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HMGB1, an alarmin promoting HIV dissemination and
latency in dendritic cells

M-L Gougeon*,1, M-T Melki1 and H Saı̈di1

Dendritic cells (DCs) initiate immune responses by transporting antigens and migrating to lymphoid tissues to initiate T-cell
responses. DCs are located in the mucosal surfaces that are involved in human immunodeficiency virus (HIV) transmission and
they are probably among the earliest targets of HIV-1 infection. DCs have an important role in viral transmission and
dissemination, and HIV-1 has evolved different strategies to evade DC antiviral activity. High mobility group box 1 (HMGB1) is a
DNA-binding nuclear protein that can act as an alarmin, a danger signal to alert the innate immune system for the initiation of
host defense. It is the prototypic damage-associated molecular pattern molecule, and it can be secreted by innate cells, including
DCs and natural killer (NK) cells. The fate of DCs is dependent on a cognate interaction with NK cells, which involves HMGB1
expressed at NK–DC synapse. HMGB1 is essential for DC maturation, migration to lymphoid tissues and functional type-1
polarization of naı̈ve T cells. This review highlights the latest advances in our understanding of the impact of HIV on the
interactions between HMGB1 and DCs, focusing on the mechanisms of HMGB1-dependent viral dissemination and persistence in
DCs, and discussing the consequences on antiviral innate immunity, immune activation and HIV pathogenesis.
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Facts

� High mobility group box 1 (HMGB1) is a nuclear DNA-
binding protein actively released by innate immune cells in
response to exogenous pathogen-derived molecules,
acting as a danger signal and triggering inflammation.

� HMGB1 is a proinflammatory cytokine that is essential for
maturation of dendritic cells (DCs), their migration to
lymphoid tissues and Th1 polarization of naı̈ve T cells.

� HMGB1 signals by binding to Toll-like receptor 4 (TLR4) to
activate MyD88-dependent nuclear translocation of NF-kB,
which upregulates the expression and release of cytokines
and other inflammatory mediators.

� HMGB1 is expressed at the synapse between NK cells and
DCs, it is pivotal during NK–DC cross talk, promoting DC
maturation and protecting them from lysis.

� HMGB1 triggers human immunodeficiency virus (HIV)
replication in latently infected primary myeloid cells.

Open Questions

� What are the molecular mechanisms involved in vivo in the
disruption of NK cell–DC cross talk during chronic HIV-1
infection, and what are the consequences on both NK cell

killing activity and DC-dependent promotion of adaptive
immune responses?

� Does HMGB1 has a role in the trans-infection of

T lymphocytes with HIV-1 through the exosome-dissemi-

nation pathway?
� Given that HMGB1 can combine with LPS to trigger

TLRs, and TLR-mediated immune activation results

in the production of proinflammatory cytokines, to what

extent does HMGB1 contribute to generalized immune

activation and disease progression in HIV-1-infected

individuals?
� What is the contribution of HMGB1 to HIV dissemination

and the establishment of HIV reservoirs in DCs?
� Would the specific targeting of c-FLIP or c-IAPs in DCs

contribute to the depletion of HIV-1 reservoirs?
� Given the expression of HMGB1 and its receptor RAGE

in active neurological diseases, including multiple sclerosis

and Alzheimer’s disease, does it has a role in

HIV-associated neurological disorder?

High-mobility group box 1 protein (HMGB1) (also known as
amphoterin or HMG1) was originally defined as a non-histone
nucleosomal protein that is important for the regulation of
transcription. It is a 215 amino-acid protein, encoded on
chromosome 13q12, which is highly conserved between
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species (99% species homology between rodents and
humans). HMGB1 contains two internal repeats of positively
charged domains, the A- and B-Box, in the N terminus, and a
negatively chargedCOOH terminus (Figure 1). The two boxes
bind to the minor groove of chromatin, thus modifying DNA
architecture.1 This facilitates the binding of regulatory protein
complexes to DNA such as V(D)J recombinases2 and
p53–p73 transcriptional complexes.3–5 In its resting state,
the acidic tail of HMGB1 interacts with specific residues in the
A-Box and B-Box, forming an extended and flexible segment,
shielding them from other interactions that might occur before
HMGB1 binds DNA.6 HMGB1 likely has a role in DNA repair
and replication. HMGB1 overexpression, which is observed in
many tumors, accelerates cell cycle progression, and recent
data suggest that endogenous HMGB1 is a critical
pro-autophagic protein that enhances cell survival7 and
that HMGB1-induced autophagy promotes chemotherapy
resistance in leukemia cells.8

