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Extracellular histones in lung dysfunction: a new biomarker
and therapeutic target?
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Abstract

Extracellular histones released from injured or dying cells following trauma and other severe insults can act as potent damage-

associated molecular patterns. In fact, elevated levels of histones are present in human circulation in hyperinflammatory states such

as acute respiratory distress syndrome and sepsis. The molecular mechanisms owing to histone-induced pathologies are at the very

beginning of elucidating. However, neutralization of histones with antibodies, histone-binding or histone-degrading proteins, and

heparan sulfates have shown promising therapeutic effects in pre-clinical acute respiratory distress syndrome and sepsis models.

Various cell types undergoing necrosis and apoptosis or activated neutrophils forming neutrophil extracellular traps have been

implicated in excessive release of histones which further augments tissue injury and may culminate in multiple organ failure. At the

molecular level, an uncontrolled inflammatory cascade has been considered as the major event; however, histone-activated

coagulation and thrombosis represent additional pathologic events reflecting coagulopathy. Furthermore, epigenetic regulation

and chemical modifications of circulating histones appear to be critically important in their biological functions as evidenced by

increased cytotoxicity associated with citrullinated histone. Herein, we will briefly review the current knowledge on the role of

histones in acute respiratory distress syndrome and sepsis, and discuss the future potential of anti-histone therapy for treatment of

these life-threatening disorders.
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Introduction

Histones represent a group of highly positively charged
core nuclear chaperone proteins that undergo various
post-translational modifications such as acetylation, methy-
lation, phosphorylation, and ubiquitination to regulate gene
expression.1 Five sub-types of histones have been described.
H2A, H2B, H3, and H4 known as core histones and H1 and
H5 as designated as linker histones remain inert in the
nucleus, but once released into extracellular space, they
act as damage-associated molecular patters (DAMPs) and
may exert profound cytotoxic effects.2,3 Acute respiratory
distress syndrome (ARDS) and severe sepsis still remain
the most common cause of mortality in critically ill
patients.4 Recent studies have linked histones to the pro-
posed pathogenesis of these disorders by associating the

levels of circulating histones with severity of illness.5,6

Indeed, therapeutic strategies targeting neutralization and
degradation of histones have been proven to be effective in
animal models of sepsis and inflammatory lung injury.5,7

These observations prompted further studies to better
understand the mechanisms of histone release by affected
tissues, role in various types of tissue injury, as well as
efforts to develop novel anti-histone therapies to mitigate
pathological consequences of extracellular histone release.
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Histones as DAMPs in ARDS

Histones are integral structural components of chromatin
and play a major role in the epigenetic regulation of
DNA. Two functional sub-sets of histones form nucleosome
complex: core histones, an octameric nucleosome complex
comprised of H2A, H2B, H3, and H4, and linker histones,
H1 and H5, connect adjacent nucleosomes.2 Despite their
functionality, these essential nuclear proteins turn into
DAMPs with potent cytotoxic effects when released extra-
cellularly. Histones are released into the extracellular space
from dying or activated cells during sepsis, trauma, ARDS,
and other acute organ injuries where they act as potent pro-
inflammatory mediators.3 It has been suggested that his-
tones may be released extracellularly in a free form or as a
part of a DNA-bound nucleosome.8 The most immediate
source of extracellular histones is necrotic cell death when
intracellular content is released due to the rupture of the
plasma membrane. However, apoptotic cells, through mem-
brane blebs and nucleosomes, and neutrophils, by forming
neutrophil extracellular traps (NETs), also release his-
tones.9,10 However, potential differences in cytotoxicity of
particular histone subtypes as well as differences between
biological activities of free and nucleosome-bound histones
present in circulation remain incompletely understood. This
review will focus on the role of histones in pathogenesis of
lung disorders associated with ARDS and sepsis that are
characterized by profound endothelial dysfunction.

