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Abstract: Multicellular animals detect pathogens
via a set of receptors that recognize pathogenassociated molecular patterns (PAMPs). However,
pathogens are not the only causative agents of tissue and cell damage: trauma is another one. Evidence is accumulating that trauma and its associated tissue damage are recognized at the cell level
via receptor-mediated detection of intracellular
proteins released by the dead cells. The term
“alarmin” is proposed to categorize such endogenous molecules that signal tissue and cell damage.
Intriguingly, effector cells of innate and adaptive
immunity can secrete alarmins via nonclassical
pathways and often do so when they are activated
by PAMPs or other alarmins. Endogenous alarmins
and exogenous PAMPs therefore convey a similar
message and elicit similar responses; they can be
considered subgroups of a larger set, the damageassociated molecular patterns (DAMPs). J. Leukoc.
Biol. 81: 1–5; 2007.
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INTRODUCTION
Multicellular animals must distinguish whether their cells are
alive or dead and detect when microorganisms intrude, and
have evolved surveillance/defense/repair mechanisms to this
end. How these mechanisms are activated and orchestrated is
still incompletely understood, and I will argue that that these
themes define a unitary field of investigation, of both basic and
medical interest.
A complete system for the detection, containment, and repair of damage caused to cells in the organism requires warning signals, cells to respond to them via receptors and signaling
pathways, and outputs in the form of physiological responses.
Classically, a subset of this system has been recognized and
studied in a coherent form: pathogen-associated molecular
patterns (PAMPs) are a diverse set of microbial molecules
which share a number of different recognizable biochemical
features (entire molecules or, more often, part of molecules or
polymeric assemblages) that alert the organism to intruding
pathogens [1]. Such exogenous PAMPs are recognized by cells
of the innate and acquired immunity system, primarily through
toll-like receptors (TLRs), which activate several signaling
pathways, among which NF-B is the most distinctive. As a
result, some cells are activated to destroy the pathogen and/or
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pathogen-infected cells, and an immunological response is
triggered in order to produce and select specific T cell receptors and antibodies that are best suited to recognize the pathogen on a future occasion. Most of the responses triggered by
PAMPs fall into the general categories of inflammation and
immunity.
However, pathogens are not the only causative agents of
tissue and cell damage: trauma is another one. Tissues can be
ripped, squashed, or wounded by mechanical forces, like falling rocks or simply the impact of one’s own body hitting the
ground. Animals can be wounded by predators. In addition,
tissues can be damaged by excessive heat (burns), cold, chemical insults (strong acids or bases, or a number of different
cytotoxic poisons), radiation, or the withdrawal of oxygen
and/or nutrients. Finally, humans can also be damaged by
specially designed drugs, such as chemotherapeutics, that are
meant to kill their tumor cells with preference over their
healthy cells. Very likely, we would not be here to discuss
these issues if evolution had not incorporated in our genetic
program ways to deal with these damages, which are not caused
by pathogens but are nonetheless real and common enough.
Tellingly, inflammation is also activated by these types of
insults. A frequently quoted reason for the similarity of the
responses evoked by pathogens and trauma is that pathogens
can easily breach wounds, and infection often follows trauma;
thus, it is generally effective to respond to trauma as if pathogens were present. In my opinion, an additional reason is that
pathogens and trauma both cause tissue and cell damage and
thus trigger similar responses.
None of these considerations is new; however, a new awareness of the close relationship between trauma- and pathogenevoked responses emerged from the EMBO Workshop on Innate Danger Signals and HMGB1, which was held in February
2006 in Milano (Italy); many of the findings presented at the
meeting are published in this issue of the Journal of Leukocyte
Biology. At the end of the meeting, Joost Oppenheim proposed
the term “alarmin” to differentiate the endogenous molecules
that signal tissue and cell damage. Together, alarmins and
PAMPs therefore constitute the larger family of damage-associated molecular patterns, or DAMPs.
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ALARMINS
Alarmins are the equivalent of PAMPs but are endogenous
molecules. They have several characteristics: 1) they are rapidly released following nonprogrammed cell death but are not
released by apoptotic cells; 2) cells of the immune system also
can be induced to produce and release alarmins without dying,
generally by using specialized secretion systems or by the
endoplasmic reticulum (ER)-Golgi secretion pathway; and 3)
they recruit and activate receptor-expressing cells of the innate
immune system, including dendritic cells, and thus directly or
indirectly also promote adaptive immunity responses. 4) Finally, alarmins should also restore homeostasis by promoting
the reconstruction of the tissue that was destroyed either because of the direct insult or the secondary effects of inflammation. A provisional list of putative alarmins is indicated in
Table 1; some of these are discussed below.

