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The Translocation of Nuclear Molecules
During Inflammation and Cell Death

David S. Pisetsky

Abstract

Significance: Inflammation is a complex biological process that represents the body’s response to infection and/or
injury. Endogenous molecules that induce inflammation are called death- or damage-associated molecular patterns
(DAMPs). Among cellular constituents with DAMP activity, nuclear molecules can stimulate pattern recognition
receptors, including toll-like receptors (TLRs). Current research is elucidating the translocation of nuclear molecules
during cell death and identifying novel anti-inflammatory approaches to block their DAMP activity. Recent Ad-
vances: High mobility group box protein 1 (HMGB1), a non-histone nuclear protein, can translocate from cells
during immune cell activation and cell death. Depending on redox state, HMGB1 can interact with TLR4 although
it can bind to molecules such as cytokines to trigger other receptors. DNA and histones, which are bound together
in the nucleus, also have important immunological activity. For DNA, DAMP activity may vary depending upon
the binding to molecules that affect cell entry and intracellular location. The role of nuclear molecules in disease has
been established in animal models using antibodies as inhibitors. Critical Issues: Key issues about the DAMP
activity of nuclear molecules relate to (i) the impact on function of biochemical modifications such as redox state
and post-translational modification, and (ii) the composition and properties of complexes that nuclear molecules
may form with other blood components to affect immunological activity. Future Directions: With the recognition of
the immunological activity of the products of dead cells, future studies will define the diversity and properties of
nuclear molecules in the extracellular space and develop strategies to block their activity during inflammation.
Antioxid. Redox Signal. 20, 1117–1125.

Introduction

Inflammation is a complex biological process that repre-
sents the body’s response to immunological danger whe-

ther arising from infection or injury. This process can occur
locally or systemically and result from exogenous or endog-
enous events that ultimately can culminate in cell death. As
shown in in vitro and in vivo experiments, inflammation in-
volves diverse mechanisms to eradicate the proximate threat,
restore homeostasis, and promote tissue repair. Repair is
frequently compromised, however, with organ dysfunction
from scarring and fibrosis, the consequence of a process oth-
erwise successful in eradicating infection or curtailing tissue
destruction from trauma.

In a multitude of diseases throughout medicine, improve-
ment in clinical outcomes depends on better understanding of
the mechanisms of inflammation and the development of new

strategies to modulate this process. While initial studies on
inflammation focused on exogenous triggers, recent research
has demonstrated that endogenous molecules produced by
damaged or dying cells themselves are important mediators.
Importantly, as these studies show, endogenous molecules
can translocate from the inside to the outside of cells where
they can drive the inflammation. This review will provide a
perspective on a group of endogenous mediators of inflam-
mation that emanate from the cell nucleus and have dual
function depending on their location.

The Immune Response to Infection

As a group, exogenous molecules that trigger inflammation
have been termed pathogen-associated molecular patterns
(PAMPs). Despite the use of pathogen in the name, these
molecules occur generally on bacterial, viral, and fungal
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organisms and not just pathogenic species. PAMPs differ in
chemical structure although, as foreign patterns, they are
structurally distinct from endogenous molecules. PAMPs
stimulate receptors called pattern recognition receptors
(PRRs) of which the toll-like receptors (TLRs) have the most
prominent role (13, 31). TLRs can occur in the immune cells on
the cell membrane or internal sites such as the endosomes. The
cellular location of any TLR likely reflects a balance of two
factors: the place where binding to a PAMP occurs and the
chance for inadvertent triggering by an endogenous molecule
mimicking a PAMP in its receptor binding (5, 6).

Whereas most TLRs, including TLR4, the prototype TLR
and the receptor for lipopolysaccharide (LPS), occur on the
membrane, TLRs recognizing nucleic acids occupy sites in the
endosome; in this locale, TLR3 recognizes double-stranded
RNA; TLR7, single-stranded RNA; and TLR9, double-
stranded DNA. While this location could suggest that these
TLRs respond to intracellular infection, an intracellular loca-
tion may also minimize exposure to extracellular nucleic acids
acting as ligands (5, 6). The interaction of a PAMP with its PRR
leads to rapid stimulation of cells such as macrophages,
dendritic cells, and B cells and induction of pro-inflammatory
molecules such as interleukin (IL)-b, tumor necrosis factor
(TNF)-a, and interferon (IFN)-c.