The discovery by Kevin J Tracey et al. (1999) in a mouse
model of endotoxaemia that lipopolysaccharide (LPS)-
activated macrophages release HMGB1, but later than
secretion of the pro-inflammatory cytokines TNF-a and
interleukin 1 (IL-1), and that protection against endotoxin
lethality could be obtained by administration of anti-HMGB1
antibodies9 has revealed that HMGB1 is a proinflammatory
mediator able to alert the immune system to tissue damage
and to trigger an immediate response. The term ‘alarmin’ has
been proposed to differentiate the endogenousmolecules that
are very rapidly released or produced in response to microbial
infection or tissue injury, and act as potent effectors of innate
defense.10 Alarmins have antimicrobial, enzymatic or chro-
matin-binding activities and they share common features,
including their rapid passive release from necrotic cells or
secretion from cells of the innate immune system (macro-
phages, natural killer (NK) cells) in response to infection, they
bind to TLRs and receptors of antigen-presenting cells such
as DCs, thus promoting adaptive immunity, and they are
involved in the reconstruction of tissues destroyed secondary
to inflammation.11 Based on these criteria, a list of putative

alarmins has been proposed, including the defensins,
eosinophil-derived neurotoxin, thymosins, annexins, HSPs,
or IL-1a.12 HMGB1 remarkably fulfills these criteria and it is
probably the best-characterized alarmin. The crucial role of
HMGB1 not only in response to infection, injury and
inflammation, but also its pathological effects in many
diseases have recently challenged important questions
regarding its biological activities and pathological effects.
Recent studies have established the involvement of

HMGB1 in not only acute and chronic inflammatory condi-
tions, including sepsis,13 rheumatic diseases,14 or SLE,15 but
also viral infectious diseases, such as that induced by SARS,
hepatitis viruses, influenza viruses16 or HIV.17 It is currently
unclear whether HMGB1-mediated inflammatory response
contributes to the pathogenesis of various viral diseases, but it
has been suggested to be involved in SARS-associated
injurious pulmonary inflammatory response, persistent liver
injury in hepatitis patients, or pathogenesis of West Nile
encephalitis.18 Regarding HIV infection, elevated plasma
levels of HMGB1 were detected during progressive HIV-1
infection, positively associated with viral replication.17 In vitro,
HMGB1 may trigger or inhibit HIV-1 replication, depending on
the target cell and the microenvironment.19,20 Recent studies
analyzed the impact of HMGB1 on the fate of HIV-1-infected
DCs, and the data suggested not only a possible contribution
of this protein to the functional impairment of DCs but also to
HIV dissemination and persistence.21,22 This review will
discuss the mechanisms whereby HMGB1 contributes to
innate immunity by regulating maturation and functions of
DCs but also how it may contribute to viral latency and HIV
disease pathogenesis.

HMGB1, a DAMP that Likes DCs

HMGB1, a sentinel for nucleic-acid-mediated response
in DCs. During microbial infection, the activation of innate
immune responses by DNA and RNA is essential to
protective immune responses and is mediated by the
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Figure 1 Structure of the HMGB1 protein. (a) HMGB1 is a 25-kDa conserved chromosomal protein of 215 amino acids. It is organized in three domains made up by two
positively charged homologous DNA-binding structures (A and B box), and a negatively charged acidic tail composed of 30 glutamic and aspartic acids, exclusively. There are
two positively charged nuclear-localization signals, including amino-acid sequence segments 28–44 for NLS1 and 179–185 for NLS2. Amino-acids 50–183 segment in the
C-terminus of HMGB1 is responsible for RAGE binding. The extracellular cytokine activity resides within the B box, and it can be antagonized by truncated A box domain. The
cysteine in position 106 in the B box is indispensable for HMGB1 to activate cytokine release, as shown by selective mutation. The C-terminal acidic tail is required for
transcription stimulatory function of HMGB1. (b) The primary HMGB1 sequence is 98.5% identical in all mammals. Comparison of human HMGB1 to the murine counterpart
shows two differences in the acidic tail and one amino-acid change in the B box, whereas bovine HMGB1 shows only one amino-acid change in the acidic tail, and canine
HMGB1 shows 100% homology with human HMGB1 (adapted from Murua Escobar et al.96)
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transmembrane TLRs and cytosolic receptors.23 TLRs
belong to a family of pattern recognition receptors (PRRs)
that have essential roles in innate immunity. They are a class
of single-membrane-spanning receptors that have the ability
to recognize structurally conserved molecules from bacteria.
Engagement of TLRs activates the immune response.
HMGB proteins bind to all immunogenic nucleic acids and
have recently been identified to serve as universal sentinels
for nucleic-acid-mediated innate immune responses.24

