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Our immune system responds to infectious (PAMPs) and tissue damage (DAMPs) signals.
The complement system and alarmin High-Mobility Group Box 1 (HMGB1) are two
powerful soluble actors of human host defense and immune surveillance. These systems
involve molecular cascades and amplification loops for their signaling or activation. Initially
activated as alarm raising systems, their function can be finally switched towards
inflammation resolution, where they sustain immune maturation and orchestrate repair
mechanisms, opening the way back to homeostasis. However, when getting out of
control, these defense systems can become deleterious and trigger serious cellular and
tissue damage. Therefore, they can be considered as double-edged swords. The close
interaction between the complement and HMGB1 pathways is described here, as well as
their traditional and non-canonical roles, their functioning at different locations and their
independent and collective impact in different systems both in health and disease. Starting
from these systems and interplay at the molecular level (when elucidated), we then provide
disease examples to better illustrate the signs and consequences of their roles and
interaction, highlighting their importance and possible vicious circles in alarm raising and
inflammation, both individually or in combination. Although this integrated view may open
new therapeutic strategies, future challenges have to be faced because of the remaining
unknowns regarding the molecular mechanisms underlying the fragile molecular balance
which can drift towards disease or return to homeostasis, as briefly discussed at the end.

Keywords: complement system, interplay, HMGB1, auto-immunity, lupus, inflammation, periodontitis
1 INTRODUCTION: COMPLEMENT C1, C3 AND HMGB1 ARE
CONSTITUTIVE MULTIFUNCTIONAL COMPONENTS

Several physiological processes keep us healthy, and are modulated throughout the human life, with
major variations occurring at the early and late (>65y) stages. Some processes may act silently and
get discovered only when they malfunction or drift towards a disequilibrium inducing disease. This
idea will be illustrated through two examples of important molecular immune players which are
constitutively expressed. This review will mainly focus on the C1 and C3 components of the
complement system, a major front line in the host defense, and on the nuclear protein HMGB1,
org April 2022 | Volume 13 | Article 8697201
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which functions as an alarmin in the extracellular space.
Interestingly, these molecules are always present, except in
some very rare cases of deficiency. HMGB1 is strongly
conserved through evolution (99 % sequence identity within
mammals), and it is lethal when completely missing.
Complement C1s and C1q sequence alterations are also quite
rare. The classical function of these proteins has been elucidated
independently, and will only be briefly summed up, since this
review will focus on possible molecular crosstalk that has
recently come to light.

We will first shortly describe how alarm signals are raised and
amplified through these systems independently, and possibly
amplified or down-regulated by their crosstalk. Alert signals are
raised by the detection of molecular motifs (associated molecular
patterns, AMPs) associated with infectious (pathogens, PAMPs),
tissue damage (DAMPS) or cell death (apoptotic cell, ACAMPs)
context. Among similarities between the two systems, we aim to
illustrate amplification mechanisms as well as the plethora of
receptors and signaling pathways involved, their effect thus
depending on the local tissues and environment.

The modular assembly of the smallest (HMGB1) and largest
(C1q) proteins in the focus of this review are presented in
Figure 1. Within these structures, multiple interaction sites,
with various ligands and receptors (Figures 1A, B), lead to a
large spectrum of functional facets. Since HMGB1 and the
complement proteins in the focus of the present study turn to
be multifunctional, the reader will be referred to complementary
reviews describing each molecular system in more detail.
2 MOLECULAR BASES ON COMPLEMENT
AND HMGB1 MULTIPLE FUNCTIONS,
WITH A COMPLEMENTARY FOCUS ON
ALARM RAISING, AMPLIFICATION
AND DAMPENING

2.1 Alarm Signals Raised by Early Steps of
Complement Activation and Its Immediate
Amplification Loop at the C3
Convertase Level
The main canonical extracellular functions of the complement
system are illustrated in a simplified way in Figure 2. According
to this “classical” view, this system stands as a central component
of the early, innate immune response against pathogens,
characterized by the initiation of an extracellular proteolytic
cascade (6). It comprises more than 50 soluble and surface
proteins, the latter including regulators and receptors. Within
the activation cascade, which needs to be locally activated and
tightly controlled, many of the soluble proteins are produced as
inactive precursors, which need a specific enzymatic cleavage to
get activated. In terms of biological activities, the complement
proteolytic cascade ultimately results in opsonization and
degradation of the recognized target as well as signaling
towards local and immune cells through surface receptors.
There are three complement pathways that differ in their
Frontiers in Immunology | www.frontiersin.org 2
initiation mechanism: the classical, lectin and alternative
pathways. Initiation of the classical pathway (CP) is triggered
by the interaction of the recognition molecule C1q with the Fc
constant domain of immunoglobulins IgM or IgG or with other
target patterns on pathogens or altered cells (7, 8). C1q is
associated with a duplet of two proteases, C1r and C1s to form
the C1 complex (C1qC1r2C1s2). Upon binding of C1 to a target
surface, C1r will autoactivate and cleave C1s (7). Activated C1s is
then able to trigger the CP proteolytic cascade by cleavage of its
canonical substrates C2 and C4. This will lead to C3 cleavage (by
the CP C3 convertase) and finally to immune activation,
inflammation, opsonization and eventually lysis of the
pathogen. Covalent attachment of the large C3b cleavage
product to the target surface through a thioester bond ensures
the spatiotemporal control of the opsonization, whereas the
smaller soluble C3a fragment will mediate more distant
chemotactic and inflammatory signaling. C3 is the central
element common to all pathways and the starting point of an
amplification loop (9) (Figure 2). The principle of the
amplification is that C3 convertases cleave many C3 molecules,
and that the multiple surface C3b produced bind complement
factor B (FB), which will then be cleaved by factor D (FD), to
generate more C3 convertases. Amplification at this level is very
effective since, at a concentration of about 1.2 mg/ml, C3 is
among the most abundant plasma proteins in circulation.
Therefore, the regulation of the C3 convertase amplification
process is essential for the control of complement activation
and its dysregulation can have pathological consequences (10).
Several receptors mediate complement signaling and
complement regulators modulate its trigger (e.g; C1inhibitor)
or amplification, by down-regulating of the C3 or C5 convertases
(see Figure 2). Since the complement system and its activation
have already been presented in an article on the present research
topic (11), and extensively reviewed previously, the reader may
learn more functional and molecular details elsewhere (6,
10–16).