The Immune Response to Cell Damage and Death

While inflammation occurs abundantly during infection,
nevertheless, this process can occur in a host of settings that
are otherwise sterile. These settings include physical and
chemical injury (e.g., burns or drug toxicity) as well as auto-
inflammatory diseases (e.g., gout, familial Mediterranean fe-
ver). In many instances, the intensity of sterile inflammation
rivals that of infection, suggesting the existence of molecules
as potent as PAMPs in their immune activity. Furthermore,
once inflammation from infection starts, subsequent events in
pathogenesis may reflect other processes (e.g., ischemia, cir-
culatory collapse) that are in essence sterile (11, 18, 35).

Endogenous molecules that mediate inflammation are of
two kinds. Cytokines are specific products of immune cells
that act at low concentrations and trigger specific receptors.
The other endogenous mediators of inflammation are cellular
molecules that can be released from essentially any cell dur-
ing cell injury or death. These molecules act at higher con-
centrations and may involve receptors of other specificities.
Endogenous molecules that can trigger inflammation go by a
variety of different names, including danger molecules, alar-
mins, or death- or damage-associated molecular patterns
(DAMPs). The term DAMP is particularly popular because of
the parallelism with PAMP (9, 43, 48).

While DAMPs are ordinary host components present ubiq-
uitously, they can, nevertheless, acquire immune activity. This
activity results from a change in concentration, location, con-
formation, or biochemical properties and results from various
mechanisms. These mechanisms include translocation from the
inside to the outside of the cell; cleavage, post-translational
modification; redox reactions; or reassembly into a complex
with new partners. DAMPs encompass both small (e.g., uric
acid and ATP) and large molecules (e.g., DNA). The properties
of a series of nuclear DAMPs will next be considered,
emphasizing that their immune activity, in addition to their
capacity for translocation, may result inherent tendency to

associate with other molecules and form both intra- and
extracellular complexes (43).

High Mobility Group Box Protein 1

High mobility group box protein 1 (HMGB1) is a non-
nuclear histone that consists of a 215 amino acid protein that
is comprised of two DNA-binding domains called the A box
and B box as well as mobile C terminal tailed (3, 17). This
protein was originally characterized as an architectural ele-
ment that regulates chromatin structure and transcription.
HMGB1 has preference for unusual DNA structures such as
bends, suggesting that it acts to alter the conformation of
DNA to facilitate other interactions (56). While HMB1 is a
nuclear component, it also exists in the cytoplasm of nucleated
cells and occurs prominently in platelets where it was origi-
nally identified as amphoterin (45).

As shown in seminal experiments by Wang et al., HMGB1
has as a dual function and, once outside the cell, can exert
powerful immune activity such as cytokine stimulation and
serve as the prototype alarmin (60). This translocation can be
induced by LPS and, indeed, HMGB1 serves an important
mediator of the late effects of LPS. Following immune cell
stimulation, HMGB1 can transit from the nucleus, through the
cytoplasm and into vesicles for release by a non-classical
secretory mechanism.

HMGB1 translocation occurs in macrophages and dendritic
cells among other cell types and involves post-translational
modification, including acetylation, which alters the intra-
cellular location of HMGB1 (10, 24, 65). Levels of HMGB1 rise
in settings such as septic shock in both humans and animal
models, with agents that bind to HMGB1 or inhibit its action
(i.e., anti-HMGB1 antibodies, A box constructs) attenuating
disease manifestations in experimental models. The delayed
expression of HMGB1 compared to cytokines provides an
extended time frame for therapeutic intervention (3, 17).

In addition to immune activation, HMGB1 can translocate
during cell death, with original studies suggesting an im-
portant difference between apoptotic and necrotic cell death
in this process (47, 49). While cell death is varied and com-
plicated, it can be simplified for experimental models into
apoptosis and necrosis. Apoptosis is a form of programmed
cell death mediated by enzymes that modify and rearrange
cell contents to promote safe removal by phagocytosis and to
reduce the chance of inflammation by release of internal
constituents. Apoptosis is considered to be immunologically
neutral or immunosuppressive. In contrast, necrosis, a sud-
den and explosive form of cell death induced by physical or
chemical trauma, is considered to be pro-inflammatory be-
cause of the robust release of intracellular contents (i.e., dan-
ger molecules).