Activation of macrophages or DCs with microbial cytosine-
phosphate-guanosine (CpG)-DNA, resulting in secretion of
proinflammatory cytokines, involves TLR9 initially localized in
the endoplasmic reticulum (ER). The mechanism of TLR
activation by CpG-DNA was recently discovered and HMGB1
was found to have a crucial role. HMGB1 binds to CpG-DNA
and receptor for advanced glycated endproducts (RAGE),
the first identified receptor for HMGB1, and this DNA–protein
complex preassociates with TLR9 in the ER–Golgi
intermediate compartment, thus accelerating the delivery of
microbial DNA to TLR9 and leading to the recruitment of the
TLR adaptor molecule MyD88.25 Thus, HMGB1 and RAGE
are pivotal for TLR9-dependent induction of genes encoding
type I interferon after stimulation of DCs with DNA-containing
complexes. Ablation or depletion of HMGB1 impairs
redistribution of TLR9 to early endosomes in response to
CpG-oligodeoxynucleotides (ODN), leading to a decreased
response to CpG-ODN, but which could be complemented by
extracellular HMGB1.25 In addition, HMGB1 was found to be
a key factor in immune complex-triggered activation of
autoreactive B cells and the induction of type I interferon by
plasmacytoid DCs, thus possibly contributing to SLE.25

HMGB1, a cytokine that initiates host defense. HMGB1 is
a nuclear protein and, to function as a cytokine, it must be
released in the extracellular milieu. This occurs either via
passive release from necrotic cells,26,27 or by active
secretion by cells of the innate immune system. Wang
et al.9 first reported that HMGB1 was liberated from
macrophages stimulated with LPS, and that HMGB1 had
an important role in experimental sepsis. HMGB1 secretion
from LPS-primed macrophages was shown to require the
inflammasome components apoptotic speck protein
containing a caspase recruitment domain (ASC), caspase 1
and NALP3.28 Monocytes, macrophages and immature DCs
(mDCs) secrete HMGB1 in response to LPS, TNF-a, or IL-1b
stimulation.29 IFN-g can induce HMGB1 release from
macrophages that, at least in part, requires induction and
signaling through TNF-a.30 Secretion of a nuclear protein
requires a tightly controlled relocation program. Several
forms of post-translational modifications, such as acetylation,
phosphorylation and oxidation result in the accumulation of
HMGB1 in the cytosol.31–34 Upon activation with LPS,
monocytes and macrophages acetylate HMGB1
extensively, allowing its relocalization from the nucleus to
the cytosol, and further concentration into secretory
lysosomes.35 Thus, because it does not contain a leader
sequence, HMGB1 is secreted via a non-classical vesicle-
mediated secretory pathway.
A second pathway of HMGB1 nuclear/cytoplasmic shuttling

has been reported involving phosphorylation,33 mediated by

protein kinase C.36 In neutrophils, HMGB1 is post-transla-
tionally methylated, which alters its conformation and weak-
ens its DNA-binding activity, causing its cytoplasmic
localization.34 Recently, HMGB1 has been shown to undergo
oxidation that may have the potential to modulate various
aspects of its function, including subcellular localization,
interaction with DNA, cytokine activity and proinflammatory
activity.37 Indeed, induction of immunological tolerance by
apoptotic cells was shown to require caspase-dependent
ROS production by mitochondria, which oxidized the danger
signal HMGB1, and thereby neutralized its damage-asso-
ciated molecular pattern molecule (DAMP) function, including
the ability to activate DCs.38 From the reverse perspective, in
necrotic cells that do not generate ROS and provide fully
active HMGB1, treatment with H2O2 inactivates the DAMP
function of the protein. Thus, DAMP is released and can work,
but briefly and in a short range, until it gets oxidized. This
restricts its activity temporally and spatially, preventing a
prolonged stimulation of its targets and thereby limiting
inflammation.39

HMGB1 is essential for DC maturation, migration and
Th1 polarization. Inflammatory signals activate antigen-
presenting DCs, which undergo a differentiation process
referred to as maturation and migrate to secondary lymphoid
organs. HMGB1 has a crucial role in this process, acting as a
chemoattractant for immature DCs (iDCs) that involves
RAGE, and further inducing DC maturation, as shown by
the upregulation of the surface markers CD80, CD83, CD86
and human leukocyte antigen (HLA)-A, B, C, and DC
production of cytokines, including IL-6, CXCL8, IL-12p70
and TNF-a.11,40 The mobilization of DCs from peripheral
tissues is critical for the establishment of T-cell-dependent
immune responses or tolerance, because the physical
interaction of DCs with naive T cells takes place in the
T-cell areas of lymph nodes. Importantly, in vivo homing of
DCs to draining lymph nodes depends on RAGE,41 a finding
consistent with the in vitro upregulation of the CCR7 and
CXCR4 receptors upon autocrine secretion of HMGB1 by
mature myeloid DCs.40 Thus, the autocrine/paracrine release
of HMGB1 and the integrity of HMGB1/RAGE pathway are
required for the migratory function of HMGB1. Moreover,
HMGB1 secreted by DCs is required for clonal expansion,
survival and functional Th1 polarization of naı̈ve T cells,
which occurs through the secretion of proinflammatory
cytokines, including IL-12, IL-18 and IFN-g42,43,21 In the
presence of inhibitors of HMGB1 or of RAGE, DC activated
with pathogen-associated molecular patterns (PAMPs) fail to
mature43 (Figure 2).
The inflammatory properties of HMGB1 depend on the