A number of studies have demonstrated that histones
impair endothelial function which ultimately results in the
development of ARDS and sepsis. For instance, a study by
Xu et al. showed that extracellular histones, mainly H3 and
H4 subunits, caused endothelial cell (EC) death that was pre-
vented by activated protein C (APC) through histone cleav-
age.7 Likewise, treatment with histone complex containing all
sub-types of histones directly caused cell death in cultured
epithelial and ECs that were also prevented by pre-treatment
with APC.11 Further analysis revealed that NET-induced cell
death of epithelial and ECs was due to histones present in the
NET, and co-treatment with histone-blocking antibodies or
histone-binding glycan, polysialic acid, attenuated NET-
caused cytotoxicity. These findings reflect evidence that a
feedback amplification loop of cell injury exists and results
in the compromised epithelial/endothelial vascular barrier
leading to an influx of immune cells, cytokines, and other
DAMPs into the lung that may play a crucial role in devel-
opment and increased severity of ARDS. This vicious cycle of
histones release, NET formation, and endothelial damage
was illustrated by a study where histones present in the
plasma collected from severe trauma patients increased per-
meability and cytokine production in ECs and induced NET
formation and myeloperoxidase release in neutrophils.12

A role of histones in the pathogenesis of ARDS and
sepsis has been further investigated in various animal
model studies. Histones degradation by APC reduced mor-
tality in mice caused by intravenous injection of histone
complex.7 In line with the proposed pathological role of

extracellular histones, administration of anti-H4 antibody
protected animals from hyperinflammation and sepsis
caused by lipopolysaccharide (LPS), cecal ligation and
puncture (CLP), and tumor necrosis factor-a.7

Furthermore, mice receiving intravenous boluses of histone
mix died within two hours due to lung edema and alveolar
hemorrhage.12 These findings suggested a critical role of
extracellular histones in developing vascular endothelial
dysfunction which contributed to histone-induced mortality.

Western blot analysis of bronchoalveolar lavage (BAL)
collected from mice undergoing LPS, immunoglobulin G, or
complement component 5 a (C5a)-induced lung injury
showed the presence of histones H3 and H4.13 In fact, the
release of extracellular histones into BAL was documented
in several mouse models: hydrochloric acid-induced
ARDS,14 LPS-induced sepsis, or lung injury caused by com-
plement factor C5a.13 Histone release into BAL of C5a-trea-
ted mice required the presence of activated neutrophils and
was dependent on the expression of C5a receptors, C5aR
and C5L2, by neutrophils. Other studies reported inflamma-
tion and lung dysfunction caused by direct intratracheal
injection of histone complex in rats13 and vascular barrier
disruption, infiltration of inflammatory cells into the alveolar
space, and robust release of pro-inflammatory cytokines and
chemokines in histone-injected mice.12 It was found that his-
tones bind to pulmonary and hepatic EC immediately after
administration in mice, and endothelial damage is the earliest
pathology that culminates in multiple organ failure.

Analysis of extracellular histone levels in the samples from
clinically ill patients revealed striking results. Histone H4 was
detected by western blotting in the BAL fluid (BALF) sam-
ples from mechanically-ventilated ARDS patients, but was
undetectable in BAL from healthy volunteers.13 The plasma
levels of histones in ARDS patients detected by ELISA
assays were in the range of 29–60mg/ml compared to 0.37–
1.16mg/ml range in healthy controls. Consistently, extracellu-
lar levels of histones were much higher in BALF samples
from ARDS patients (50–96mg/ml) compared to healthy con-
trols (1–3mg/ml).5 Similarly, circulating histones in patients
with trauma-associated lung injury were in the range of 10–
230mg/ml, as compared to blood collected from healthy
donors with median 2.3mg/ml plasma histone.12 Patients
with 50mg/ml or greater histone levels in sera developed
respiratory failure. These clinical findings have been recapi-
tulated in cell culture models, where a similar histone dose
(50mg/ml) caused detrimental effects on cultured EC demon-
strated by increased endothelial permeability and greater cell
death rates. Circulating histone levels also correlated with
activation of coagulation in trauma patients as evidenced
by increased expression of soluble thrombomodulin.12

Interestingly, BAL from ARDS patients induced epithelial
and EC death by upregulating the expression of inflamma-
tory cytokines that can be blocked by heparin or anti-histone
H4 antibody.5 These findings reveal a strong link between
elevated extracellular histones and ARDS severity which sup-
ports the idea of using circulating histones as a diagnostic
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biomarker. Published studies also strongly suggest that extra-
cellular histones released during a primary insult such as
infection or mechanical injury triggers endothelial damage
that remains a major factor affecting severity of ARDS and
sepsis (Fig. 1). It is also important to note that cell-damaging
effects by extracellular histones may lead to release of other
DAMPs from affected cells, as illustrated by release of high-
mobility group protein box 1 following histone administra-
tion in mice.15 Such synergistic effects of DAMPs may
ultimately lead to multiple organ failure.