As shown in in vitro cell systems, the translocation of
HMGB1 can vary depending on the mechanism of cell death.
With necrosis of cells induced by treatments like freeze-thaw,
HMGB1 rapidly exits cell (47, 49). This translocation occurs
readily since HMGB1 is not tightly bound to chromatin and
therefore can diffuse away from the nucleus once perme-
ability barriers break down. In contrast, these studies indi-
cated that HMGB1 remains intracellular during apoptosis,
reflecting post-translational modifications of HMGB1 (or a
chromatin structure with which it interacts) that increases
nuclear retention. These findings have suggested that the
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location of HMGB1 can determine the immune activity of a
dead and dying cell, with the ‘‘in-out’’ distinction acting as an
‘‘on-off’’ switch.

While this model has been very appealing, subsequent
studies have indicated the need for modification. Thus, as
shown in in vitro systems with cell lines, HMGB1 can trans-
locate to the extracellular space during apoptosis as well as
necrosis (7). In these experiments, the expression of HMGB1
in the medium increased with the extent of cell death, with
significant levels present during a stage termed late apoptosis
or secondary necrosis; at this point in time, permeability
barriers of the cell have been breached (Fig. 1). These findings
are notable since prior increases in HMGB1 interaction with
chromatin would have been expected to retain HMGB1 in an
inter-nuclear location even during late apoptosis or secondary
necrosis. These findings could suggest that events in late ap-
optosis can modify the chromatin binding of HMGB1 to allow
its dissociation and diffusion away from the nucleus.

Studies on HMGB1 release during necrosis in vitro also
have indicated nuances that could affect the ‘‘in-out, on-off’’
model. These studies compared the extracellular release of
HMGB1 from Jurkat cells subjected to various treatments
commonly used to induce experimental necrosis: freeze-thaw,
heat, ethanol, and hydrogen peroxide (8). Assessing the
presence of extracellular HMGB1 by western blotting, these
studies showed major differences in the kinetics of HMGB1
release from necrotic cells and its extent depending on in-
ducing treatment. Whereas freeze–thaw caused a rapid and
abundant release of HMGB1, levels were much less and
slower to accumulate with heat and hydrogen peroxide.
Furthermore, levels of HMGB1 did not appear to rise signif-
icantly with necrosis by ethanol (Fig. 2). Together with results
on the behavior of HMGB1 during apoptosis, these results
suggest that translocation of HMGB1 may be variable and
that the immune activity of dead or dying cells may not
simply depend on the location of HMGB1.

Further complicating the story of HMGB1’s role as an en-
dogenous mediator of inflammation have been observations
on its intrinsic immune activity. While initial studies sug-
gested that HMGB1 could act to stimulate inflammation,
subsequent experiments using more highly purified material
showed meager activity (2, 46, 66). These observations were
confusing and required extensive biochemical investigation to
explain this discrepancy. Ultimately, an explanation for the
varying activity of HMGB1 was found. Thus, subsequent
studies demonstrated that the redox state of HMGB1 is a
strong determinant of its immune activity, with the use of
reducing agents during isolation and purification affecting
HMGB1’s activity because of effects on key cytsteine residues.
Thus, active HMGB1 requires a C106 thiol and a C23-C45
disulfide. The status of the sulfydryl groups may also explain
the differences between the immune activity of HMGB1
during apoptosis and necrosis, with HMGB1 from apoptosis
undergoing oxidation by reactive oxygen species (ROS) (33,
59, 63, 64). Table 1 summarizes mechanisms of HMGB1
translocation, while Figure 3 illustrates the differences in
HMGB1 structure during apoptosis and necrosis.

With recognition of the importance of redox status, subse-
quent studies demonstrated that HMGB1 can directly interact
with TLR4, in a process dependent on the state of the key
sulfydryl groups. While HMGB1 can stimulate responses via
TLR4, other studies have demonstrated HMGB1 activation via

TLR2 and RAGE (3, 17, 63). It is not yet known whether redox
status as well as other post-translational modifications can
affect the interaction of the HMGB1 with these other recep-
tors. Since multiple forms of HMGB1 may exist depending on
post-translational modification and redox status, a wide array
of immunostimulatory interactions are possible. Whether any
of the modified forms of HMGB1 are inhibitory is not known
although worth exploring.