ability to complex with soluble moieties, including nucleic
acids, microbial products (LPS), cytokines (IL-1b) and
chemokines. Campana et al.44 reported that HMGB1
secretion is required for CXCL12 (SDF-1)-dependent migra-
tion of DCs. In addition, HMGB1 protects the conformation of
CXCL12 in a reducing environment, a state existing in the
draining lymph node. However, only a partial inhibition of DC
migration was observed in the presence of a CXCL12 inhibitor
or HMGB1 A box, suggesting that multiple receptors are
responsible for mediating the DC response to the HMGB1/
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CXCL12 complex. An interesting study performed in CD24-
deficient mice revealed how the host distinguishes between
danger versus pathogen PAMPs.45 The proinflammatory
activity of HMGB1 is regulated by CD24, which associates
with HMGB1, thus inhibiting NF-kappa B activation occurring
through CD24 association with Siglec-10. Thus, this CD24-
Siglec-10 pathway protects the host against a lethal response
to pathological cell death, but it would allow an appropriate
response to invading pathogens.45

Viral Piracy: HIV Targets DCs for Viral Transmission and
Persistence

DCs, pivotal to adaptive immunity, are early targets of
HIV. All lentiviruses can infect macrophage lineage cells in
which they generate a persistent infection. HIV-1 has
developed a broader tropism leading to preferential
infection of CD4þ T cells, which are progressively
destroyed both as a direct viral cytopathic effect and a
bystander induction of apoptosis in uninfected cells.46

Studies in animal models have revealed that critical events
to establishing systemic infection take place very quickly at
the mucosal portal of entry. Following mucosal exposure to
high doses of simian immunodeficiency virus (SIV), the virus
can cross the mucosal barrier and it establishes within 3–4 h
a small founder population of productively infected cells.47,48

Infection then expands locally before virus detection in the

draining lymph node, and systemically throughout the
secondary lymphoid organs.49 In vivo, resting CD4 T cells
are the initially infected cells in lymphoid tissues.48 However,
the first cells to be infected at the mucosa are the
intraepithelial DCs, as shown in vivo in the genital tract of
rhesus macaques 1h after intravaginal inoculation of SIV,
and infected DCs reach the draining lymph nodes 18–24 h
after SIV exposure, much earlier than CD4þ T cells.50

As sentinels, DCs are crucial for the generation of antiviral
immunity. They are the most potent antigen-presenting cell in
the immune system owing to their superior capacity for
acquiring and processing antigens for presentation to T cells
and their potential to express high levels of the co-stimulatory
molecules that drive T-cell activation and polarization.51 Thus,
they effectively link the innate recognition of viruses to the
generation of the appropriate type of adaptive immune
response. DCs are a heterogeneous family, including
langherans cells in the epidermis, interstitial DCs found in all
peripheral tissues, myeloid DCs and plasmacytoid DCs found
in the blood. Their heterogeneity resides at several levels,
including anatomical location, phenotype and function.52 DCs
express a large repertoire of PRRs and, in response to signals
from these receptors, they are activated and migrate to the
T-cell area of regional lymph nodes where mDCs present
virus-derived epitopes to CD4þ or CD8þ T cells.53

DCs have a prominent role in promoting viral
dissemination. Viruses, including HIV, have evolved
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Figure 2 HMGB1-mediated cross talk between DCs and NK cells is pivotal to DC maturation and further induction of adaptive immunity. The disruption of an epithelial
barrier allows invasion of microbial pathogens, which elicit an innate response at the site of infection (1). Neutrophils and macrophages infiltrate the site of tissue infection and
release alarmins, including HMGB1 (2). HMGB1 recruits iDCs, resulting in an increase in local mobilization of iDCs (3). Functional DC maturation requires a cross talk with NK
cells, which involves HMGB1 expressed at NK–DC synapse (4). Immature to mDC conversion allows DCs to migrate to secondary lymphoid organs (5) and contributes to the
enhanced uptake, processing and presentation of microbial antigens to naı̈ve T cells, thus polarizing a Th1 response (6). This T-cell response involves IL-12 and IL-18
released by mDCs. Cognate interaction between NK cells and DCs may also lead to the selective killing of DCs that are not appropriate for antigen presentation to T cells (7).
This editing process, which involves TRAIL, allows NK cells to control the quality of DCs, thus regulating adaptive immunity
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different strategies to evade DC antiviral activity and to
propagate and persist in DCs. HIV-1 replication in DCs is
usually weakly productive, and the frequency of HIV-1-
infected DCs in vivo is much lower than that of HIV-1-infected
CD4þ T cells.54 However, DCs do not need to be
productively infected to transmit the virus to CD4 T cells
and to spread it in an infectious form. Analysis of conjugates
between DCs and T cells revealed the recruitment of HIV and
its receptors CD4, CCR5 and CXCR4 to DC–T cell junction,
thus facilitating transmission of HIV during the formation of
an infectious synapse in the absence of antigen-specific
signaling.55 This process, known as ‘trans-infection’, takes
place when part of the virus evades classical degradation
pathways, being maintained in endosomal acidic
compartments, thus retaining viral infectivity for long
periods and promoting efficient HIV transfer to CD4
T cells.56,57 Trans-infection ability may be restricted to
mDCs that display a greater ability to capture incoming
virions, retain them in an infectious form in large vesicles
within the cells, and transmit them to target CD4þ T cells,58,59