Mechanisms of histone-induced pathologies

Involvement of toll-like receptors

Endothelial dysfunction and microvascular thrombosis
represent the best known pathological events in histone-in-
duced tissue injury and organ failure (Fig. 2). Until now,
most of the studies have shown that the involvement of
toll-like receptors (TLRs), especially TLR4 and TLR2, is
important in mediating toxic effects of histones.16,17 Both

TLR2 and TLR4 were activated in histone-challenged
mice and also associated with elevated plasma levels of
inflammatory cytokines.17 Interestingly, in the model of ster-
ile chemical injury caused by injection of concanavalin A in
mice, inflammation and lethality associated with elevation
of extracellular histones was dependent on TLR2/4 signal-
ing, since TLR2 or TLR4 knockout mice were resistant to
this type of injury.17 Furthermore, blocking of TLR2 and
TLR4 with respective monoclonal antibodies in platelets
attenuated thrombin generation.16 However, the role of
TLRs as a sole mechanism of histone-induced endothelial
dysfunction and ensuing lung diseases is doubtful. It is
plausible that histones, as potent DAMPs, partially act
through TLR-mediated pathways, but their cellular effects
are not entirely limited to TLRs activation, as evidenced by
failure of TLR4 and TLR2 antibodies to protect against
histone-induced endothelial damage driven by increased cal-
cium influx.12 More recent studies provide increasing evi-
dence of TLR-independent mechanisms of histone-induced
cytotoxicity, as TLR inhibitors failed to rescue histone-
induced apoptosis and autophagy in cultured EC.18

Extracellular histones induce secretion of IL-1� associated
with activation of NLR family pyrin domain containing 3
(NLRP3) inflammasome19 and EC permeability,18,20 suggest-
ing the existence of other pathways in histone-induced inflam-
mation. These findings warrant further investigation to
identify TLR-independent pathways of cellular dysfunction
caused by circulating histones.

Histone-induced coagulopathy

Extracellular histones exhibit potent procoagulant activ-
ity causing microvascular thrombosis, one of the main
clinical manifestations associated with ARDS and
sepsis. Involvement of circulating histones in activation of
coagulation is complex. Treatment with exogenous histones
stimulates the expression of tissue factor in vascular EC via
TLR4- and TLR2-dependent mechanisms.21 Administration
of histones also enhanced the production of plasma throm-
bin by impairing anti-coagulant cascades, specifically by
inhibiting thrombomodulin-dependent activation of protein
C.22 Histone H4 binding to prothrombin causes autoactiva-
tion of the latter and leads to thrombin generation.23

Furthermore, histones appear to activate platelets by con-
verting them into procoagulant phenotypes and triggering
the generation of thrombin; this process is mediated by
TLR2 and TLR4.17 Moreover, histones are shown to dir-
ectly bind to platelets, induce their aggregation, and cause
acute thrombocytopenia in mice.24,25 Histone-induced acti-
vation of platelets and generation of thrombin is mediated
by activation of extracellular signal-regulated kinase (ERK),
Akt, p38, and nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) signaling pathways.26 Heparin,
APC, albumin, and recombinant thrombomodulin exhibited
potent inhibitory effects on histone-induced coagulation and
thrombosis, suggesting their potential as prototype

Fig. 1. Mechanisms of histone release and its role in induction of ARDS.

Injurious insults such as trauma and bacterial/viral pathogens induce the

release of histones to the extracellular space as result of apoptosis,

NETosis, or necrotic cell death. Histones released into circulation con-

tribute to severity of ARDS/sepsis by various mechanisms, including direct

endothelial cell death, coagulation, thrombosis, and production of

inflammatory cytokines. Histone-blocking antibodies and other histone-

neutralizing molecules, such as APC and heparin that bind or degrade

histones, inhibit their cytotoxic effects and promote tissue recovery.