While HMGB1 can act alone, it can also act in concert with
other molecules, including other DAMPs, PAMPs, as well as

FIG. 1. High mobility group box protein 1 (HMGB1)
translocation during cell death. As illustrated in the figure,
HMGB1 can leave dead and dying cells during both apo-
ptosis and necrosis. During necrosis, HMGB1 exits cells by a
passive process once permeability barriers of the nuclear and
cytoplasmic membranes break down. Depending on the in-
duction of necrosis, HMGB1 translocation can be very rapid.
In contrast, during apoptosis, HMGB1 translocation is more
gradual and occurs primarily during a stage of cell death that
has been called late apoptosis or secondary necrosis; during
early apoptosis, HMGB1 can show increased interaction with
chromatin causing cellular retention during this phase. In
addition to kinetics, HMGB1 translocation during apoptosis
and necrosis differs in the redox state of the molecule.
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cytokines, triggering the receptors of the partner molecule (20,
21, 51). Thus, HMGB1 can partner with DNA, LPS, and IL-1
b- and IFN-c among other molecules to create novel structures
that can drive innate immunity. The capacity for intermolec-
ular interaction likely reflects the structure of HMGB1 and its
content of amino acid sequences, which facilitate binding to
structures (protein or nucleic acid) that differ in charge or
conformation. This capacity may follow directly from the in-
tranuclear role of HMGB1 whose interactions with chromatin
and DNA are varied. Thus, it is possible that HMGB1 may
frequently (or always) act in concert with another molecule to
induce inflammation. This mechanism is especially difficult to
assess in the whole animal since, in experiments in which
HMGB1 is administered to promote or accelerate disease,
HMGB1 may bind to another molecule present (e.g., a cyto-
kine) in the blood. As such, a complex rather than isolated
HMGB1 may be the relevant immunostimulatory moiety (43).
Table 2 lists immune properties of HMGB1.

DNA and Histones

Two other classes of nuclear molecules can serve as en-
dogenous mediators of inflammation following translocation.
Thus, both DNA and histones can display immunological
activity that may contribute to the pathogenesis of immune-
mediated disease. Considering the activity of these molecules
separately, however, may be misleading since, in mammalian
cells, DNA and histones are intimately and tightly associated
in the form of the nucleosome. In the nucleosome, a length of
DNA of approximately 147 nucleotides is wrapped around a
core octamer comprised of two molecules each of H2A, H2B,
H3, and H4. A stretch of linker DNA spans the distance be-

tween nucleosomes. Like HMGB1, H1 is not strongly adherent
to chromatin although it can interact with this material (34, 58).

As shown with immunochemical assays of nucleosomes,
DNA, or histones, levels of these molecules are elevated in the
blood in many conditions associated with cell death such as
sepsis, autoimmunity, and malignancy (19, 36, 41, 44, 50).
Furthermore, levels of these molecules are elevated in animal
models of sepsis or liver cell injury, whether apoptosis in-
duced by treatment with anti-Fas or necrosis induced by
treatment with carbon tetrachloride or acetaminophen (55).
The measurement of other markers such as caspase 3, how-
ever, can help identify the form of death since caspase acti-
vation is a feature of apoptosis but not necrosis. Like DNA,
levels of lactate dehydrogenase (LDH), a commonly used
marker of cell death, are increased irrespective of the mech-
anism of hepatic injury although, interestingly, with apopto-
sis, the release of LDH into the blood differs from that of DNA
or caspase 3, which are similar (Fig. 4). Together, these find-
ings suggest that, in in vivo settings, nuclear molecule release
from apoptotic and necrotic cells occurs similarly and that
both forms of cell death are associated with abundant trans-
location of nuclear as well as cytoplasmic contents into the
blood.