thus augmenting viral dissemination in the lymphoid tissues
and significantly contributing to HIV disease progression.
Therefore, the viral dissemination that mDCs potentially
mediates in vivo is powerful, as viral transmission through
trans-infection does not rely on antigen presentation, many
CD4þ T cells being exposed to mDCs-exposing virus.
Recently, it has been suggested that HIV can exploit a pre-

existing exosome trans-dissemination pathway intrinsic to
mDCs, thus allowing trans-infection of CD4þ T cells.60,61

Exosomes are membrane vesicles of 30–100 nm in diameter
and of endocytic origin, which are produced and secreted
in vitro by living cells of diverse origin. They are involved in the
stimulation of a specific immune response and they can
transfer antigens from infected, tumoral, or antigen-present-
ing cells to mDCs, increasing the number of DCs bearing a
particular antigen, thus amplifying the initiation of primary
adaptive immune response.62 Exosomes from DCs loaded
with tumor-derived epitopes on MHC-I molecules are able to
stimulate in vivo cytotoxic T lymphocyte-mediated anti-tumor
responses,63 and to indirectly activate in vivo naı̈ve CD4þ

T cells through the exchange of functional peptide–MHC
complexes between DCs through a trans-dissemination
mechanism.64 A recent study has shown that upon matura-
tion, DCs are able to capture large amounts of HIV, HIV-gag-
VLP, or exosomes, resulting in localization within a CD81þ

compartment, and efficient transmission of captured particles
to target T cells in an envelope glycoprotein-independent
manner.65 This ‘Trojan exosome pathway’60 used by mDCs
that allows HIV tomove between cells in the absence of fusion
events could have a prominent role in promoting viral
dissemination.

HMGB1 is Pivotal During NK–DC Cross talk for DC
Maturation and Th1 Polarization

DC-dependent activation of NK cells. NK cells are
involved in early viral control and by interacting with DCs
they have a crucial role of producing pro-inflammatory
cytokines and lysing infected cells. In addition, they can

interact with T cells and DCs to shape the magnitude and
quality of adaptive immune responses.66–68 Following tissue
invasion by pathogens and subsequent initiation of
inflammatory responses, NK cells migrate to lymphoid
tissues in response to the chemokines IL-8 and fractalkine
(CX3CL1). In a mouse model, Lucas et al.69 showed that,
in vivo, naive NK cells do not acquire effector function unless
a priming step has occurred by contact with DCs in draining
lymph nodes. The requirements for NK priming was
independent of IL-12 and it included secretion of IFN-a by
TLRþ cells, which induced upregulation of IL-15Ra and IL-15
expression by DCs, and trans-presentation of IL-15 by DCs
to NK cells in the lymph node. NK cells are not fully activated
during priming by DCs, as they do not spontaneously
produce IFN-g or mediate cytotoxicity. Full activation of NK
cells requires an additional contact with mDCs. This results in
mutual activation of previously primed NK cells and DC,70

and in the release of IFN-g by NK cells, thus contributing to
antigen-driven T-cell activation.71 Blocking of IL-12 abolishes
DC-induced IFN-g secretion by NK cells, whereas
membrane-bound IL-15 on DCs is essential for NK cell
proliferation and survival72 (Figure 2).

NK-dependent maturation of DCs. NK/DC cross talk has
an important role in the process of DC maturation. NK cells
are involved in the positive selection of mature myeloid DCs
that, after migration to secondary lymphoid compartments,
induce priming of Th cells.73,74 Primed NK cells upregulate
their cytotolytic function and they release cytokines such as
TNF-a and IFN-g, which in turn promote the maturation
program of DCs that have captured the antigen.75–77 At this
stage, NK cells acquire the capability to kill autologous iDC,
an event that is dependent upon a process of NK cell
activation involving the NKp30 receptor78 and the TNF-
related apoptosis-inducing ligand (TRAIL)-DR4 pathway.22

NK cells would spare those DCs that after antigen uptake
express high levels of HLA class I molecules, whereas they
would kill those DCs (recruited in inflamed tissues) that failed
to undergo a full maturation. This process involves inhibitory
CD94/NKG2A receptors specific for the non-classical HLA-E
molecules.74 mDCs are resistant to NK killing due to the
upregulation of HLA class I expression including HLA-E.79

mDCs also upregulate an array of additional surface
molecules including CCR7, CD80, CD86 and HLA class II,
which allow their migration to lymph nodes and their optimal
interaction with T cells during their priming phase. Thus,
during the early phases of inflammation, DC maturation is
under the control of NK cells that have a major role in keeping
in check the quality of DC undergoing maturation (Figure 2).