In addition to the “classical” functions which were briefly
mentioned above, new functions of the complement proteins are
being discovered (17), which are independent of the extracellular
activation of the complement cascades. Initially discovered in
immune T cells (18, 19), these non-canonical functions are now
becoming a wider set of exciting discoveries (20). As will be later
cited, some of these new functions include crosstalk with
HMGB1, Toll-Like receptors (TLRs), the inflammasome, the
coagulation and contact systems, etc…

2.2 Alarm Signals Associated With HMGB1
And Their Delayed Paracrine/Autocrine
Amplification Mechanisms
HMGB1 is a major intracellular protein, initially discovered as
part of a family of DNA-binding proteins remodeling chromatin,
involved in the regulation of transcription, replication and repair
(21). The spectrum of its functional facets is now largely
extended (22). For example in the context of septic shock, its
determinant impact has been early observed since HMGB1
injection was fatal whereas its neutralization by antibodies
April 2022 | Volume 13 | Article 869720

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Gaboriaud et al. HMGB1 and Complement Molecular Interplay
could rescue mice challenged with LPS (23–25). Extracellular
HMGB1 is therefore recognized as one of the DAMPs which act
as major mediators in immunity (26). Indeed, HMGB1 may be
passively released from damaged tissues, late-apoptotic and
necrotic cells, as well as actively produced (through a non-
canonical secretion pathway) by activated immune cells or
even by neurons, as part of inflammatory processes (27–29). In
contrast to the immediate activation of the complement system,
the secretion of HMGB1 is often delayed, hours after the initial
stimulation (23, 30), and its level often remains elevated days
after in contexts of chronic inflammation associated with auto-
immunity, infection and cancer. HMGB1 persistence maintains
and worsens inflammatory disorders, contributing to disease
progression through distinct pathways, which depend on its
location and diseases context (31). HGMB1 was also the first
convincing determinant identified for sterile inflammation, and a
Frontiers in Immunology | www.frontiersin.org 3
key player at the crossroad between innate and adaptive
immunity, through the HMGB1 secretion by dendritic cells in
response to an initial maturation stimulus, in order to sustain
their maturation, and for activation of T lymphocytes (32).

On a molecular side, the HMGB1 modular structure contains
two DNA-binding boxes (A-box and B-box) as well as a C-
terminal negatively charged ‘acidic’ tail, strongly enriched in
aspartic and glutamic acid residues (Figure 1A). HMGB1 action
is finely tuned by its associations and localization, which are
modulated by post-translational modifications (33, 34). For
example, the oxidation state of its cysteines (two in the A-box,
one in the B-box) modulates its biological activity in the
extracellular environment (Figures 1, 3) (35). Only fully
reduced HMGB1 and the non-oxidizable HMGB1 mutant 3S,
in which three serine residues replace cysteines, induce
chemotaxis by binding CXCL12 through the CXCR4 receptor
A

B

C

FIGURE 1 | Introductory molecular schemes on HMGB1, C1q, and C3a underlying their multiple functions. (A) HMGB1 function is modulated by its two DNA-
binding boxes (A-box and B-box) and an acidic C-terminal tail. By binding to different receptors, targets and partners (see color bars), HMGB1 can play multiple
extracellular functions. Interactions restricted to intracellular functions are not shown. The X-ray structure of the A-box is shown in (C), with its two cysteines shown
as sticks. HMGB1 location within cells depends on its nuclear localization signals (NLS), located in the A-box (24–44) and B-box (179–185). (B) The largest
multivalent C1q molecule can bridge different receptors or partner molecules through two regions with strongly different structural shapes and interaction properties.
C1q is assembled from three different chains (red, blue, green), with numerous post-translational modifications, especially in the collagen-like regions (CLR). The
globular regions (GRs) are mostly involved in the multivalent binding of target surfaces. Its main target ligands are surfaces opsonized by IgG, IgM, CRP, PTX3. C1q
GR can also directly bind to DNA, phosphatidylserine, annexins, GAPDH, as well as to lipopolysaccharides (LPS) or virus surface proteins (HIV-1 gp41, HTLV-1
gp21). Some surface receptors bind to C1q GR, such as RAGE, gC1qR, DC-SIGN or Siglec 3 (CD33). C1q CLR mostly binds effector molecules, such as the C1r
and C1s proteases, or LAIR-1, CR1, LRP1 surface receptors. These latter interactions are almost exclusive, because the proteases compete with receptor binding.
The C1r/C1s protease binding site (*) has been finely investigated by C1q site-directed mutagenesis (1). (C) The similarity between HMGB1 A-box and C3a is very
limited, despite the fact that both are small helical domains which can bind RAGE. The C3a and C5a anaphylatoxins are the smallest fragments released upon C3
and C5 cleavage. They are composed of helices, which is a feature common to HMGB1 boxes. However, only the two C-terminal helices of the A-box can roughly
be superimposed to the two N-terminal helices of C3a (see box), in the opposite direction: therefore, the similarity between the two molecules is very limited [PDB
codes 1ckt (2) and 4hw5 (3) for A-box and C3a, respectively].
April 2022 | Volume 13 | Article 869720
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[maintained at the surface by the CXCL12/HMGB1 heterodimer
(36)], and recruit stem cells to orchestrate tissue regeneration
(37) (Figure 3). Besides this particular activity, the signaling activity
of HMGB1 and its complexes (with nucleic acids, LPS,…) is mainly
mediated by the receptor for advanced glycation end products
(RAGE) and TLRs, although a larger range of receptors may be
considered (38, 39). Regarding the proinflammatory function, it is
interesting to note that the two HMGB1 boxes have opposing effects
when administered separately: the B-box stimulates cytokine
secretion whereas the A-box inhibits this effect (30, 39)
(Figure 1A). Consistently, a recent study observed anti-HMGB1
IgM neutralizing antibodies directed against the B-box in healthy
individuals (human and mouse), suggesting a possible feedback
loop limiting the level of its pro-inflammatory effect in a healthy
state (40). Because HMGB1 can be internalized, and thus reach
internal TLRs, it is seen as both a major inside- and outside-cell
alarmin (41). Internalization of HMGB1 and HMGB1-partner
Frontiers in Immunology | www.frontiersin.org 4
molecule complexes depends on RAGE and, notably, is inhibited
by the recombinant HMGB1 A-box protein (27).

