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Histones are known for their ability to bind to and regulate expression of DNA. However, 
histones are also present in cytoplasm and extracellular fluids where they serve host 
defense functions and promote inflammatory responses. Histones are a major component 
of neutrophil extracellular traps that contribute to bacterial killing but also to inflammatory 
injury. Histones can act as antimicrobial peptides and directly kill bacteria, fungi, parasites 
and viruses, in vitro and in a variety of animal hosts. In addition, histones can trigger 
inflammatory responses in some cases acting through Toll-like receptors or inflammasome 
pathways. Extracellular histones mediate organ injury (lung, liver), sepsis physiology, 
thrombocytopenia and thrombin generation and some proteins can bind histones and 
reduce these potentially harmful effects.
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Histones: overview
Histones are evolutionary conserved basic proteins, present in all eukaryotic cells. As important parts 
of chromosomes, they play an essential role in organization and regulation of DNA. The positive 
charge of histones facilitates binding to the negatively charged DNA, forming the basic structural 
unit of chromatin known as the nucleosome. Each nucleosome core consists of superhelical DNA 
wound around an octamer of histones, composed of two copies of each of the core histones H2A, 
H2B, H3 and H4 [1]. The linker histone H1 binds to the complete nucleosome core particle and 
forms higher order structures [2].

Histones can be grouped into two classes: lysine-rich (H1, H2A, H2B) and arginine-rich (H3, 
H4) [3]. However, despite classification in different groups, all histones share a similar structure, com-
prised of a long central helix accompanied by a C-terminal histone fold, comprising three a-helices 
connected by loops, on each end [4].

In addition to their role in DNA condensation, histones have long been known to be important 
regulators of gene transcription  [5], through post-translational modifications, such as methylation, 
acetylation or phosphorylation, of histone N-terminal tails [6]. A recent study showed that through 
methylation, histone H3 can carry epigenetic information over multiple cell divisions in yeast [7]. 
Other novel roles for histones are emerging. The linker histone H1 has been proposed to play a role in 
regulating apoptosis induced by DNA damage [8] or T-cell cytokine deprivation [9]. After biosynthesis 
in the cytoplasm, histones are imported into the nucleus [10]. However, a significant amount of histones 
accumulates in the cytoplasm [11] and on the plasma membrane [12] where they have other functions, 
such as antimicrobial activity. The extranuclear functions of histones are summarized in Figure 1.
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Figure 1. Antimicrobial action of histones. After synthesis in the cytoplasm, histones are 
transported to the nucleus where they regulate DNA condensation and gene transcription. 
Alternatively, histones can have extranuclear functions, either in the cytoplasm (b) or in the 
extracellular space (a). Histones transported from the cytoplasm either remain membrane-bound 
(1) or are released into the extracellular space (2), where they exert broad-spectrum antimicrobial 
activity against bacteria, viruses, parasites and fungi. Within the cytoplasm, histone H1 is bound to 
lipid droplets and is released upon stimulation with endotoxin or lipotechoic acid (3). In addition, 
histone H2B functions as a sensor for viral dsDNA (4). Nuclear histones end up in neutrophil 
extracellular traps (c), where they play an important part in neutrophil extracellular trap-mediated 
bacterial killing.
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Antimicrobial activity of histones
Histones and histone-like proteins with broad-
spectrum antimicrobial activity have been found 
in many different species, including insects [13], 
chickens [14], fish [15], frogs [16] and mammals, such 
as mice  [17], cows  [18], rats  [18] and humans  [19]. 
Functioning as antimicrobial peptides, histones 
and their derivatives form an important part of 
the skin defense [16], but are also found in other 
tissues, such as the stomach [15] or intestine [20], 
reproductive tissue [21] as well as in blood [22]. In 
addition, histones are an important component 
of neutrophil extracellular traps (NETs) as dis-
cussed below. Table 1 summarizes the reports on 
antimicrobial activity of histones.