The similarity in release of DNA into blood following cell
death is also evident in experiments in which cells induced to
undergo apoptosis or necrosis in vitro were administered to
normal mice (25). In this system, DNA appeared in the blood
within about 5–6 h, with similar kinetics irrespective of whe-
ther the administered cells were necrotic or apoptotic. As
subsequent studies showed, the expression of DNA in the
blood is not the simple consequence of a burden of dead and
dying cells but rather requires the presence of macrophages
and can be modulated by corticosteroids (25, 27). In vitro
studies support the role of macrophages in modulating the
release of nucleosomal molecules from dead and dying cells
(12). In this regard, the release of DNA and histones from cells
may differ from that of HMGB1 and occur only with dead and
dying cells. While treatment of animals with a TLR agonist-
like LPS can lead to the presence of extracellular DNA and
nucleosomes in the blood, this stimulation can also produce
apoptosis, which is the more likely source of translocated
nuclear molecules (26).

Because of the role of DNA as a target antigen in systemic
lupus erythematosus, the immune properties of mammalian

FIG. 2. The kinetics of HMGB1 release by necrotic cells. In these experiments, Jurkat T cells were cultured in serum-free
medium and induced to undergo necrosis by the following treatments: freeze–thaw, heat, hydrogen peroxide (H2O2),
ethanol, or no treatment (controls). After treatment, cells were incubated at 37�C for the times indicated. Culture media were
concentrated and then examined by western blotting using a mouse monoclonal anti-HMGB1 antibody followed by a
horseradish peroxidase-conjugated goat anti-mouse reagent and detection by enhanced chemiluminescence. Controls for
HMGB1 detection (100, 50, and 25 ng of recombinant hHMGB1-histidine tagged protein) were also analyzed. Figure is a
digital image of a representative blot. As these data indicate, the release of HMGB1 differs significantly depending on the
treatment to cause necrosis. Reproduced with permission from Beyer et al. (8).

Table 1. Extracellular Translocation of HMGB1

Induction during activation by TLRs, cytokines,
and nitric oxide

Secretion by activated cells following post-translational
modification

Passive release during primary and secondary necrosis
Attachment to other nuclear molecules depending

on mechanism of cell release
Redox changes depending on mechanism of cell release

TLR, toll-like receptor; HMGB1, high mobility group box protein 1.
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DNA have been extensively explored in vivo and in vitro (4).
These studies, which were conducted over several decades,
showed that mammalian DNA alone lacks significant im-
mune activity and may have even inhibitory activity. This
situation contrasts sharply with that of bacterial DNA, which
is a potent immune activator, triggering responses via TLR9.
As now well recognized, mammalian DNA and bacterial
DNA differ in structure, with bacterial DNA containing un-
methylated CpG motifs. As such, bacterial DNA presents a
structural pattern called the CpG motif, which allows bacterial
DNA to act as PAMP by triggering TLR9; other DNA se-
quences and structures, including backbone modifications,
may also influence immunostimulatory activity. Mitochondrial
DNA, which is structurally related to bacterial DNA, may ac-
tivity similarly, serving as both a PAMP and a DAMP (65).

While mammalian DNA alone is unable to induce re-
sponses in vitro when cultured with cells by itself, it can,
nevertheless, induce responses when introduced into cells by
agents alter entry into cells and intracellular location. These
agents include anti-DNA antibodies; transfection agents such
as lipofectin; and proteins as such as LL37 and HMGB1 (14,
28, 37, 38, 54, 57). As a group, these agents alter the pattern of
DNA uptake into cells and therefore the access to internal
nucleic acid sensors such as DAI (32, 52, 53). Figure 5 illus-
trates this mechanism and how protein binding can promote
an outside to inside translocation and access to receptors that
can be either cytoplasmic or endosomal. In a sense, mam-
malian nuclear DNA is an incomplete DAMP although it can
acquire activity by its interaction with another molecule to

facilitate and channel cellular uptake. Importantly, in some of
these combinations (e.g., antibody and DNA), neither partner
alone has activity, with complexation essential for generating
a pro-inflammatory structure.

The role of DNA in immune responses in vivo in settings of
cell injury is further established by the effects of agents such
as TLR9 inhibitors and DNA binding polymers (23, 39).
Furthermore, effects of TLR9 knockouts on experimental
models support the role of DNA in pathogenesis although
these experiments do not allow interpretation of whether
DNA acts alone or as part of a complex. Table 3 summarizes
immune properties of DNA.