HMGB1 at the crossroad between innate and adaptive
immunity. HMGB1 is expressed at the synapse between
NK cells and DCs (Figure 3), and recent studies highlighted
the pivotal role of this cytokine during NK–DC cross talk.
Semino et al.80 showed that NK cells trigger immature DCs to
polarize and secrete IL-18 at NK–DC synaptic cleft, thus
instructing NK cells to release HMGB1, which promotes DC
maturation and protects DCs from lysis. Interestingly, the
ability of different NK cell subsets to induce DC maturation is
unlinked to their phenotypic and cytolytic features but
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correlates with the relocation of HMGB1 from the nucleus to
the cytoplasm, which is strongly enhanced by engagement of
the surface molecule NKp30.81 Moreover, in the presence of
DC-derived cytokines, such as IL-12, a cooperation between
NKp30 and DNAM-1 to induce NK cells to kill DCs, release
TNF-a and promote DC maturation were evidenced.82

HMGB1 shows a nuclear localization in primary resting NK
cells sorted from the blood, and the NK cell activation
induces HMGB1 relocalization from the nucleus to the
cytosol followed by extracellular release.21 During the cross
talk between activated NK (aNK) cells and iDC, both NK cells
and DCs express HMGB121 that appears essential for the
upregulation of CD80, CD83 and CD86 maturation markers
on DCs and for IL-12 production. The HMGB1 secreted
during NK–DC cross talk is also essential for Th1 polarization
of naı̈ve CD4 T cells, and RAGE is required for HMGB1
effects on DCs.43,21 Moreover, the autocrine/paracrine
release of HMGB1 is required for the upregulation on DCs
of the CCR7 and CXCR4 chemokine receptors and their
migration in response to the chemokines receptor ligands
CCL19 and CXCL12, respectively,40 and RAGE has a

nonredundant role in DC homing to lymph nodes, as shown
in mice by noninvasive imaging by magnetic resonance.41

Overall, HMGB1–RAGE pathway is activated in DCs that are
committed to maturation in peripheral tissues, and it controls
the expression of chemokine receptors in DCs that acquire
the ability to reach secondary lymphoid organs where they
initiate the clonal expansion of Ag-specific T cells. The
disruption of HMGB1-RAGE pathway by specific
inhibitors43,21 or the genetic deletion of RAGE41 interrupts
this circuit, possibly limiting the initiation of T-cell adaptive
response.

HMGB1 and HIV Dissemination and Persistence in DCs

HMGB1 modulates HIV replication in myeloid cells.
.Intracellular HMGB1 was reported to affect HIV-1 long-
term-repeat (LTR)-directed transcription in a promoter- and
cell-specific manner. For example, HMGB1-dependent
repression of HIV genes was observed in epithelial cells,
Hela cells and monocytic cells, but not in unstimulated Jurkat
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Figure 3 Confocal microscopy analysis of NK–DC cross talk and HMGB1 expression. CD56þ NK cells sorted from PBMC of a healthy donor were cocultured for 24 h with
iDCs generated from autologous monocytes (cultured for 5 days with IL-4 and GM-CSF).21 NK–DC cognate interaction was analyzed by confocal microscopy. (a) Stable
NK–DC interaction. NK cells and DCs were stained with red and green Cell Tracker, respectively. (b) HMGB1 expression is detected with specific antibodies both in DCs,
co-stained with DC-SIGN antibodies, and NK cells during NK–DC interaction. (c) Intracytoplasmatic HMGB1 expression in a DC costained with CD40- and HMGB1-specific
antibodies. A brightfield picture of this DC is shown. (d) Sequential events from a video showing the killing of a DC following its contact with aNK cells (NK–DC ratio 5 : 1). NK
cells and DCs were stained with red and green Cell Trackers, respectively. During the coculture, one NK cell interacted several times with the DC (pointed out with a star),
leading to the killing of the DC. The DC died by apoptosis, as shown by the blebs (indicated with the yellow arrows). This editing process occurred very rapidly, within less than
1 min following the kiss of death by NK cells.22 (e) Mitochondria rearrangement at NK–DC synapse, detected with a green MitoTracker
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cells. This inhibitory effect of HMGB1 was caused by
repression of LTR-mediated transcription.83 Extracellular
HMGB1 also showed a dichotomic effect in different cell
types. Addition of HMGB1 to primary monocytes with active
HIV-1 infection was reported to suppress viral replication,
associated19 or not associated20 to HMGB1-mediated
increased release of b-chemokines (RANTES, MIP-1a and
MIP-1b), strong inhibitors of HIV entry. In contrast,
extracellular HMGB1 increased HIV-1 replication in the
chronically infected monocytic cell line U1,19 a process that
did not require de novo protein synthesis.84 HIV-1 induction
relied on HMGB1-RAGE interaction, involved p38, ERK and
NF-kB pathway, and stimulated the release of TNF-a.84

Interestingly, HMGB1 could reactivate ex-vivo quiescent
HIV-1 from latently infected PBMC collected in aviremic
HIV-infected patients.84 Thus, HMGB1 may reduce viral
replication in acute infection by inducing inhibitors of viral
entry, but it may trigger viral replication in latently infected
cells, including in cells from HIV-infected patients.