●● Direct antimicrobial effects of histones
The antimicrobial activity of histones has been 
long known, with first reports of antimicrobial 
activity of histones and histone-like proteins orig-
inating from 1942 [44]. In 1958, Hirsch showed 
the bactericidal activity of arginine-rich histones 
against both Gram-positive and Gram-negative 
bacteria [45].

Antibacterial activity
In villus epithelial cells, located in the small 
intestine, cytoplasmic H1 provides protection 
against infection by Salmonella typhimurium 
CS105, but not wild-type S. typhimurium  [20]. 
While undergoing apoptosis, detached epithelial 
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cells also release both full-length and fragmented 
H1, both of which display anti-staphylococcal 
activity similar to cellular H1, possibly providing 
extracellular protection [20]. More recently, it was 
shown that H1 bound to lipid droplets inside 
Drosophila cells is released upon cellular stimula-
tion with endotoxin or lipotechoic acid, result-
ing in killing of both intracellular Gram-positive 
and Gram-negative bacteria [13].

While Hirsch suggested that lysine-rich his-
tones did not possess antibacterial activity, many 
different observations have proven otherwise since 
his report in 1958. Histone H2A and H2B are 
present on the epithelial surface of the placenta, 
providing the placenta and the fetus protection 
against microbial infection  [46]. Both H2A and 
H2B possess the capacity to neutralize endotoxin, 
and show antimicrobial activity against Escherichia 
coli   [46]. In addition, antibacterial activity of H2A 
and H2B against both Gram-positive and Gram-
negative bacteria has been shown in chicken [14], 
trout [47] and shrimp [29].

The antibacterial activity of the arginine-rich 
histones is less well studied. While histone H3 
shows antibacterial activity against both E. coli 
and Staphylococcus aureus (although less potent 
than H2B)  [39], not much is known about 
other antimicrobial effects. Human sebocytes 
(sebum-producing epithelial cells) release H4, 
which displays bactericidal activity against S. 
aureus and Propionibacterium acnes, a Gram-
positive human skin commensal [19]. The anti-
bacterial activity of H4 is enhanced by the pres-
ence of free fatty acids present on the skin [19]. 
These findings were strengthened by the obser-
vation that calf thymus H4 kills both E. coli and 
S. aureus  [39]. By contrast, post-translationally 
modif ied H4 isolated from the skin of a 
Japanese tree frog did not show antibacterial 
activity against these bacteria [48]. In the case of 
other cationic antimicrobial peptides, very small 
differences in amino acid sequence can result 
in major differences in antimicrobial activity 
(e.g., the human neutrophil defensins differing 
by only one amino acid have major differences 
in activity vs Candida albicans)  [49]. Further 
mechanistic studies are needed to understand 
the role of specific domains or amino acids in 
antimicrobial activity of histones.

Mechanism of action in E. coli
Lysine-rich and arginine-rich histones have dif-
ferent mechanisms by which they induce bac-
terial killing. The lysine-rich histone H2B can 

penetrate the bacterial cell membrane and bind 
to bacterial DNA. In contrast, the arginine-rich 
H3 and H4 mediate their antimicrobial activity 
through destruction of the cell membrane [39]. 
The lysine-rich histone H1 also disrupts the bac-
terial membrane, as shown in salmon [23]. The 
antimicrobial activity of some histones seems 
to depend in part on cleavage by the bacterial 
protease OmpT [39]. Interestingly, in the absence 
of OmpT, H2B is no longer able to penetrate 
the bacterial cell membrane and all histones are 
found on the cell membrane. However, although 
the MIC values of all histones increase signifi-
cantly (with H2B most affected) in the absence 
of OmpT, the antibacterial activity of histones 
remains, indicating the presence of a separate 
mechanism  [39]. One hypothesis suggested by 
Tagai  et  al.  [39] to explain the antimicrobial 
action in the absence of OmpT is disruption and 
destabilization of cellular function by binding 
to endotoxin and possibly other cell membrane 
structures [39,50].