EC: endothelial cell; PMN: polymorphonuclear leukocytes; NET: neu-

trophil extracellular traps; APC: activated protein C; ARDS: acute

respiratory distress syndrome.
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therapeutics preventing histone-dependent endothelial
damage and coagulopathy in sepsis and ARDS. In support
of this notion, a recent study has suggested that serum his-
tone H3 levels and platelet counts could serve as markers of
coagulopathy in septic patients at high risk for death.27

Histone-induced endothelial injury

Increased endothelial permeability leading to an acute
inflammatory response due to accumulation of neutrophils
and development of pulmonary edema are hallmarks of
ARDS and sepsis.28 EC represent a primary target of his-
tone-induced cytotoxicity, as illustrated by a study showing
the role of histones in sepsis. Histone-induced EC death was
associated with rapid and robust increase in intracellular
Ca2þ levels.7 Later studies verified that extracellular histones
cause EC damage via their direct interaction with cell mem-
brane and membrane barrier breach causing calcium
influx.12 Exogenous histones were found to directly bind
to and activate microvascular EC and stimulate the produc-
tion of proinflammatory cytokines.12,29 Extracellular his-
tones induced autophagy and apoptosis which were
mediated by mammalian target of rapamycin-dependent sig-
naling pathway.18 As an alternative mechanism of histone-
induced endothelial damage, other studies showed that
histone H3 disrupted endothelial monolayer integrity by tar-
geting the breakdown of intercellular adherens junctions
and prompting cytoskeletal remodeling with enhanced
actin stress fibers formation.20 The authors also founded
that histone H3-induced endothelial permeability was not
associated with activation of Rho GTPase but was inhibited
by cAMP elevating agent forskolin.20

Effects of extracellular histones on other cells

Besides vascular EC, histones target other cells that directly
impact endothelial function. NETs are not only the

prominent source of circulating histones but can themselves
be stimulated by circulating histones and result in the release
of myeloperoxidases12 causing generation of reactive oxygen
species and further promoting inflammation. As result, NET
formation by histone-activated neutrophils may further
escalate epithelial and EC death.11 Other circulating cells
are also impacted by histones toxicity. For example, extra-
cellular histones have been shown to induce apoptosis in red
blood cells by excessive reactive oxygen species generation
and calcium influx.30 Morphological analysis of platelets
from trauma patients revealed their shape transformation
into procoagulant ‘‘balloons’’ phenotype with cell surface
coated by histone H4. Likewise, histone H4 treatment of
healthy platelets converted them into procoagulant form
with increased expression of histone H4 on their cell surface
and robust production of H4-containing microparticles.31 In
addition, cellular histone H1 release during brain trauma
caused neuronal cell death by inducing mitochondrial
damage and apoptosis via activation of microglia.32 The
brain–lung axis of systemic injury implies that injurious sub-
stances released during brain injury can have deleterious
effects on lung function. Studies in systemic vasculature
showed that histone H4 binds to and induces membrane
lysis of smooth muscle cells causing arterial damage and
inflammation.33 Collectively, these findings emphasize a fun-
damental role of circulating histones in propagation of cell
damage, inflammation, and barrier dysfunction in various
scenarios of organ injury.

Anti-histone therapy in ARDS

Use of antibodies against histone H4 or APC therapy
demonstrated reduction of mortality in mice challenged
with different sepsis-inducing agents.7 These results pro-
vided a strong evidence that neutralization or degradation
of histones could be a potential therapeutic approach to
treat sepsis, ARDS, and other inflammatory diseases.

Fig. 2. Mechanisms of histone-induced toxicity leading to ARDS. Histones stimulate the release of inflammatory chemokines and cytokines via

TLR-dependent pathways or by activating NLRP3 inflammasome. Additionally, histones cause endothelial barrier disruption via yet-to-be-

investigated mechanisms leading to increased vascular permeability and exacerbation of inflammatory response. Histones also increase thrombin

generation by acting through TLRs or by directly binding to prothrombin and platelets. Multiple intracellular signaling pathways involving stress-

induced kinases and other signaling kinases mediate histone-induced platelet activation and subsequent thrombin production.

