with the sera
collected at TO, whereas addition of anti-histone H4 antibody or
heparin remarkably improved cell integrity. Variables were expressed
as mean d standard deviation (SD).
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histones H2A, H2B, H3, and H4), have been traditionally
investigated in the context of regulating nuclear architec-
ture."** However, under conditions of cellular stress or injury
such as trauma, ischemic or chemical injury, or infection,
histones can be released from both damaged cells and activated
immune cells such as neutrophils into the extracellular space
and/or blood.*'***?® Extracellular histones are discovered to
have the ability to cause endothelial cytotoxicity, platelet acti-
vation and aggregation, and act as danger/damage-associated
molecular patterns (DAMPs) to initiate and propagate the
inflammatory response, which may eventually lead to life
threatening organ and tissue damages.”*™*

The pathological role for extracellular histones in various
disease processes has been investigated. However, little is
known about clinical relevance of extracellular histones with
PGD in human liver transplantation. Here we measured extra-
cellular histone levels in patients undergoing LT. We found that
extracellular histones were increased immediately after LT and
peaked at around 24 hours with high levels still detectable at 72
hours post-transplantation. The elevated extracellular histones
are likely due to I/R injury occurring during transplantation.®
Many studies have confirmed that I/R injury of the liver, brain,
and kidney caused an elevation of extracellular histones in the
circulation.’®**** More importantly, we observed that compared
with patients without PGD, patients with PGD had significantly
higher levels of extracellular histones after transplantation,
thereby suggesting the likelihood that extracellular histones are
an important cause for PGD. In addition, we detected
a remarkable immune cell activation and a significant inflam-
matory response during the course of transplantation. There
was a clear correlation between extracellular histones and
immune cell activation and systemic inflammation, which was
consistent with previous reports that extracellular histones can
promote systemic inflammation through activation of immune
cells particularly neutrophils.**?*3¢

Based on these observations, we concluded that liver
transplantation-related I/R injury causes death of tissues and
cells, and leads to the release of histones from these dying cells
into extracellular space such as the circulation. Large quantities
of extracellular histones are capable of inducing direct cyto-
toxicity, or promoting platelet aggregation and coagulation
disturbance, as well as act as DAMP molecules to amplify
systemic inflammation by stimulating immune cells (e.g
neutrophils) to produce multiple cytokines,” which eventually
contribute to PGD or other complications after graft.

To further validate the above findings, we incubated the
patients’ post-transplantation sera that contained high levels of
extracellular histones with human liver cells and monocytes,
and observed that the post-transplantation sera could induce
massive cultured liver cell death as well as cause a significant
production in histone-related cytokines in cultured monocytes.
To test whether these effects were majorly due to extracellular
histones, we used a specific anti-histone H4 antibody and found
anti-histone treatment could prevent these adverse effects,
thereby confirming that the elevated extracellular histones are
a major mechanism for organ injury such as PGD after trans-
plantation. These findings also suggest that blockade of

—~
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Fig. 5 Liver transplantation patients’ sera stimulated human monocytic cells. It showed that 6 histone-related cytokines were all notably
increased in the supernatant of human monocytic U937 cells treated by liver transplantation patients’ sera collected at T1 (24 hours after graft),
whereas addition of anti-histone H4 antibody or heparin could decrease these cytokine levels (all p < 0.05). Variables were expressed as mean

.Ostandard deviation (SD).

extracellular histones may be a promising therapeutic strategy
for PGD or other complications. We then assessed the inter-
ventional effects of other histone blocking agent such as
heparin in this study. It has been reported that heparin, which
can bind histones, showed potent protective effects in histone-
mediated inflammatory injuries including sepsis, acute liver
injury, and acute respiratory distress syndrome (ARDS)."***2¢
Here, we observed that heparin had a similarly cytoprotective
effect as anti-histone antibody in decreasing histone-induced
cytotoxicity or cytokine production for this condition, which
may provide a potential approach for clinical management of
PGD or other complications after liver transplantation.

In summary, our results provide a credible explanation for
the mechanisms underlying PGD or other complications after
graft. Determination of extracellular histones may become
a promising tool for assessing prognosis in human liver trans-
plantation. In addition, histone-targeted strategies may be
potentially therapeutic in clinical practice. More histone
blocking agents deserve exploration in the future.
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