Mechanism of action in S. aureus
In contrast to E. coli, no bacterial protease of 
S. aureus is involved in the antimicrobial activ-
ity of histones [41]. H2B, H3 and H4 all remain 
on the bacterial cell membrane. Both H3 and H4 
are capable of disrupting cell membrane structure 
(resembling the activity of pore-forming AMPs). 
Histone H2B does not cause any morphologi-
cal abnormalities and binds to lipotechoic acid, 
thereby destabilizing cell integrity [41].

Modulation of antibacterial activity of 
histones by bacteria
As with most other host defense mechanisms, 
it seems that bacteria have developed methods 
to resist killing by histones. Finegoldia magna, 
a Gram-positive commensal of the skin and 
mucous membranes, is able to bind histones 
using a surface protein known as FAF. In addi-
tion, it secretes a protease, known as SufA, 
capable of degrading histones [51].

Antiviral activity
In contrast to the antibacterial activity of 
histones, the antiviral activity is not as well 
investigated. The first report originates from 
1966, when Connolly et al. reported that calf 
and fowl histones reduce infectivity of Semliki 
virus in chick embryo fibroblasts [52]. A more 
recent report from 2003 shows both the linker 
histone H1 and the core histones can inhibit 
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Table 1. Antimicrobial activity of full-length and fragmented histones.

Histone Pathogen

H1 Full-length Gram-positive bacteria L. monocytogenes, S. epidermidis, S. aureus, M. fortuitum, B. subtilis [13,17,21]

    Gram-negative bacteria E. coli, S. typhimurium [13,17,20,21,23]

    Virus Norwalk virus [24]

    Fungi C. neoformans, C. tropicalis [17,25]

    Parasites Unknown 
  Fragmented Gram-positive bacteria M. luteus, P. citreus, B. subtilis, L. ivanovii [26,27]

  Gram-negative bacteria E. coli, L. anguillarum, A. salmonicida, V. anguillarum, S. enterica [26–28]

    Virus Unknown
    Fungi Unknown
    Parasites Unknown
H2A Full-length Gram-positive bacteria B. subtilis, S. aureus, M. luteus [14,29–30]

    Gram-negative bacteria E. coli, S. flexniri [14,30]

    Virus Norwalk virus [24], Influenza virus [31]

    Fungi Unknown
    Parasites L. amazonensis L. major, L. braziliensis, L. mexicana [32,33]

  Fragmented Gram-positive bacteria B. subtilis, S. aureus, S. mutans, M. luteus, L. garvieae, L. ivanovii, S. epidermis[29,34–36]

    Gram-negative bacteria P. putida, E. coli, S. typhimurium, A. salmonicida, C. aquatilis, Y. ruckeri, E. ictaluri, V. 
anguillarum [34,35,37,38]

    Virus Unknown
    Fungi C. neoformans, S. cerevisae, C. albicans [35]

    Parasites Unknown
H2B Full-length Gram-positive bacteria B. subtilis, S. aureus, L. monocytogenes, M. fortuitum, M. luteus [14,17,21,29,30]

    Gram-negative bacteria E. coli, S. typhimurium, S. flexniri [14,17,21,30,39]

    Virus Norwalk virus [24], human papillomavirus [40], Influenza virus [31]

    Fungi C. neoformans [17]

    Parasites L. amazonensis, L. major, L. braziliensis, L. Mexicana [32,33]

H3 Full-length Gram-positive bacteria S. aureus [41]

    Gram-negative bacteria E. coli [39]

    Virus Norwalk virus [24], Influenza virus [31]

    Fungi Unknown
    Parasites Unknown
H4 Full-length Gram-positive bacteria S. aureus, P. acnes, M. luteus [19,29,41]

    Gram-negative bacteria E. coli [39]

    Virus Norwalk virus [24], Influenza virus [31]

    Fungi Unknown
    Parasites Unknown
  Fragmented Gram-positive bacteria B. subtilis and S. aureus [42]

    Gram-negative bacteria E. coli and P. aeruginosa [43]