High mobility group box 1 (HMGB1)
The molecule that fits exemplarily all of the criteria for alarmins is HMGB1.
HMGB1 is a nuclear protein that binds to nucleosomes and
promotes DNA bending [2]. It is present at variable levels in
most cells [3]. When cells die in a nonprogrammed way,
HMGB1 is released in the extracellular medium; in contrast,
apoptotic cells modify their chromatin so that HMGB1 binds
irreversibly and thus is not released [4].
Myeloid and NK cells, when activated, can secrete their
nuclear HMGB1 [5– 6; and 7, this issue], without need for
further synthesis, after direct translocation to the cytoplasm
and accumulation in secretory lysosomes. Neurons, enterocytes, smooth muscle, and endothelial cells can also secrete
HMGB1 [8 –10], using neither the ER-Golgi nor the secretory
lysosome pathways. The development of an ELISPOT assay for
HMGB1 [11, this issue] will aid in identifying HMGB1-secreting cell types and stimuli that induce HMGB1 secretion.
The dual origin of extracellular HMGB1 (passively released
by necrotic cells and actively secreted from a variety of cells in

TABLE 1.

Molecule
HMGB1
S100s
HDGF
HSPs
IL-1a
Uric acid
Cathelicidins
Defensins
EDN
Galectins
Thymosins
Nucleolin
Annexins

Passive releasea

response to inflammatory stimuli, including the detection of
PAMPs) illustrates nicely the convergence of the molecular
mechanisms that are brought into action by both infection and
trauma. A further turn to this story is that cytolytic cells
(antigen-specific CTLs or NK cells) cause the release of
HMGB1 from their target cells [12, this issue]. Also extremely
intriguing is the recent observation that, although apoptotic
cells do not release HMGB1, macrophages engulfing apoptotic
cells are induced to secrete HMGB1 [13]. Thus, while the
clearance of a few isolated apoptotic cells does not activate
inflammation, the clearance of a large number does. Clearly, it
appears that immune effector cells can use HMGB1 to mimic
trauma in a precisely choreographed way.
HMGB1 has chemotactic activity on monocytes, macrophages, neutrophils and dendritic cells [14; and 15, 16, this
issue]. Other cells respond chemotactically to HMGB1, including enterocytes, smooth muscle and endothelial cells [17–19],
and HMGB1 has proangiogenic activity [19]. Neurons respond
to HMGB1 by extending neurites, a process that also involves
cytoskeleton remodeling and has several similarities to chemotaxis [8].
HMGB1 has potent immunostimulatory actions and promotes the maturation of both myeloid and plasmacytoid dendritic cells [20 –22].
And finally, HMGB1 can recruit stem cells and promote
their proliferation [23]; injection of HMGB1 into the infarcted
area of the heart promotes tissue regeneration, and a significant
recovery of cardiac performance [24; and 25, this issue). All of
these chemotactic and mitogenic activities have been shown or
proposed to involve the receptor of advanced glycation endproducts (RAGE), which is a specific HMGB1 receptor expressed at variable level in a variety of cells [26].
An important question is whether HMGB1 can promote
directly the secretion of proinflammatory cytokines (TNF, IL1␣/␤, Il-6, IL-8) and chemokines (MIP-1␣/␤) by PBMCs, as
initially reported [27]. A direct proinflammatory activity of
HMGB1 has not been reproduced consistently (including by
my own lab), raising some concern that this might be based on