NK–DC cross talk contributes to HIV replication through
HMGB1. The mechanisms involved in NK–DC interaction
during viral infections are poorly understood. It was recently
reported in murine CMV (MCMV) infection that MCMV-
infected DCs were capable of activating syngeneic NK cells
in vitro and also capable of enhancing NK-dependent
clearance in vivo,85 demonstrating the crucial role of
NK–DC cross talk in controlling viral replication. In HIV
infection, NK–DC interaction was found defective in viremic
HIV-1-infected patients, characterized by abnormalities in the
process of reciprocal NK–DC activation and maturation.86

Recently, we investigated the impact of HIV-1 on NK-
dependent maturation and function of iDCs in an ex-vivo

model of cross talk between purified primary NK cells and
monocytes-derived iDCs.
We discovered that maturation of HIV-1-infected DCs

required aNK to occur and this process involved HMGB1.
Blocking HMGB1 with specific antibodies or glycyrrhizin, a
specific inhibitor of HMGB1, impaired maturation of infected
DCs. However, the cross talk between HIV-1-infected DCs
and aNK cells was functionally defective, as demonstrated by
the strong impairment of DCs to induce Th1 polarization of
naı̈ve CD4 T cells. This was associated with the defective
production of IL-12 and IL-18 by infected DCs, known to
trigger the adaptive response.21 Moreover, the interaction
between aNK and HIV-1-infected DCs resulted in a dramatic
increase in viral replication and proviral DNA expression in
DCs. This process was mainly triggered by HMGB1, released
both by NK cells and DCs, and blocking HMGB1 strongly
inhibited HIV replication in both isolated infected DCs and
DCs cocultured with aNK cells21 (Figure 4). Thus, these
findings provide evidence for the crucial role of NK–DC cross
talk in promoting viral dissemination, and challenge the
question of the in vivo involvement of HMGB1 in the triggering
of HIV-1 replication and replenishment of viral reservoirs
in AIDS.

NK–DC cross talk and HMGB-dependent HIV persistence
in DCs. The NK cell-mediated editing process of DCs, which
is required to keep in check the quality of DCs prone to
mature and further present the antigen to T cells, is
compromised during HIV infection. Indeed, NK cells from
viremic patients show a decreased ability to kill immature
DCs.87 The defect is associated with an increase in the
proportion of CD56� NK cells with impaired NKp30
function.86 In addition, increased production of IL-10 during
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Figure 4 Impact of HIV-1 infection on HMGB1-dependent DC maturation and Th1 polarization. Cognate interaction between resting NK cells and DCs is required for DC
maturation (1). This bidirectional cross talk that involves NK receptors NKp30 and CD94/NKG2A, leads both to NK cell activation (2) and DC maturation (3), through the
release of cytokines by both cells. In addition, HMGB1 produced both by NK cells and DCs, has a pivotal in NK-dependent DC maturation. During HIV-1 infection, NK–DC
cross talk is impaired. NK cell activation is altered and HMGB1-dependent DC maturation is incomplete. Cognate interaction of infected iDCs with NK cells leads to their
phenotypic maturation, as evidenced by the expression of maturation markers, including CD80, CD83 or CD86 (3), but not to their functional maturation shown by the inability
of DCs to polarize a Th1 response in naı̈ve T cells (4). This functional impairment is associated with the absence of release by DCs of IL-12 and IL-18 required for Th1
induction. Moreover, cognate NK–DC interaction leads to the increase of HIV-1 replication in infected DCs and to the accumulation of DCs with proviral DNA (5). The triggering
of HIV-1 replication in DCs is mediated by HMGB1. Thus, HMGB1 contributes to HIV-1 dissemination and persistence
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HIV-1 infection can protect immature DCs from NK cell-
mediated lysis, resulting in accumulation of partially mature,
poorly immunogenic DCs in the lymph nodes of infected
individuals.88 In an ex-vivo model of NK–DC cross talk, we
showed that HIV-1-infected DCs become resistant to NK cell-
mediated lysis due to an upregulation in DCs of two
apoptosis inhibitors, cellular FLICE-inhibitory protein
(cFLIP) and cellular inhibitor of apoptosis protein 2
(c-IAP2).22 The expression of these inhibitors was
upregulated by HMGB1, released by aNK cells at NK–DC
synapse, and they protected HIV-1-infected DCs from
TRAIL-dependent apoptosis.22 Blocking HMGB1 with
specific antibodies restored the susceptibility of infected
DCs to NK killing, and similar effect was observed knocking
down c-FLIP or c-IAP2 by siRNA22 (Figure 5). Overall, these
findings suggest that impaired NK–DC cross talk during HIV-
1 infection is a consequence of bidirectional alteration of both
DC and NK cell functions, and they reveal the pivotal role of
HMGB1 in HIV-1 persistence in DCs.