    Virus Unknown
    Fungi Unknown
    Parasites Unknown

attachment of Norwalk virus by binding to both 
the viral particles and the cell membrane [24]. 
This interaction of histones on Norwalk virus 
seems to be specific, as infection of hepatitis E, 
poliovirus or the insect virus AcNPV were not 
inhibited. Another role for cytosolic histone 
H2B in the recognition of viral dsDNA was 
shown where H2B acts as a cytosolic sensor 
for viral dsDNA in human cells [40]. Binding 

of viral dsDNA by H2B results in activation 
of innate antiviral pathways, as well as inhibi-
tion of viral multiplication. We have recently 
found that histones are able to neutralize 
influenza A viruses with H3 and H4 having 
greater antiviral activity than H1, H2A and 
H2B  [31]. We reported on the activity of his-
tone H4 most extensively since it was the most 
potent at inhibiting viral infectivity. In our 



445

Histones in host defense, inflammation & thrombosis  Review

future science group www.futuremedicine.com

study the antiviral effect of the H4 was medi-
ated by direct interaction with the virus rather 
than the host cells. In addition, H4 did not 
cause cell injury in a wide range of concen-
trations that reduced viral infectivity. H4 was 
able to strongly aggregate viral particles and 
this was associated with reduced uptake of the 
virus by target cells. Further studies of antiviral 
mechanisms of histones are warranted.

Antiparasitic activity
Histones have also been shown to display 
antiparasitic activity. Leishmania promastig-
otes, the infectious form transmitted through 
the insect vector, are trapped in NETs, result-
ing in rapid killing [32]. Immunoneutralization 
of histones can abrogate killing of the parasites, 
supporting the antiparasitic activity of histones. 
In addition, purified H2A and H2B, but not H1, 
can kill Leishmania promastigotes [33].

Antifungal activity
Although Candida albicans can be trapped and 
killed by NETs, histones may not be involved 
in this process. Up to 200 μg/ml of H2A or 
a mixture of both core and linker histones is 
not enough to kill C. albicans  [53] while other 
Candida species, such as Candida tropicalis, 
have been shown to be susceptible to histone 
killing  [25]. In addition, histone H1 and H2B 
display fungicidal activity against Cryptococcus 
neoformans A in mice  [17]. Similar results have 
been obtained using histone extracts in dogs, 
mice and calves. In these cases lysine-rich his-
tones were more fungicidal while arginine-rich 
histones were fungistatic [54].

Cleavage products of histones
We refer readers to an excellent review of anti-
bacterial properties of naturally occurring frag-
ments of histone H1, H2A and H2B was pro-
vided by Kawasaki and Iwamuro for a detailed 
discussion of this topic  [55]. Figure 2 illustrates 
fragments of H2A that have been described. 
Fragments of H1 have been found in fish skin 
and fragments of H2A have been found promi-
nently in frog stomach and fish skin and these 
fragments in natural or synthetic form have 
strong antibacterial activity. Recent studies have 
evaluated the mechanisms of anti-bacterial activ-
ity of histone fragments. Like H2A, the H2A 
fragment buforin II found in frog stomach can 
penetrate the cell membrane, after which it is 
proposed to bind to bacterial DNA or RNA 

without causing cell lysis, resulting in rapid cel-
lular death [56]. This suggestion is supported by 
the general correlation between DNA affinity 
and antimicrobial activity of buforin II  [57]. 
Using mutational studies, the H2A fragment 
parasin (from fish skin) showed that a basic resi-
due at the N-terminal end is required for binding 
to the cell membrane, while the a-helical struc-
ture of the peptide is responsible for maintain-
ing antimicrobial activity  [58]. A slightly larger 
N-terminal cleavage product (51 aa) of histone 
H2A, known as hipposin I, was discovered in 
Atlantic halibut [34]. A recent study found that 
the N-terminal domain of hipposin is respon-
sible for bacterial membrane permeabiliza-
tion and killing, while a C-terminal fragment 
(termed HipC) can enter cells without killing 
the bacteria  [59]. Such studies raise interest in 
the potential of selective use of fragments of 
histones, or novel combinations of histone frag-
ments, for antimicrobial therapy as proposed by 
Kawasaki et al.  [55]. The mechanisms through 
which histone fragments are generated in vivo 
are unclear and this also deserves more study.