A Putative List of Alarmins

Active nonclassical
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A dot indicates that the criterion is fulfilled; absence of a dot means a lack of information. Note that only HMGB1 is known to fulfill all four criteria that I argue
can be used to define alarmins. a To score positive, the molecules must be released by necrotic cells, but retained by apoptotic cells. 1, S100B is neurotrophic
at low concentration but proapoptotic at high concentrations; 2, neurotrophic; and 3, released by neutrophils via degranulation.
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the formation of specific complexes with other molecules, for
example, single-stranded nucleic acids or LPS [28]. A paper in
this issue [29] definitively shows that highly purified recombinant HMGB1 has very weak direct proinflammatory activity;
however, it can promote inflammation indirectly, by attracting
inflammatory cells. Whether the reported interaction of
HMGB1 with TLR receptors [30] depends on its binding to
other molecules remains to be established.

S100 proteins
S100 proteins or calgranulins are a group of more than 20
related calcium-binding proteins; in particular, S100A8,
S100A9, and S100A12 are expressed by phagocytes and secreted at sites of inflammation [31, this issue]. Like some other
alarmins, they lack a leader signal and are secreted via a
nonclassical pathway. These proteins induce a specific inflammatory pattern in endothelial cells, with increased vascular
permeability and a prothrombotic effect. Moreover, S100B is
also released in the brain and has neurotrophic or proapototic
effects depending on its concentration [32, this issue].
Interestingly, S100A12 and S100B interact with RAGE (the
same receptor of HMGB1), while S100A8/9 may interact with
TLR receptors. It is not known whether these molecules could
be released by necrotic cells and retained by apoptotic cells.

extracellular functions, although the former were in this case
discovered later.

Uric acid
Shi and Rock recently indentified uric acid as a major alarmin
released by injured cells [36]. Interestingly, uric acid is soluble
inside cells but precipitates and readily forms monosodium
urate (MSU) microcrystals in its extracellular form. Uric acid
stimulates dendritic cell maturation and, when coinjected with
antigen in vivo, significantly enhances the generation of responses from CD8⫹ T cells. Eliminating uric acid in vivo
inhibits the immune response to antigens associated with transplanted syngeneic cells and the proliferation of autoreactive T
cells in a transgenic diabetes model. In contrast, uric acid
depletion does not reduce the stimulation of T cells by mature,
activated antigen-presenting cells [37].
Extracellular uric acid also has major inflammatory properties, most evident when it accumulates in tissues and causes
gout. Interestingly, MSU crystals engage the inflammasome,
resulting in the production of active IL-1␤ and IL-18. Macrophages from mice deficient in IL-1R or in various components
of the inflammasome, such as caspase-1, ASC, and NALP3, are
defective in MSU-induced cytokine secretion and have reduced inflammation [38].

Hepatoma-derived growth factor
Hepatoma-derived growth factor (HDGF), despite its name, is
a protein expressed by neurons. HDGF can be released actively by neurons via a nonclassical pathway and passively by
necrotic cells. Most interestingly, HDGF is retained by apoptotic cells. The extracellular protein has neurotrophic properties [33].

Heat shock proteins
Heat shock proteins (HSPs) are a family of proteins that play an
essential role as chaperones; they assist the correct folding or
refolding of nascent and misfolded proteins. In addition to this
intracellular role, they can be secreted actively, again via
nonclassical pathways, including exosomes, and released passively by necrotic cells [34, this issue]. Extracellular HSPs can
interact with several receptors (including TLRs), inducing the
secretion of proinflammatory cytokines. HSPs can also be
taken up by antigen-presenting cells, which allows the crosspresentation to the immune system of peptides associated with
them.