Autocrine or paracrine positive feedback loops involving
potent HMGB1-mediated signal amplifications are observed in
a variety of contexts (42) (Figure 3B). For example, TNFa is
secreted by endothelial cells or macrophages stimulated by
HMGB1, and, in turn, TNFa will induce HMGB1 secretion
from these cells. Similarly, smooth muscle cells, which are
normally not HMGB1 producers, can start to secrete HMGB1
when challenged with cholesterol. In turn, once activated by
HMGB1, the smooth muscle cells proliferate, migrate and …
secrete more HMGB1! (43). Positive feedback loops may involve
NFkB activation by HMGB1 through RAGE and/or TLRs. In
turn, NFkB will increase the surface expression of these HMGB1
receptors and the production of cytokines, including HMGB1
(42) (Figure 3C). Local amplification can also proceed through
infiltrated macrophages and leucocytes which, upon HMGB1-
April 2022 | Volume 13 | Article 8697
FIGURE 2 | The complement system main pathways and ‘classical’ canonical functions. Triggered by proteolytic cascades, this defense system gets activated and
amplified ‘on site’, raising alarm signals through different specific receptors, under the control of numerous regulators. The classical pathway (CP) and lectin pathway (LP)
are activated by the C1 complex and the collectin-MASPs complexes, respectively. Collectins (CL) are pattern recognition molecules with collagen-like domains that
recognize specific carbohydrate or acetylated surface motifs: MBL, ficolins or collectins recently discovered in the liver (CL-10), kidney (CL-11) or placenta (CL-12) (4). By
cleaving C4 and C2, C1s (CP) and MASP-2 (LP) generate a C3 convertase. The (AP) is activated by the spontaneous hydrolysis of C3. All three pathways lead to the
formation of the C3 convertase (C4b2b for CP and LP and C3bBb for AP), thus cleaving C3 into C3a and C3b. The amplification loop of the AP C3 convertase leads to
massive C3b deposition, covalently bound to the surfaces, targeting them for phagocytosis. The cascade further proceeds to the formation of the C5 convertase, which
allows the formation of the Membrane Attack Complex (MAC) on the target surface leading to its lysis. The complement cascade is modulated by various inhibitors
(C4BP, C1inh), regulators such as factor H (FH), factor I (FI) that destabilize the C3 convertase (FH, DAF) or cleave C3b (FI assisted by CR1 and MCP (CD46) co-factors).
Other regulators limit the final MAC assembly, such as CD59, vitronectin, clusterin … Almost all fragments produced by this enzymatic cascade are bioactive. The C3a
and C5a anaphylatoxins mediate chemotaxis and inflammation through their respective receptors, C3aR and C5aR1, C5aR2. Receptors involved in immune modulation
depend on the immune cell: CR1, CD46 and TCR on T cells, CR2 and BCR on B cells, recognizing inactivated C3b derivatives. CR1/2/3/4 are also involved in adhesion/
shuttling from red blood cells towards the liver and spleen, for example. Only the cleavage products are shown on this simplified scheme, and they follow here the recent
recommendation regarding C2 nomenclature (5). Molecule schemes are not adjusted to the same scale.
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mediated activation, will secrete more HMGB1 (and TNFa) (42).
In a context of sterile inflammation through acetaminophen
challenge, the amplification may also be driven by neutrophils,
which are massively attracted to the necrotic site in an HMGB1-
and RAGE-dependent manner and exacerbate tissue injury (44).

2.3 Possible Cross-Amplification Through
Enhancement of HMGB1 Secretion by
C3a/C5a Anaphylatoxins, HMGB1-
Mediated CP Activation and More
Indirect Processes
As seen above, several feedback loops tend to auto-amplify the
alarm signals generated at the levels of HMGB1 and C3a. Whether
further cross-amplification may occur between the two systems is,
therefore, the next question to address (Figure 4). Although this
certainly depends on the specific context, it is interesting to note
that several independent publications mention C3a or C5a
mediated enhancement of HMGB1 secretion. Intriguingly, C3a
was shown to tightly bind the RAGE receptor (45). Since C3a and
the HMGB1 A-box are small helical domains (Figure 1C), and
Frontiers in Immunology | www.frontiersin.org 5
share this RAGE binding property, it was tempting to look for
some 3D similarity between the two, but in fact the overall
similarity is very limited (Figure 1C). Furthermore, the reported
functional impact of this C3a-RAGE interaction was to increase
IFN-a production by human peripheral blood mononuclear cells
in response to unmethylated cytosine-guanine-rich DNA (45), but
this remains quite poorly explored (10).

A so-called “C3/HMGB1/TGF-b1 pathway” was reported in
two publications investigating the pathogenesis of diabetic
nephropathy and its associated chronic renal fibrosis (46, 47).
In response to C3a stimulation (provided by macrophage
infiltration into renal interstitial tissues), HMGB1 translocates
from nucleus to cytoplasm in primary renal tubular epithelial
cells, and expression of HMGB1 and its receptor TLR4 gradually
increases in their cytoplasm from 24 to 48 h after C3a
stimulation. This will trigger epithelial to mesenchymal
transition through the HMGB1/TLR4/p65/TGF-b1 signaling
pathway (46). These effects have been inhibited by the
grapefruit component GSPE (46) or the specific MiR-92d-3p
miRNA in a renal tubular epithelial cell line (HK2) (47).
A B