To our knowledge, no natural fragments of his-
tone H3 have been identified yet. However, H4 
fragments with antimicrobial activity have been 
isolated. Histogrannin, a slightly modified frag-
ment corresponding to the C-terminal aa86–100 
was first isolated from bovine adrenal medulla [18]. 
Unlike all other fragments, histogrannin is not 
derived from full-length H4, but is actually syn-
thesized from a separate mRNA variant known as 
H4-v.1 [42]. More recently, histogranin was shown 
to inhibit growth of Gram-positive and Gram-
negative bacteria by inhibiting the activity of 
ATP-dependent DNA gyrase, strongly resembling 
the activity of quinolone antibiotics [43].

Histones & neutrophil extracellular trap
Using phagocytosis, neutrophils take up patho-
gens, which are rapidly killed after fusing of the 
phagosome with cytoplasmic granules contain-
ing a variety of antimicrobial components [60]. 
Beside their phagocytic function, neutrophils 
can also induce extracellular killing of micro-
organisms using NETs  [30]. The formation of 
NETs is generally a cell-destructive process, in 
which nuclear material disassembles and intra-
cellular organelle membranes are disintegrated. 
The rupture of the plasma membrane results 
in the release of a mixture of DNA and several 
granular and cytoplasmic proteins (such as mye-
loperoxidase and elastase), which is then used 
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Figure 2. Cleavage products of histone H2A. Cleavage products of histone H2A have been found 
in a number of species. In Parasilus asotus, an N-terminal 19aa fragment known as Parasin I is cleaved 
from full-length H2A by cathepsin D upon epidermal injury. Buforin I has been identified as a 
39aa cleavage product and can be isolated from the stomach of Bufo bufo gargarizans. A smaller, 
21aa peptide can be derived from Buforin I. A larger N-terminal fragment, hipposin I, was found in 
Hippoglossus hippoglossus L.
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to trap and kill a broad variety of pathogens. 
Since NETs and histones in NETs can mediate 
injurious effects as well (see below), it is felt that 
a balance is needed between host defense benefits 
and inflammatory injury caused by NETs [61].

●● Composition of NETs
All core histones are found in NETs and 70% of 
NET-associated proteins comprise histones [62]. 
Some studies report the presence of H1 in 
NETs [30], while other studies indicate that H1 
is degraded during NET formation [63]. In line 
with these findings, the presence of all core his-
tones, but not linker histones, was demonstrated 
using immunofluorescence [62]. In unstimulated 
neutrophils, all core histones are present in equal 
amounts. However, in NETs, H3 and H4 are 
found in lower concentrations than H2A and 
H2B  [62]. Antibodies against H2A and H2B 
prevent NET-mediated bacterial killing, indi-
cating the importance of histones  [30]. The 
linker histone H1 has also recently been found 
in NETs where it can form an epitope for auto-
antibody formation [64]. Of note, a recent study 
reached somewhat different conclusions through 
showing that DNA itself plays a key role in the 
antibacterial activity of NETs through calcium 
chelation [65].