HMGB1, Immune Activation and HIV-1 Disease
Progression

Extracellular HMGB1 is an important component contributing
to tissue injury in acute and chronic inflammatory conditions.
HMGB1 and its receptors RAGE, TLR2 and TLR4 have been
implicated in mechanisms of many diseases, including
cancer, sepsis, atherosclerosis, stroke, rheumatoid arthritis
and many other inflammatory conditions.89 Plasma levels of
HMGB1 are elevated during the course of HIV-1 infection17

and positively associated with high viral load.90 HMGB1 can
be passively released by virus-infected cells including primary
CD4 T cells infected with HIV-1, and this was associated with
both necrotic and apoptotic cell death.91 HMGB1 can also be
released by non-infected apoptotic CD4 T cells that die

through a bystander killing process, which is mainly induced
by extracellular HIV-1-encoded proteins and by HIV-1-
associated chronic immune activation.46 Increased circulating
HMGB1 levels detected in progressive HIV-1 infection,
combined with microbial products and TLR ligands, may
contribute to gut inflammation and subsequent microbial
translocation, suggested to have an important role in HIV
pathogenesis.92 Microbial translocation is the leaking of
normally friendly commensal bacteria from the gut – where
they are usually contained – into the systemic circulation.
Brenchley et al.92 proposed that this phenomenon contributes
to immune activation in patients with HIV, and thus has a
causative role in the progression of the disease. Markers of
microbial translocation found in the bloodstream include LPS
and bacterial DNA, and the level of circulating LPS in the first
year of chronic HIV infection is a strong predictor of disease
progression independent of CD4 T-cell count and HIV
viraemia.93

The possible link between circulating LPS and HMGB1
levels in inflammatory conditions is suggested by following
recent observations: (1) priming of macrophages with LPS
induces the processing and releasing of HMGB1 in addition to
IL-1b, IL-18 and TNF-a, which requires the inflammasome
components ASC, caspase 1 and NALP3;28 (2) conversely,
NALP3 silencing has a protective effect in a murine model of
liver ischemia-reperfusion injury, associated with decreased
production of HMGB1, IL-1b, IL-18, TNF-a and IL-6;94 (3) the
resistance of caspase-1-deficient mice to LPS correlates with
reduced serum HMGB1 levels.28 (4) HMGB1 forms highly
inflammatory complexes with LPS, and signals through the
TLR4;95 (5) an association of elevated circulating levels of
LPS and high viral load was reported in HIV-infected
patients.90 Thus, HMGB1–LPS complexes may be important
in perpetuating inflammatory amplification loops in HIV
disease.
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Figure 5 Impact of HIV-1 infection on NK cell-mediated editing of iDCs. NK cells are involved in the positive selection of DCs through the editing process, which is required
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editing process. NK cells show a decreased ability to kill infected DCs associated with impaired NKp30 expression and TRAIL secretion (3), and infected DCs become resistant
to NK-mediated killing due to the upregulation of two anti-apoptotic molecules, c-FLIP and c-IAP2 (4). HMGB1 induces these two potent inhibitors of apoptosis in infected DCs,
thus making them resistant to NK killing
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Thus, HMGB1 by itself, or combined to LPS or other TLR
ligand or cytokines, may induce a self-perpetuating cycle by
contributing to immune activation that creates new T-cell
targets for viral infection and subsequent increased rate of cell
death and release of HMGB1, but also by stimulating HIV
replication and viral persistence in DCs. This vicious circle
may facilitate HIV disease progression and contribute to AIDS
pathogenesis (Figure 6).

Conclusions and Major Open Questions

HMGB1 is an endogenous danger signal that can be released
into the extracellular milieu during states of cellular stress or
damage, and that is also actively produced by innate effectors
such as NK cells subsequently involved in promoting adaptive
immunity. HMGB1 has a pivotal role during NK–DC cross talk
but, in the context of a chronic viral infection such as that
induced by HIV-1, it triggers viral replication in DCs and blocks
NK-mediated killing of infected DCs, thus contributing to viral
persistence. Increased circulating HMGB1 levels are detected
in progressive HIV-1-infected individuals and, in combination
with microbial products and TLR ligands, it may also

contribute to gut inflammation and subsequently increase
microbial translocation and chronic immune activation, a
hallmark of HIV-1 disease progression. In order to get a better
understanding on the role of HMGB1 in HIV disease and to
develop interventions aimed at enhancing immunity to HIV-1,
several major questions need to be addressed.
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