ARDS: acute respiratory distress syndrome; TLR: toll-like receptor.
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A plethora of studies in the recent years have substantiated
the efficacy of anti-histone treatments in various animal
models of lung injury and sepsis. The study by Lv et al.
showed that treatment of ECs with histone H4 antibody
or heparin protects against ARDS patients BALF-induced
cell death.5 Heparin protected against histone-induced tox-
icity in vitro and in vivo by direct binding to histones, a
phenomenon completely independent off heparin anticoagu-
lant activity.34 This feature of heparin was discovered using
anti-thrombin affinity chromatography of purified unfrac-
tionated heparin. The obtained heparin fraction lacked anti-
coagulant activity, but was still able to protect against
H3-induced EC death and improve the survival of mice
with sterile inflammation caused by concanavalin A chal-
lenge and mediated by histones.34 Similarly, heparin or its
acetylated form ameliorates acid aspiration-induced lung
injury associated with increased levels of circulating histone
H4.35 Heparin increased survival of rats with multiple organ
dysfunction induced by histone H3.36 Heparin also
increased survival of mice challenged with concanavalin A,
as well as in animal models of LPS- and CLP-induced
sepsis.34 C1-esterase inhibitor (C1NH), an endogenous pro-
tein that inhibits serine proteases and targets coagulation
pathways, has been shown to bind to extracellular histones
in vivo and protect against histone-induced lung injury in
mice.37 A number of proteins and synthetic chemicals
including human C-reactive protein, thrombomodulin, albu-
min, and polysialic acid also attenuated histone tox-
icity.25,38–40 Similarly, pentraxin PTX3, a soluble pattern-
recognition molecule with immune function, protects
against histone-induced EC death during sepsis.41 The for-
mation of PTX3–NET complexes in sepsis patients and the
improved survival of PTX3 overexpressing mice from LPS-
or CLP-induced sepsis underscores the importance of this
molecule against histone-induced diseases.42–44 Recently, an
anionic phosphoglycoprotein, osteopontin, has been shown
to strongly bind to histones and attenuate their cytotox-
icity.45 Higher levels of osteopontin had been detected in
BAL from ARDS patients, likely as a self-protecting
response. Accordingly, exposure of osteopontin knockout
mice to histone or LPS led to development of more severe
lung injury.45 A clinical trial of heparin in severe sepsis
patients has demonstrated to be safe for use,46 while recom-
binant protein C was not effective in septic patients.47

Role of citrullination in histones cytotoxicity

Epigenetic post-translational modification of nuclear his-
tones is a classical mechanism of histone-mediated control
of cell genome which is out of the scope of this review.
However, extracellular histone modification and citrullina-
tion has been detected in those inducing cell death and
inflammation. Specifically, elevated levels of citrulinated his-
tones had been proposed as a biomarker for certain pathol-
ogies including sepsis and advanced cancer.48–50 Inhibition
of peptidylarginine deiminase, the enzyme responsible for

citrullination of histone, has been found to be protective
against LPS-induced lung injury in mice.51 Likewise, Cl-
amidine, a pharmacological inhibitor of peptidylarginine
deiminase, protects mice from septic shock by inhibiting
citrullination of histone H3 and NET formation.52,53 A
recent study further substantiated the role of citrullinated
histone in lung injury by demonstrating that citrullinated
histone H3 peptide is a more potent inducer of endothelial
permeability than unmodified H3 and only the former
causes NET formation.54 Monoclonal antibody against
citrullinated H3 was also effective against LPS-induced
ALI with suppression of inflammation and increased sur-
vival in mice.54 Future studies should focus on unraveling
the mechanisms of citrullination-induced enhanced toxicity
of histones and whether histone citrullination is a common
phenomenon in various pathological conditions which may
make citrullinated histones an ideal prognostic biomarker.