C

FIGURE 3 | HMGB1 functions depend on its localization/environment, oxidation state and its alarm signaling involves autocrine and paracrine amplification loops.
(A) HMGB1 effects depend on its localization and oxidation state. Mainly located inside the nucleus, HMGB1 binds DNA and modulates nucleosome stability, thus
regulating gene transcription. In the cytoplasm, it plays a role in autophagy. When actively or passively released outside cells, HMGB1 takes part in immunity,
inflammation and cell differentiation. HMGB1 can stimulate immune cells (leukocytes, macrophages…). The HMGB1 redox state evolves in relation to its context.
Fully reduced, HMGB1 binds to CXCL12 to promote cell recruitment and migration by activation of CXCR4 at the cell membrane. Or, by binding RAGE, it is
internalized and it can promote autophagy, cell migration and cytokines synthesis. Through RAGE and TLRs signalization, disulfide HMGB1 induces inflammation and
cytokines secretion. When fully oxidized, HMGB1 does not interact anymore with the receptors and may enhance immune tolerance. (B) HMGB1 amplifying
feedback loop. Under different stimuli, a cell (macrophage, leukocyte, smooth muscle cell, …) can produce and secrete HMGB1 and its receptors directly or via the
production of cytokines. Once HMGB1 is produced and released, a positive feedback loop is created to enhance its production at the protein level by the initial cell
or by neighboring cells, hereby amplifying its effects. This is associated to the secretion of cytokines and other inflammatory molecules. (C) NF-kB mediated
amplification of HMGB1 and its receptors. By interacting with RAGE and TLR receptors, HMGB1, often in complex with stimulating molecules, will activate the NF-
kB pathway. This will induce the transcription of HMGB1, its receptors, and cytokines, leading to an amplification of the inflammatory response.
April 2022 | Volume 13 | Article 869720
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Although the role of the C5aR2 receptor in inflammation and
disease remains a less studied and controversial topic, several
independent publications describe that C5aR2 is critically involved
in LPS-induced HMGB1 secretion (48). Indeed, macrophages that
only express C5aR2, without C5aR1, show a marked HMGB1
production upon C5a stimulation, associated with signaling
through MEK1/2, JNK1/2, and PI3K/Akt activation pathways. The
critical role of C5a/C5aR2 interaction was later deciphered as
activating the NLRP3 inflammasome and then HMGB1 release by
macrophages by raising the expression of PKR via MEK/ERK and
interferon (IFN) pathways (49). Reversely, an anti-HMGB1 antibody
(Ab) reduced the C5a/C5aR2 interaction–mediated caspase-1
activation and IL-1b secretion by macrophages (50). C5a also
triggers the release of HMGB1 by primary human neutrophils and
plays, together with HMGB1, significant roles in the context of
antineutrophil cytoplasmic Ab-induced neutrophil activation (51).

In turn, HMGB1 has been shown to activate the classical
complement pathway in an Ab-independent manner, by directly
binding to C1q. This process may drive sterile inflammation (52)
and contributes to cross-activation in the complement C1/
HMGB1 interplay (Figure 4).

Several lines of evidence suggest that cross-amplification may
also be indirectly mediated by cytokines, such as IFNg or TNFa.
For example, Ab-mediated complement activation or HMGB1 can
contribute to enhance IFNg secretion (53, 54), which in turn can
enhance C1s secretion (55, 56) or NLRP3 inflammasome signaling
Frontiers in Immunology | www.frontiersin.org 6
(53). TNFa, which is amplified byHMGB1 in response to LPS (57),
may trigger C3 or C1s secretion (58, 59). Of note, it was early shown
that IFNg and TNFa are both secreted by human T cells as a
response to C1q-bearing immune complexes, but not by non-
opsonized complexes (60). This is also true for C3a and C3b,
which are decisive drivers for a Th1 response in CD4+ T cells, with
the induced secretion of IFNg and TNFa (61). It was also shown
that a crosstalk between TLRs and anaphylatoxins or C3b-coated
antigens shape antigen-presenting cells towards inducing such a
Th1 effector response (61).

2.4 Dampening Inflammation Through a
Regulatory Anti-Inflammatory Feedback
Loop Involving Complement C1,
LAIR-1 And HMGB1
Inhibitory pathways are needed to dampen inflammation and
limit inadequate autoreactivity. Interestingly, recent discoveries
have opened a historical entry point for a non-inflammatory
crosstalk between C1q and HMGB1 (62, 63). Such studies
contribute to better understand the complex disease processes
in systemic lupus erythematosus (SLE), the first disease context
that will be taken as an example in the next section.

These regulatory roles of C1q are mostly mediated through its
interaction with Leukocyte-Associated Immunoglobulin-like
Receptor-1 (LAIR-1). LAIR-1 is an inhibitory receptor
expressed on a wide range of human immune cells such as NK
FIGURE 4 | HMGB1 and complement interplays combine pro- and anti-inflammatory responses. CP activation (possibly directly mediated by HMGB1) will produce
anaphylatoxins, which enhance HMGB1 secretion (left). In this context, the pro-inflammatory responses triggered by the two pathways are additive and cross-
amplified. On the other hand (right), when C1q bridges LAIR-1 and HMGB1-RAGE, then LAIR-1 recruits the SHP-1 phosphatase which will shut down the RAGE-
mediated inflammatory signaling, thereby dampening inflammation. Activated C1s can also cleave HMGB1, but the functional impact of the HMGB1 cleavage
fragments need to be investigated. By inhibiting HMGB1internalization through RAGE (not shown here), C1q can also limit the extent of intracellular TLR activation.
April 2022 | Volume 13 | Article 869720
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cells, T cells, B cells, monocytes, neutrophils, basophils and mast
cells (64–71). Its cytoplasmic region contains two amino acid
sequences corresponding to immune receptor tyrosine-based
inhibitory motifs (ITIMs), which mediate its immune
inhibitory activity (64). C1q can interact with LAIR-1 through
its collagen-like region (CLR) (72) (Figure 1B). As a first major
interplay, the combined action of C1q and HMGB1 was shown
to regulate humanmacrophages polarization (62): in lipid rafts at
the monocyte surface, the multivalent C1q molecule can bridge
RAGE/HMGB1 on one side, and LAIR-1 on the other side,
which triggers the phosphorylation of the two ITIMs in LAIR-1,
and the consequent recruitment of the SHP-1 phosphatase
(Figure 4). Although HMGB1 alone polarizes macrophages to
the M1-like inflammatory type, through RAGE phosphorylation,
the recruitment of SHP-1 in the cross-talk with C1q and LAIR-1
will dephosphorylate the proximal RAGE receptor, and
macrophages get polarized into a M2-like type. If C1q is too
low, because of rare genetic deficiencies or immune-complexes-
driven consumption, and if HMGB1 level is high, then this
inhibitory control of the macrophage is ineffective, leading to M1
polarization, impaired clearance of apoptotic cells, and
exposition of the adaptive immune system to numerous
autoantigens, therefore generating auto-Abs. Further studies
from the group of Betty Diamond have shown that HMGB1
plus C1q increase the secretion of pro-resolving lipid mediators
by activated monocytes (63). On the same line, C1q/LAIR-1
interaction was shown to inhibit TLR activating signals to
maintain monocyte tolerance (73), to inhibit monocyte to
dendritic cell differentiation and to suppress INF-a production
by plasmacytoid dendritic cells (pDC) (74).