In contrast to studies with DNA, studies indicate that his-
tones have immune activity that may not require intentional
addition of another molecule to form an immunoactive

FIG. 3. The relationship of HMGB1 structure to immune
activity. The figure indicates the different forms of HMGB1
based on the redox status of sulfhydryl groups at positions
23, 45, and 106. Depending on the formation of a disulfide
bond between residues 23 and 45 and a sulfhydryl at posi-
tion 106, HMGB1 can induce cytokine production. Either an
all-thiol structure or terminal oxidation of these residues
prevents activity. Reproduced with permission in a modified
form from Venereau et al. (59).

FIG. 4. The expression of extracellular DNA during ap-
optosis induced by anti-Fas. In this experiment, normal
BALB/c mice were treated with various doses of a mono-
clonal anti-Fas antibody (1, 3 or 5 lgs per animal as indicated
in the box in panel A). At various times afterward, blood was
obtained for analysis of DNA (by PicoGreen) or lactate de-
hydrogenase (LDH) and caspase 3 by enzymatic assays. (A)
Shows values for DNA; (B) for LDH, and (C) for caspase. As
these data indicate, DNA, along with LDH, appears in the
blood within hours of treatment, with elevated levels of
caspase 3 indicative of apoptosis. Reproduced with permis-
sion from Tran et al. (55).

Table 2. Role of HMGB1 in Inflammation and Repair

Induce cytokine production
Enhance chemotaxis
Upregulate adhesion molecule expression
Induce dendritic cell maturation and migration
Promote angiogenesis
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complex (1, 22, 61, 62). In animal models, histones can con-
tribute to conditions such as liver and kidney injury as well as
sepsis. Since DNA may be present in these settings to form
complexes, nevertheless, in several experimental models,
histones alone and outside the confine of a nucleosome have
activity, whereas DNA does not. Interestingly, antibodies to
histones can block disease progression in animal models such

as sepsis. These findings suggest that, like HMGB1, histones
can be a target of immunotherapy. This type of experiment
has not been performed with anti-DNA antibodies, making
it unclear whether DNA and histone components of nu-
cleosomes differ in their potential utility as targets of bio-
logical therapy. In these models, TLR2, TLR4, and TLR9 all
play a role as in the situation with HMGB1. This pattern of
receptor utilization could reflect either a promiscuous in-
teraction of histones with TLRs or the role of any attached
molecules (e.g., DNA or HMGB1).

An important issue that emerges from these studies con-
cerns the physical–chemical form of nuclear molecules in the
blood and the extent to which they exist as biochemically
distinct species or complexes. Few studies have explored the
state of circulating nuclear molecules although their close re-
lationship is likely for the following reasons: (i) DNA, histones,
and HMGB1 are all present in chromatin and have strong
interactions; (ii) in human diseases, levels of DNA, histones,
nucleosomes, and HMGB1 are elevated in the same

FIG. 5. The role of proteins in the stimulation of immune
cell activation by extracellular DNA. This figure illustrates
the role of proteins in the formation of complexes that can
promote translocation of DNA from the outside to the inside
of immune cells. Once inside an immune cell (e.g., macro-
phage, plasmacytoid dendritic cell), DNA can stimulate en-
dosomal DNA sensors such as toll-like receptor 9 (TLR9) or
cytoplasmic non-TLR DNA sensors such as DAI. In this il-
lustration, DNA encounters TLR9 inside the endosome in a
process that can be inhibited by anti-malarial agents. Among
cytokines induced, type 1 interferon is an important product
of plasmacytoid dendritic cells.