Histones in NETs are generally citrullinated 
by the enzyme peptidylarginine deiminase 4 
(PAD4). PAD4 appears to be essential for chro-
matin decondensation and NET formation in 
most situations [66,67]. Of note, in one study cit-
rullination of histones reduced their antibacterial 
activity [67]. There is also evidence that elastase 
and neutrophil oxidant production are needed 
for NET formation. Mice lacking PAD4 cannot 
form NETs and had worse outcome in a model 
of necrotizing fasciitis infection [67]. In contrast, 
these mice had similar response to sepsis induced 
by cecal ligation and puncture and were partially 
protected from endotoxin-induced shock [68]. An 
interesting recent report raised some question 
about the importance of NETs in human defense 
against infection [69,70]. Sorensen et al. described 
a patient with Papillon–Lefevre syndrome result-
ing from lack of neutrophil serine proteases. The 
patient presented with severe periodontal disease 
but otherwise did not have pronounced history of 
recurrent infections. Neutrophils in the patient 
lacked elastase and could not produce NETs, 
but were able to kill bacteria normally in vitro. 
These results suggest that NETs (and by exten-
sion NET-associated histones) do not play a major 
role in defense against bacteria in humans. This 
conflict may be in part resolved by recent findings 
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Figure 3. Mechanisms of histone-induced cellular damage. When released from cells, histones 
can damage host cells and modulate inflammatory responses. Histones can bind to platelets 
(1), which results in calcium influx, platelet activation and aggregation. In addition, histones 
induce coagulation and the generation of thrombin. Histone-mediated injury can be reduced by 
administration of heparin and thrombomodulin, as well as CRP, which binds directly to histones. 
Direct cellular toxic effects can be observed in endothelial cells (2). Histones bind to the endothelial 
cell membrane, resulting in cell permeabilization, calcium influx and cell death. This can be inhibited 
by CRP. In addition, histones can activate phagocytic cells (3–5). PBMCs can be triggered to secrete 
IL-6 (3). When neutrophils are stimulated with histones, neutrophils release ROS as part of the 
neutrophil respiratory burst response (4a). Moreover, histones trigger NET formation in neutrophils 
(4b). Last, histones mediate activation of NRLP3 inflammasomes in Kupffer cells (5), which results 
in sterile liver injury. This inflammasome activation is thought to be activated through binding of 
histones to TLR9. In addition, histones can also activate TLR2 and TLR4. 
ROS: Reactive oxygen species.
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that NETs can be formed by more than one pro-
cess [71–74]. The ‘classic’ mechanism of NET for-
mation involves death of the neutrophil (recently 
termed ‘suicidal NETosis’). However, another 
mechanism was recently described called ‘vital 
NETosis’ in which the cells survive and continue 
to carry out other typical neutrophil functions. 
The triggers and in vivo importance of the ‘vital 
NETosis’ are less well understood. The role of 
histones in ‘vital NETosis’ also need to be clari-
fied. It should also be noted that NETs contain 

both nuclear and mitochondrial DNA and the 
relative contribution of each to their functional 
activities is not clear [75]. Clearly there is much yet 
to be learned about the host defense or injurious 
effects (see below) of NETs.

The role of NETs in viral infection is receiving 
increasing attention [76]. Influenza viruses induce 
NET formation in vivo and in vitro  [77,78]. The 
role of NETs in host defense against influenza 
virus is open to question since PAD4-/- mice clear 
the virus as well as wild-type mice, although the 
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PAD4-/- mice had less weight loss in this set-
ting  [79]. NETs and histones deposited in the 
liver vasculature have been found to contribute to 
clearance of intravenous pox viruses [80]. There is 
some evidence that virus-induced NET formation 
is mediated by distinct mechanisms from NETs 
formed in response to bacteria or classic neutro-
phil stimuli like phorbol ester [76,77]. As in the case 
of NET production during bacterial infection, 
there is evidence of NETs both in viral clearance 
and virus-related tissue injury. Furthermore, the 
specific role of histones within NETs in their anti-
viral or pro-inflammatory effects has not been 
dissected out as yet.

Histones as inducers of inflammation 
& thrombosis
As with many mediators of innate immunity, 
histones also have been shown to trigger inflam-
matory responses and even host cell injury under 
certain circumstances. For a summary, see Figure 3. 
As noted, histones are major components of neu-
trophil NETs. NETs are found to contribute to 
adverse inflammatory responses in auto-immune 
diseases such as systemic lupus erythemato-
sus  [81–83] or respiratory impairment in cystic 
fibrosis  [61,84,85] or chronic obstructive pulmo-
nary disease  [86]. Some studies have histones of 
50 μg/ml or more have been found to induce death 
of endothelial and lung epithelial cells [87]. In this 
study, NETs were also shown to have this effect 
and histones were found to be the major com-
ponent of NETs responsible for cell death. Free 
histones in blood have been implicated as major 
mediators of sepsis physiology  [88]. Extracellular 
histones can also induce thrombin generation and 
promote thrombosis [89–91]. In addition, histones 
can induce thrombocytopenia [92]. Extracellular 
histones have also been found to mediate liver 
injury [93,94]. Lung injury occurring during major 
trauma, after transfusions or after C5a generation, 
has also found to be mediated by histones [22,95–

97]. In the case of transfusion-related acute lung 
injury, platelet activation resulted in NET forma-
tion in blood and lungs and anti-histone antibody 
or DNase were protective  [97]. As noted above, 
PAD4 gene-deleted mice which cannot citrulli-
nate histones or form NETs were protected from 
LPS-induced sepsis physiology [68].