On another line, C1q was shown to inhibit RAGE-mediated
internalization of HMGB1, which may also directly contribute to
its regulatory role (62). C1s was also shown to cleave HMGB1,
which may reduce its immunogenicity. This proteolytic cleavage
also reduces the HMGB1 property to amplify LPS-mediated
proinflammatory cytokine secretion from monocytes,
macrophages and dendritic cells (57, 75). All these properties
may contribute to the non-inflammatory role of the C1 subunits
in its cross-talk with HMGB1, but the underlying molecular
mechanisms remain partly unexplored.

Altogether, these observations suggest that the interplay
between HMGB1 and C1q/C1s can raise and amplify initial
alarm signals, and then dampen the raised inflammation.
3 EXAMPLES OF HMGB1 AND
COMPLEMENT DYSFUNCTIONS
AND CROSSTALK IN
INFLAMMATORY DISEASES

3.1 Exacerbating Instead of Dampening
Inflammation in SLE Through HMGB1 and
Complement Crosstalk
SLE is an emblematic chronic multifactorial auto-immune
disease where the two alarm systems likely crosstalk and
Frontiers in Immunology | www.frontiersin.org 7
contribute to immune dysregulation (62). This disease is
characterized by the production of multiple autoantibodies
(auto-Abs). Regarding its etiology, it combines genetic
predisposition and environmental factors that alter immune
regulatory processes. It presents alternative periods of illness
(flares) and wellness, and may affect different tissues. The clinical
symptoms thus range from skin rashes, chronic fatigue, and
arthritis to the more severe nephritic and neurological
involvements (12). Disease evolution into lupus nephritis (LN)
is the most common cause of morbidity and mortality, by
progressing to end-stage renal failure (76). LN remains
scientifically challenging to understand and predict, since it
involves multiple pathogenic pathways including altered cell
death, auto-immune complexes deposition, complement
activation, and inflammatory flares (77).

3.1.1 SLE, Autoantibodies and Complement
Defining the role of the CP proteins in SLE is complex and has
been recognized as a classical paradox in the field (78) since the
system dysfunctions when these proteins are deficient
(genetically or by consumption) or over-activated (12).

Since the discovery that deficiencies in CP proteins are the
strongest genetic risk factors for developing SLE (79, 80), a link
has been established between CP protein abnormalities and this
complex disease. Cases of complete C1q, C1s, or C1r deficiencies
(79–81), or of mutated C1q, which can no longer associate with
its cognate C1r and C1s proteases (82), are all associated with
human SLE with mortality or morbidity at a young age. This was
initially explained by the impaired role of the CP components in
the clearance of immune complexes and “self” debris such as
apoptotic cells, known as the waste disposal hypothesis (83).
More than 100 cases of complete C1q deficiency are described
now, with variable clinical presentations, often sharing SLE or
SLE-like disease and recurrent bacterial infections (84). Fewer
(dozen) cases are described with complete C1s deficiency, maybe
because recurrent infections and mortality at a young age are
common in these patients. Altogether, these clinical data suggest
that the CP proteins are protective from developing SLE.

However, since SLE is the disease with the largest number of
identified auto-Abs, auto-immune complexes deposited on the
renal surface can over-activate the complement CP, inducing
strong tissue damage and profound C1q, C3 and C4
consumption (Figure 5). Moreover, anti-C1q auto-Abs, which
are found in more than 40% of the LN patients (85), can alter
C1q functions and contribute to the intrarenal complement
over-activation and tissue damage (86, 87).

Although anti-C1q auto-Abs are often associated with LN,
anti-C3b auto-Abs were found more specific, but less sensitive,
suggesting the possible use of a combination of both auto-Abs as
biomarkers to follow LN activity in SLE patients (77). More
recently, C3 and C4 activation products, present in plasma and/
or at the surface of blood cells, have been proposed as diagnostic
markers with a tight correlation with SLE disease activity (88).

Although apparently contradictory, these different
observations reveal that the function of the CP proteins is
essential but needs to be tightly balanced and controlled.
Exploring this paradox has led to the discovery of many other
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functional facets of the C1q molecule (89), as reviewed recently
in (90–92). The role of the C1 proteases is also to be deciphered
outside of their classical role, where complement-C3d deposition
on immune complexes (ICs) results in enhanced auto-Abs
production by B cells (93, 94) (Figure 5).

3.1.2 SLE, Autoantibodies and HMGB1
Pathological roles in SLE for the alarmin HMGB1 and anti-
HMGB1 auto-Abs were proposed recently (95). For more details,
the reader is referred to a recent mini-review and references
therein (96).

In SLE patients, higher HMGB1 serum concentrations are
reported, increasing during active disease and remaining elevated
even during anti-inflammatory treatments (97). A significant,
positive correlation was found between HMGB1 mRNA and SLE
disease activity index (SLEDAI) (98). Besides its global
contribution to the pathogenesis of SLE, HMGB1 was reported
to play a particular role in LN, possibly serving as a marker of
disease activity in patients with renal impairment (95). In
keeping with this question, it has been proposed recently that
Frontiers in Immunology | www.frontiersin.org 8
serum HMGB1 (in a context of pediatric SLE) or microparticles
containing HMGB1 observed in the urine of patients may be
useful as biomarkers of LN (99, 100). Interestingly, another study
focusing on auto-Abs directed against HMGB1 A-box concluded
about their potential interest as a biomarker for SLE, especially
for the prediction of disease activity, and not specifically related
to the kidney (101).