IL-1␣
IL-1␣, as its name indicates, is a classical interleukin; its
secretion requires processing of the precursor protein and
occurs via a nonclassical pathway. However, the precursor of
IL-1␣ translocates into the nucleus of macrophages upon LPS
stimulation, and activates transcription by binding to DNA as
a transcription factor [35]. Forced expression of the precursor
of IL-1␣ in cells (with concomitant blockage of surface IL-1␤
receptor (IL-1R) to screen out extracellular effects) either
induces the secretion of cytokines or sensitizes cells to respond
to subthreshold levels of inflammatory inducers for subsequent
cytokine secretion. Thus, IL-1␣ has both intracellular and

ALARMIN RECEPTORS AND SIGNAL
TRANSDUCTION PATHWAYS
As already indicated in the preceding section, some alarmins
can engage TLRs or IL-1R, which are classical receptors
leading to inflammatory and immune responses. RAGE is
another receptor that appears to play a key role in alarmin
function. RAGE is a multiligand receptor binding advanced
glycation end products (AGEs), some S100s, amyloid peptide
and HMGB1 [39]. RAGE knockout mice are viable and fertile
but display a wide range of defects. Most of these defects are
subtler than expected, leading to the suggestion that other
receptors with overlapping function might exist. Syndecan has
been identified as another HMGB1 receptor [40].
Interestingly, TLRs, IL-1R, and RAGE engagement all lead
to NF-B activation, suggesting that both receptor usage and
signaling pathways evoke similar responses when cells are
activated by PAMPs and alarmins. Moreover, PAMPs and
alarmins might synergistically reinforce each other both at the
receptor level and in the activation of transcriptional responses. An interesting example, whereby HMGB1 appears to
sensitize dentritic cells by increasing TLR4 expression, is
shown in this issue [41].
Since they have potent extracellular functions, alarmins
have to be kept in check and counteracted by inhibiting
molecules. Extracellular uric acid is eliminated by uricase.
HMGB1-caused inflammation can be dampened by soluble
RAGE and by thrombomodulin, a cell surface protein of endothelial cells that binds and activates thrombin [42]. AntiHMGB1-neutralizing antibodies are found in a fraction of
human subjects, even without overt clinical symptoms [43, this
Bianchi Alarmins: endogenous counterparts of PAMPs
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issue] and may modulate the responses to extracellular
HMGB1.

ALARMIN PATHOLOGIES
Extranuclear expression of HMGB1 has been involved in a
number of pathogenic conditions: sepsis [44], arthritis [45, 46],
atherosclerosis [10], systemic lupus erythematosus (SLE) [47],
cancer [48] and hepatitis [49, this issue]. Uric acid has been
known to be the aethiologic agent for gout since the 19th
century. S100s may be involved in arthritis [31, this issue] and
psoriasis [50]. However, although it is clear that excessive
alarmin expression might lead to acute and chronic diseases,
the molecular mechanisms underlying these effects are still
largely unexplored.

CONCLUSION
The short list of alarmins presented above is certainly both
provisional and incomplete and serves only as an introduction
to the alarmin concept and to the papers published in this issue
of JLB. Other molecules may be added to the list, including
cathelicidins, defensins and eosinophil-derived neurotoxin
(EDN) [51], galectins [52], thymosins [53], nucleolin [54], and
annexins [55; and 56, this issue]; more will emerge with time.
Eventually, the concept will have to be revised and adjusted to
the growing information. Indeed, I have previously argued that
any misplaced protein in the cell can signal damage [57], and
Polly Matzinger has proposed that any hydrophobic surface
("Hyppo", or Hydrophobic protein part) might act as a DAMP
[58].
As most concepts in biology, the alarmin category serves for
our understanding and does not correspond to a blueprint or a
plan in the construction of organisms. Biology proceeds via
evolution, and evolution is a tinkerer or bricoleur, finding new
functions for old molecules. In this, the reuse of cellular
components as signals for alerting cells to respond to damage
and danger, is a prime example.
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