●● Mechanisms of injury caused by histones
Direct toxic effects on cells
Histones bind to endothelial cells and cause 
cell permeabilization leading to calcium influx 

and cell death at concentrations in the range 
of 50 μg/ml  [22,95,96]. Levels of free histones 
in this range or higher were found in serum 
of patients with severe trauma, pancreatitis or 
sepsis [95]. In these cases it is unclear if the his-
tones originated in NETs or just from death of 
other cells. H4 has been demonstrated in bron-
choalveolar lavage fluid as well in patients with 
acute lung injury due to bacterial pneumonia 
or sepsis  [96], and in this case neutrophils 
appear to be the major source. As noted his-
tones have been implicated as a major mediator 
of epithelial and endothelial cell death induced 
by NETs [84,87].

Direct activation of phagocytic cells by 
histones
Histones have been shown to directly stimulate 
production of IL-6 by peripheral blood mono-
nuclear cells and to trigger NET formation by 
neutrophils  [22]. We have recently found that 
histones H3 and H4 are strong, direct stimula-
tors of neutrophil respiratory burst responses 
[Hoeksema  et  al., Unpublished Data]. Sterile liver 
injury has been shown to be mediated by 
the activation of NLRP3 inflammasomes in 
Kupffer cells by extracellular histones  [93]. In 
this case binding of histones to TLR9 was 
implicated as the cause of inflammasome acti-
vation. In another study of fatal liver injury 
in mice, activation of TLR2 and TLR4 by 
histones was found to be critical [94].

Platelet activation & thrombin generation by 
histones
As noted above, histones can bind to platelets, 
cause platelet calcium influx, activation and 
aggregation and also can induce thrombin gen-
eration and trigger coagulation  [88–90]. These 
events have been directly linked to lung injury 
after trauma or transfusions [22,97–99]. PAD4 and 
neutrophils have been shown to be critical for 
deep-vein thrombosis in mice [100].

●● Mechanisms through which histone-
induced coagulation & inflammation are (or 
can be) modulated
A variety of endogenous or pharmacological 
mediators have been shown to protect against 
injury caused by histones. Inhibiting injury 
induced by histones also involve blocking 
of platelet activation, including depletion of 
platelets or administration of thrombomodu-
lin, aspirin or antibodies to glycoprotein IIb/
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IIIa [92,97,99]. Heparin has been shown to pre-
vent binding of histones to platelets and pro-
tect against thrombocytopenia, tissue injury 
and death caused by histone infusion  [92]. 
Activated protein C cleaves histones and has 
been shown to be protective in models of sep-
sis and after severe trauma  [88,101]. Of inter-
est, histones present in NETs were shown to 
be protected against degradation by activated 
protein C [87].

Another mechanism of protection against 
histone-induced injury relates to proteins that 
directly bind to histones and inhibit their abil-
ity to bind to, activate or injure cells. Several 
studies have shown that anti-histone antibod-
ies can be protective in mouse models of sep-
sis or injury  [22,97,101]. CRP is an acute phase 
reactant that is elevated in infection and injury 
and contributes to innate defense in various 
ways. Recently, it was shown that CRP binds 
directly to histones and that it is present in 
complexes with histones in serum of patients 
with severe trauma  [95]. Serum from trauma 
patients containing high levels of histones 
causes injury to endothelial cells and this 
effect is attenuated when high levels of CRP 
are also present. Histones that have bound to 
CRP cause less platelet aggregation and less 
thrombocytopenia and thrombin generation 
in mice. This effect also results in less lung 
injury and improved survival. Hence, CRP 
appears to be an endogenous modulator of the 
damaging effects of histones. The interalpha 
inhibitor protein in plasma and its associated 
glycosaminoglycans was also recently shown to 
bind to free histones and protect against injuri-
ous effects of histones in vitro and in vivo [102]. 
We have recently found that the host defense 
lectin, surfactant protein D, also binds to his-
tones and reduces their ability to trigger neu-
trophil respiratory burst responses [Hoeksema et 