As for C1q, it is proposed that HMGB1 impacts both the
innate and adaptive immune cells in SLE (96). HMGB1 may
impair apoptotic cells clearance, strongly stimulating the
secretion of proinflammatory cytokines like IFN-I by pDCs. It
can impact cell death processes (e.g. increase neutrophil netosis).

We will mainly refer here to further observations not reported
in the reviews cited above. In the particular context of LN, TLR2
has been shown to regulate glomerular mesangial matrix
deposition through the activation of the MyD88/NF-kB
pathway though interactions with HMGB1 (102). HMGB1
upregulation in SLE correlates with the activation of dendritic
cells, targeting myeloid dendritic cells via the upregulation of the
mTOR pathway, for example. This signaling pathway leads to the
FIGURE 5 | Schematic view on how complement and HMGB1 may co-amplify tissue damaging feedback loops in SLE/LN. Left: Complement overactivation (1a to
5a); Right: HMGB1-mediated impact (1b to 5b). On the left side, complement over-activation (through C1r/s, not shown) by intrarenal deposited immune complexes
is enhanced by anti-C1q (red) (1a). This leads to C3a-C5a driven inflammation (2a) and renal tissue damage, with impaired clearance because of C1q and C3
depletion, therefore releasing more nucleosomes (3). On the right side, HMGB1 forms complexes with nucleosomes (1b), LPS or cytokines. These HMGB1
complexes enhance inflammation in the kidney or in the skin of lupus patients, and activate IFN-a production (a driving cytokine in lupus pathogenesis, 2b). Both
HMGB1 and C3a/C5a can stimulate HMGB1 release by activated cells (2a, 2b); HMGB1 is also passively released by complement-damaged cells (3a), and through
increased netosis induced by HMGB1 (3b). The consequent imbalance effect on C1q and HMGB1 hampers proper inflammation resolution (see Figure 6) (4). On
both sides, the process stimulates B-cells to produce more auto-Abs, which fuels the two combined vicious circles at the first steps (5a, 5b). Different types of auto-
Abs are illustrated, with possible functional interference: anti-nucleosome (green), anti-C1q (red), anti-HMGB1 (orange).
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exposure of HLA-DR, CD40, and CD86 on dendritic cells and
enhances the secretion of IL-1b, IL-6, and TNF-a cytokines
(103). Intriguingly, high molecular weight covalent complexes
including HMGB1 circulate in the blood of SLE patients at a
significantly higher concentration than in healthy patients (104).

HMGB1 also takes part in the stimulation of BAFF (B-Cell-
Activating Factor) and thus auto-Ab production (105, 106),
introducing a vicious circle as illustrated in Figure 5. Indeed,
ICs containing DNA and HMGB1 can promote TNF-a and
BAFF production through RAGE, leading to B cell hyperactivity
(105). HMGB1 gene and protein expression is significantly
increased in SLE CD4(+) T cells compared to controls, and it
could impact the DNA methylation level (98).

3.1.3 HMGB1 and C1q or C1s Crosstalk in SLE
Numerous studies have contributed to elucidate the role of C1q
in SLE. Among them, two reported a C1q interplay with HMGB1
towards inflammation resolution and immune balance, involving
the LAIR-1 and RAGE receptors (62, 63), as described previously
(Figure 4). In addition, the cleavage of HMGB1 by C1s was
proposed to suppress surface autoantigen epitopes (57). The
simplified integrated overview presented in Figure 5 illustrates
the interconnections between the functional effects of CP
proteins and HMGB1, with possible cross-amplification of
inflammatory vicious circles in a LN disease context. For
example, in correlation with disease severity, elevated
Frontiers in Immunology | www.frontiersin.org 9
circulating HMGB1 seen in SLE patients can bind to
nucleosomes released from damaged cells, and be part of ICs
(because of anti-HMGB1 and anti-DNA auto-Abs) (107). These
ICs will trigger complement activation, which consumes C1q and
releases anaphylatoxins, which upregulates HMGB1. This
process induces a molecular imbalance between HMGB1 and
C1q (Figure 5). This imbalance (Figure 6), together with the
downregulation of LAIR-1 on pDC in pediatric SLE (108) or at
the surface of B cells (109), will limit the feedback control
through these molecules shown in Figure 4. C3 fragments
deposited on the surface of ICs and HMGB1 present in
nucleosomes complexes will stimulate B cells to produce more
auto-Abs.

Hyperactive T cell responses occur in SLE patients, with
different co-signals. Indeed, ICs and late complement
activation components trigger the activation of Syk tyrosine
kinase co-signal in CD4+ T-cells through FcgRIIIa, which up-
regulates TLR and HMGB1 expression, as well as the expression
of IFN pathway genes (110). In addition, the deficit of spatial
memory in neuro-SLE patients is a consequence of dendrite
destruction by microglia. HMGB1, decorating synapses on
neurons damaged by anti-neuron antibodies, enhances C1q
binding which activates the microglia and targets the dendrite
for destruction and remodeling (111). Both the central and
peripheral nervous systems can be affected, leading to
cognitive impairments.
FIGURE 6 | The HMGB1/C1s/C1q interplay modulates the inflammatory signals from initiation to resolution. As a molecular switch, C1q can dampen the
inflammatory signals triggered by RAGE/HMGB1, through LAIR-1 inhibitory signaling. The role of C1s in this interplay remains to be further investigated.
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3.2 C1, Complement or HMGB1
Dysfunction and Possible Crosstalk in
Severe Periodontitis-Like Diseases, With
Tissue Degradation Associated With
Chronic Inflammation and Dysbiosis
We now come to a context of inflammatory disorders which
affect the periodontium, which is the tissue supporting the teeth,
which includes different structures such as gingiva, cementum,
periodontal ligament and alveolar bone. Periodontitis is the
prototype of disease where destructive inflammation and
microbial dysbiosis are reciprocally reinforced in a complex
interplay. In severe cases, when inflammation persists
unresolved, the exacerbated host reaction can lead to the
degradation of the periodontium, namely periodontitis.
Connective tissue damage and loss of alveolar bone are
mediated by a dysregulated and excessive inflammatory
response, which involves components of both innate and
adaptive immunity, including the complement system (112,
113). Persistent inflammation leads to microbial dysbiosis in
favor of bacteria surviving in these conditions and using tissue
breakdown products as nutrients. Within a vicious circle, the
imbalanced composition of oral bacteria will trigger more
inflammation, leading to tissue permeability. Therefore, oral
bacteria may disseminate in the whole body, which will extend
the location of microbial dysbiosis disorders. Importantly, this
chronic inflammatory context is associated with an elevated risk
of systemic conditions, which reinforces the need to better
understand and treat periodontitis-like diseases (114).