Summary and future perspective

Although a substantial effort has been made to understand
the precise role and mechanisms of histone-induced patho-
logical cascades leading to ARDS, the knowledge is still
limited, and further studies are required to elaborate on
many missing links. It is now widely accepted that vascular
endothelium is the primary target of histones but how these
DAMPs interact with EC and stimulate them to initiate or
propagate inflammation is not completely understood. Both
TLR-dependent and TLR-independent pathways are known
to be involved in mediating endothelial damage-derived lung
dysfunction caused by histones. However, an engagement of
other receptors has not been yet fully evaluated. Recent
findings suggest that EC death and barrier disruption are
also associated with histone-induced injury, and these pro-
cesses remain to be evaluated. As such, efficacy of apoptotic,
necrotic, necroptotic, and authophagic inhibitors in repress-
ing histone cytotoxicity remain to be investigated. Likewise,
precise mechanisms of histone-induced endothelial perme-
ability await further characterization due to complexity
and diversity of mechanisms regulating endothelial barrier
function. A recent report suggests that LPS-induced endo-
thelial barrier disruption can be attenuated by treatment
with heparin and is associated with microtubule stabiliza-
tion.55 Given the major role of microtubule cytoskeleton in
dynamic regulation of many cell functions including perme-
ability and inflammation, this mechanism warrants further
investigation. Other studies have linked altered calcium sig-
naling to histone-induced endothelial dysfunction,7,12 and a
recent study has shown that histone treatment causes vas-
cular dysfunction with the loss of endothelium-mediated
dilation of mesenteric arteries by increasing calcium signals
in ECs.56 These reports indicate the importance of under-
standing the exact role of calcium flux in histone-derived
cytotoxicity.

Another un-answered question of histone-induced tox-
icity is why various histone subunits exhibit different
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degree of harmful effects? Histones form an octamer com-
posed of two copies of each subunit: H2A, H2B, H3, and
H4. However, among these four variants, H3 and H4 sub-
units show potent cytotoxic effects in vitro, while H2A and
H2B appear to be neutral (Xu et al.7 and our unpublished
data). It is quite intriguing that only a subtle difference in
histone subunit structure, with H3/H4 being arginine-rich
and the rest being lysine-rich,57 impacts their biological
activities to such a great extent. Another interesting question
is to determine whether individual histone subunits mimic
intact octamer in their biological function and at which form
they prevail in circulation? There is a gap in our knowledge
on whether released histones may be re-internalized back to
cells. Thus, existing data indicate a stunning complexity of
cellular effects exhibited by extracellular histones, which
appear to be associated with histone protein structure, posi-
tive charge, and receptor-independent electrostatic inter-
actions with negatively charged cell surface molecules, as
well as activation of receptor-mediated signaling cascades
causing barrier dysfunction, inflammation, and other dele-
terious effects.

Detection of extracellular histones in BAL and plasma
samples from ARDS patients5,12,13 brings to light a new
opportunity for monitoring the histone levels of these
DAMPs which could be potentially employed as diagnostic
and prognostic biomarker of disease. However, to success-
fully achieve these goals, a daunting challenge lies in the
substantial improvement of the detection methods.
Conventional ELISA and Western blotting techniques to
measure histone levels in patient samples so far need to be
replaced with more sensitive and real-time monitoring
assays such as detection by probes in situ. A careful analysis
of histone subtypes also needs to be done because of the
sharp variation in their toxicity. Additionally, more
advanced detection assays/kits still need to be developed
for analysis of modified histones, since some histone modi-
fications, such as citrullination, could considerably enhance
histone toxicity54,58 and should be accounted for. As his-
tones serve as an integral part of circulating nucleosomes,
analysis of nucleosome levels and their correlation with dis-
ease severity could be another potential approach to utilize
these complexes as biomarkers.

The other major area of investigation is on elucidating
the molecular mechanisms of histone cytotoxicity. A com-
prehensive knowledge of the signaling pathways that medi-
ate histone-induced diseases will help identify novel
molecular targets that can be developed into therapeutics
against histone toxicity. Current studies are focussed on
the identification of several proteins that bind and degrade
histones. Further analysis of mechanisms of binding of his-
tones with target proteins will assist in developing optimal
candidates that are more efficient and effective in neutraliz-
ing histone toxicity in vivo. Finally, exploring the role of
extracellular histones in other lung diseases would be also
valuable in developing therapeutics against these diseases.
For instance, epigenetic regulation and histone

modifications have already been implicated in pulmonary
hypertension (PH),59 thus it would be interesting to investi-
gate if extracellular histones play any role in advanced
stages of PH. One can speculate that histone-induced
deregulation of EC-dependent pulmonary vascular tone
and augmented coagulation could directly impact the
onset and severity of PH. Furthermore, histone-induced
endothelial activation and thrombosis has been observed
in cerebral malaria and histones from malarial parasite
causes endothelial dysfunction.60,61 These findings clearly
indicate that pathological effects of extracellular histones
are not limited to ARDS and sepsis, but could potentially
be implicated in a broader range of cardiopulmonary
diseases.
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