al. Unpublished Data].
Finally, since histones originate in NETs in 

various inflammatory states, and histones can in 
turn trigger neutrophil activation, depletion of 
neutrophils has been shown to be protective in 
some studies as noted above  [96]. This is obvi-
ously not a practical solution in clinical situa-
tions; however, methods to inhibit neutrophil 
activation or oxidant release could be tested for 
their ability to reduce histone release. In addi-
tion, inhibition of neutrophil elastase or PAD4 
enzyme activity are other means to reduce NET 
formation.

●● Can histone-induced inflammation be 
protective?
Most studies thus far have focused on adverse 
effects of histone-induced inflammation. It is 
less clear if extracellular histones are a pro-
tective part of the innate immune response 
through immune-modulatory effects. Various 
cationic antimicrobial peptides contribute to 
innate defense not only through their direct 
antimicrobial effects but also through their 
ability to up or downregulate phagocyte acti-
vation  [103,104] or modulate activation of lym-
phocytes or dendritic cells  [105,106]. Activation 
of platelet aggregation and coagulation by 
histones could be protective against infec-
tion or sterile wounds. Similarly, activation of 
immune cells in a controlled manner by his-
tones could contribute to host defense as well. 
Unfortunately there are currently little data to 
support or refute this hypothesis.

Conclusion
Histones are highly conserved among differ-
ent species and they appear to represent a very 
ancient and ubiquitous element of the innate 
immune system in the living world. There is 
now extensive evidence of in vitro antibacterial 
activity and emerging evidence of antiviral, anti-
fungal and antiparasitic activity for core histones 
and the mechanisms of action are beginning to 
be defined. Overall, extracellular histones exert 
their antimicrobial effects in a manner similar to 
other cationic antimicrobial peptides. One of the 
clearest in vivo contexts in which histones exert 
antimicrobial effects in vivo is as part of NETs. 
However, cytoplasmic or extracellular histones 
are present in a variety of contexts [55], such as 
lipid droplets  [13], the skin  [19,35] and the pla-
centa [46], where they contribute to host defense.

Like many other innate defense media-
tors [107], histones have key functions unrelated 
to host defense. As examples, pulmonary sur-
factant protein D has roles in surfactant lipid 
homeostasis and some antimicrobial peptides 
(e.g., LL-37) have roles in wound healing and 
epithelial barrier function [108,109]. Also, as with 
other innate defense mediators, there is evidence 
that extracellular histones can contribute to cell 
injury, harmful inflammation and activation of 
thrombosis.

Future perspective
It is clear that a great deal more needs to be 
learned about the role of histones in host 
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defense and inflammation. A key question for 
future studies is the mechanism of release of 
extracellular histones. The sources and regula-
tion of extracellular histones other than those 
derived from NETs or cell necrosis are rela-
tively unknown. Much of the current litera-
ture on histones derive from in vitro studies or 
studies of species other than humans. In addi-
tion, histones can be released in free form or 
complexed with DNA (with associated changes 
in structure), and can be post-translationally 
modified in various ways. These features have 
not been evaluated extensively in reports of 
anti-microbial activity of histones. It is hoped 
that future studies will focus on human mod-
els, specific mechanisms of bacterial or viral 
killing, specif ic receptors for histones on 
immune cells and mechanisms of clearing of 
histones. The roles of NETs in bacterial and 

viral infection, and of histones in NETs, need 
to be clarified. Important clinical outcomes 
that could result from these studies include 
adaptation of histones or active antimicrobial 
subdomains of histones [55] for therapeutic pur-
poses and means to inhibit histone (or NET) 
release or abet clearance of histones to reduce 
inflammatory injury.
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