3.2.1 Complement in Ehlers-Danlos Syndrome
Periodontal Subtype and in Periodontitis
Our interest in this disease context opened through a
collaboration with scientists from Innsbruck Medical
University, who discovered heterozygous mutations in C1
subunit genes C1R and C1S, which were clearly associated with
a specific periodontal subtype of Ehlers-Danlos Syndromes
(EDS) (115). EDS is an umbrella term for a group of inherited
connective tissue disorders, characterized by joint hypermobility,
skin hyperextensibility, and tissue fragility. A predominant
clinical feature of periodontal EDS (pEDS) is early severe
periodontitis and tooth loss or resorption. During childhood,
before the onset of periodontitis, a common manifestation for
this very rare disorder is the lack of attached gingiva, consistently
observed only in children who inherited the familial pathogenic
pEDS variant (116). Early bruising was another symptom
commonly associated with children inheriting the pathogenic
pEDS variant.

Identifying mutations in the C1R or C1S genes is among the
criteria needed to diagnose pEDS (117). What could be the link
between the heterozygous mutations in the C1S and C1R genes
and this very rare syndrome? Interestingly, periodontitis can
occur in this particular pEDS context without strong pathogenic
colonization in gingival pockets. This observation therefore
suggests that alterations in C1r or C1s functions might trigger
sterile inflammation in this specific pEDS context. Two studies
aimed to explore the molecular consequences of these specific
Frontiers in Immunology | www.frontiersin.org 10
mutations in C1r and C1s (118, 119). Defective secretion of these
proteases is always observed in the presence of all pEDS
mutations, with the only exception of a particular mutation in
C1r which affects a C1q-binding residue (118). A common
feature is that the altered C1r or C1s proteases, if secreted, will
not assemble into the extracellular C1 complex. Therefore, this
suggests that their activation and activity will escape from the
physiological control associated with the C1 context. In cases of
the mutations affecting the C1r coding sequence in pEDS
patients, the C1s protease is intact but its level of activation is
significantly increased in the supernatant of patient fibroblasts as
compared to controls (without activation), which suggests that
C1s activity may be involved in the pathological process (118).
Further in vitro studies, analyzing the impact of the mutations
affecting the C1s coding sequence in pEDS patients,
unexpectedly revealed that only a C-terminal fragment was
secreted during recombinant C1s variant expression in HEK
cells. Importantly, this C1s C-terminal fragment was lacking the
capacity to cleave C4, which led us to check if this fragment
retained the capacity to cleave the non-canonical HMGB1 target,
which was the case, although the generated fragments may
slightly differ in proportion (119). As a first conclusion to
these studies on pEDS mutations, the common observation is
that the C1s protease gets constitutively activated, without the
need of the canonical C1 trigger, and we suggest that C1s
constitutive activity may thus be at least partly responsible for
the observed dominant inheritance.

Consistently, we will recapitulate below the current
observations on the involvement of complement (and HMGB1
in the next section) in severe periodontitis. Complement proteins
are present and produced in the oral cavity. Several clinical
observations and pre-clinical intervention studies that
collectively suggest that complement is hyperactivated in
periodontitis have been recently reviewed (112). In healthy
conditions, complement split products are either absent or
present in low concentrations in the gingival crevicular fluid.
In contrast, complement C1q, FB, Bb, C3, C3a, C3b, C3c, C3d,
C4, C5, C5a, C5b and C9 have all been detected in diseased
periodontal tissue and in the gingival crevicular fluid from
patients with established periodontitis (120). Increased local
activation of complement in the periodontal tissues enhances
the local inflammatory response, as well as loss of tooth
attachment and ultimately bone resorption among the
associated clinical manifestations (120). The formation of
osteoclasts, the cells responsible for the removal of mineralized
tissue, is modulated by C3a and C5a anaphylatoxins, in synergy
with IL-1ß (121). Recent studies suggested that the complement
system and mast cells are associated with the destructive
periodontitis processes of alveolar bone and tooth resorption
in cats (121).

In the childhood context, characterized by decidual teeth, we
can note that decidual ligaments have been observed to express
significantly more complement C1s than permanent ligaments,
as well as more laminins extracellular matrix components, with
morphological differences between the two types of periodontal
ligament tissues (122). Coming back to the pEDS disease context,
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there may therefore be a possible link between the above
observations and the absence of attached gingiva observed in
the children who inherited from the pathogenic variant in pEDS
families (116).

3.2.2 HMGB1-RAGE Axis and Interplay Between the
TLR/Complement Crosstalk and Pathogens
in Periodontitis
As recently reviewed (123), it has been proposed that HMGB1
plays a role in the exacerbation and propagation of the oral
inflammatory disorders. Infection promotes HMGB1 secretion
from periodontal tissue, and the secreted HMGB1 is involved in
the lingering or aggravation of periodontitis. Anti-HMGB1
antibodies were shown to attenuate periodontal inflammation
and bone resorption in a murine periodontitis model (124).
Several oral cells secrete HMGB1 in response to bacterial
infections (for example P. gingivalis) or stimuli like LPS,
butyric acid (which is a metabolite of periodontal pathogens),
IL-1b, TNF-a. These include gingival epithelial cells, gingival
fibroblasts, human periodontal ligament fibroblasts and of course
macrophages. Elevated concentrations of HMGB1 in the gingival
crevicular fluid were observed in periodontitis patients, with
significant positive correlations between these HMGB1 levels
and all periodontal parameters, including plaque index, bleeding
index, probing depth, and clinical attachment level. Thus,
infection and inflammation promote HMGB1 secretion from
periodontal tissue, which further promotes pro-inflammatory
cytokine production and osteoclast generation, aggravating
periodontitis. RAGE is also highly upregulated in patients with
combined type 2 diabetes and periodontitis, as compared to
patients with chronic periodontitis. The two occurences of the
word patients were not appropriately positioned (125).