Table 3. Determinants of DNA’s Immune Activity

Sequence
Base methylation
Backbone structure
Binding of proteins
Uptake into cells
Access to TLR and non-TLR nucleic acid sensors

FIG. 6. The generation of extracellular complexes with
immune activity. As illustrated in this figure, following re-
lease of nuclear molecules during cell death, extracellular
complexes with immunologically active components can form.
These complexes can involve nuclear molecules in concert with
each of other as well as with cytokines and pathogen-associ-
ated molecular patterns. The existence of multi-component
complexes as shown in the circle is hypothetical but consistent
with current data. Reproduced with permission from Pisetsky
(43). To see this illustration in color, the reader is referred to the
web version of this article at www.liebertpub.com/ars
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conditions; (iii) in in vitro and in vivo disease models, levels of
DNA, histones, nucleosomes, and HMGB1 also show similar
elevations and kinetics of expression; (iv) the immune activity
of DNA and HMGB1 are enhanced by the formation of com-
plexes; (v) antibodies to histones and HMGB1 are effective
immunomodulators in animal models of immune-mediated
disease involving cell death; and (vi) animals models involv-
ing cell death can be attenuated by either TLR9 blockers or the
presence of a TLR9 knockout. The latter finding is notable in
view of data that DNA alone lacks immunological activity.

Perspective on the Role of Nuclear Molecules
in Inflammation

Together, these considerations suggest that further eluci-
dation of the role of nuclear molecules in inflammation would
be enhanced by further biochemistry to determine their
presence as free versus complexed molecules. Since the im-
mune activity of nuclear molecules may be mutable, deter-
mining the partners should provide a better perspective of the
ultimate biological activity. These partners could be other
DAMPs, PAMPs, or serum proteins, including cytokines, each
of which could influence the activity of the molecule, alone or
in complexes (Fig. 6). In this regard, in experiments involving
the administration of a nuclear molecule (e.g., HMGB1, his-
tones) to enhance disease, the possible formation of a complex
with another molecule should be considered, especially nu-
clear molecules that circulate in the blood as components of
the blood nucleome; in this context, the nucleome represents
the ensemble of nuclear molecules, both protein and nucleic
acid, that are present in the blood. Given the avidity of these
interactions and the concentrations of the reactants, complex
formation is not unlikely (40, 42).

Another area of investigation concerns the mechanism for
nuclear molecule release during different forms of cell death.
While the division of cell death into apoptosis and necrosis is a
convenient starting point, it is an oversimplification. Cell
death, as it occurs in vivo, is far from simple and depends on
the metabolic state of the cells, ambient conditions such as
hypoxia and acidosis, and the poise of the immune system.
The classification of death as apoptosis, necrosis, pyroptosis,
and NETosis among others highlights the diversity of death
forms that can be described on the basis of in vitro studies (15,
16, 30). In the most simplified form, apoptosis is programmed
cell death; necrosis, accidental cell death; pyroptosis, pro-
inflammatory programmed cell death; and NETosis, neutro-
phil cell death with extrusion of extracellular DNA or NETs.

Finding and categorizing the counterparts of these death
forms in vivo represents a great challenge, with the visuali-
zation of apoptosis, for example, very uncommon in patho-
logical specimens. While difficultly in visualizing apoptotic
cells in the tissue may reflect their transient presence because
of rapid clearance, another explanation is that apoptosis as
defined in vitro does not occur to any great extent in vivo. The
ambient conditions may push a cell doomed to die from ap-
optosis into necrosis, for example. Certainly, during infection,
pyroptosis may be a prominent death since it leads to in-
flammation; the study of nuclear molecule release during this
form is just beginning.

Finally, studies on the expression of danger molecules
have used terms such as cell injury, cell stress, or cell
damage as if these were discrete states of the cell that are

different from cell death. While an injured, stressed, or
damaged cell can retreat from the brink of death and re-
cover, precise morphological or biochemical definitions of
these cell states are often lacking. It is unknown whether
there are systems in which cells are poised sufficiently be-
tween a vulnerable state (e.g., stress) and death in a way that
can be studied experimentally. In this regard, intense
stimulation by TLR ligands can drive cells to apoptosis and
other forms of death, blurring distinction as well as between
activation and death (29).

Conclusions

As these considerations indicate, nuclear molecules may
serve as important mediators of inflammation in settings of
immunological danger resulting from infection, cell injury,
and death as well as their intersection. Future studies will
illuminate further the role of these molecules in various dis-
eases as well as the dynamic cell processes that determine
their location and structure. Importantly, these studies should
determine whether nuclear molecules can be targets of novel
biological therapy to improve the course of a wide range of
immune-mediated diseases that affect patients throughout
the spectrum of medicine.
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