Subversion of the complement/TLR crosstalk by pathogens
was also described in the context of periodontitis (126). For
example, P. gingivalis is a strict anaerobic bacterium that requires
peptides and hemin for its growth, and thus depends on the
continuous flow of inflammatory serum exudates to obtain
essential nutrients for survival in the periodontal niche. Its
proteases, gingipains, directly cleave C5 to generate C5a, but
also degrade C3 and C5b, which inhibits membrane attack
complex (MAC) formation. By another subversive mechanism
involving TLR2 and C5aR1, the bacteria suppress the
macrophage and neutrophil immune functions (126). This
C5aR1–TLR2 crosstalk upregulates the production of
proinflammatory cytokines (IL-1b, IL-6, and TNF-a), which
appear to mediate inflammatory bone loss in a murine model
of experimental periodontitis, as well as dysbiosis. Finally,
deepening of the periodontal pockets provides nutrients and
more room for bacterial growth. What about HMGB1 in this
TLR/complement crosstalk? In the signaling cascade proposed
by (123), HMGB1 is secreted by gingival epithelial cells in
response to LPS by TLR2/4 and in response to butyric acid by
other receptors. In a paracrine/autocrine mode, extracellular
HMGB1 then induces signaling through TLR2, MD2/TLR4
and RAGE in the gingival epithelium, macrophages and
periodontal ligaments. As seen before, the complement
Frontiers in Immunology | www.frontiersin.org 11
anaphylatoxins might up-regulate HMGB1 secretion through
C5aR2. However, this interplay remains ill-defined for the
moment and no figure will be proposed here. Coming back to
the context of the C1s mutations studied in the pEDS disease, if
the inherited pEDS mutation induces pathological effect because
of uncontrolled C1s activity, we suggest that a dysfunction in the
C1/HMGB1 crosstalk might be involved in this context, although
the details of possible molecular mechanisms remain to be
solved (119).
4 CONCLUDING REMARKS

Complement and HMGB1 are major actors of our defense
systems, involving various amplification mechanisms as well as
a wide range of surface receptors. Together, they first provide
effective danger signals and front lines against external as well as
internal insults, and can then switch towards inflammation
resolution and repair. Reflecting some contradictory issues in
the field, we aimed here to illustrate how their interplay may
reciprocally be reinforced for the bad, in disease states, or also for
the best, when repair is effective. As suggested in Figures 5, 6, the
molecular switch towards inflammation resolution, which
involves LAIR1, depends on a fine molecular balance between
C1 components and HMGB1, likely a key element in the
SLE context.

Complement proteins are mainly and traditionally seen as
extracellular factors, but a huge interest has been recently raised
in the discovery of intracellular new functions. Conversely,
HMGB1 is traditionally seen as an intracellular protein
(nuclear, cytoplasmic, …) but various extracellular functions
have now been deciphered in the last decades. C1q, HMGB1,
C3 (and its activation products) are all therefore multitasking
effectors (10, 90, 127). Their different tasks critically depend on
the location, post-translational modifications (including
proteolytic cleavages) and interacting partners, which the
larger C1q molecule can locally bridge. Since these multiple
tasks are assigned to different compartments or different steps in
the processes, we choose here to avoid the ‘dual role’ or ‘double
edged-sword’ mention often used in the case of C1q and
HMGB1, although it is clear that in certain pathological
dysregulated contexts they may be involved in strong
pathological amplification of inflammation and tissue injury.

The reader may find complementary details and further
inspiration in previous reviews close to this subject, from the
different angles of the complement and TLR crosstalk (126, 128),
complement-inflammasome crosstalk (129, 130), complement
and cell death (75) or complement and SLE (92). Part of this
subject is also related to reviews including non-canonical
functions of complement (14, 90) or HMGB1/alarmins (31,
131) or C3 multiple functions (10).

Beyond C5aR2-stimulated HMGB1 secretion (132),
publications referring to both HMGB1 and complement
remain rare but their number increased recently. They are
focused on a specific aspect of the crosstalk, or associated with
very severe conditions, as for example Gulf War Illness (133) or
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hemorrhagic shock (134), or may also relate to the field of
neuroinflammation (135). This latter aspect of neurological
disorders has not been fully addressed in this review, although
alteration of the brain white matter has been observed for at least
two pEDS families, which raises the question of the possible
impact on the central nervous system (136). On a larger scale,
cognitive impairment occurs in 40–90% of SLE patients (111,
137). To better understand the latter condition, the group of
Betty Diamond has further explored in a mouse model how C1q
and HMGB1 target together neuronal dendrites for destruction,
which translates into deficits in spatial memory (137).

Hopefully, this review will shed light on new perspectives on
molecular dominos and possible vicious circles combining the
two systems. The disease examples cited in this review are likely
‘the tip of the iceberg’. SLE is clearly the more established
example, thanks to numerous studies trying to elucidate the
paradoxical observation that C1q deficiency is such a high-risk
factor to develop this disease. The interplay between complement
and HMGB1 could likely play a key role in several other severe
disease contexts, in particular inflammatory diseases where the
immune pathology is host-driven, including cancer, sepsis,
senescence. Even in the current pandemic COVID-19,
increased circulating HMGB1 levels were observed (138) and
crosstalk between the complement, contact, and coagulation
systems contributed to severe pathological consequences of the
infection (11).

Many challenges remain ahead. These soluble mediators may
be easily ‘invisible’ in studies focused on immune cells. How to
decipher the occurrence and impact of various post-translational
modifications of HMGB1 in physiological but also pathological
contexts? These modifications are not limited to the oxidation
state of the cysteines (34). Experimental tricks are needed to
deconvolute the impact of extracellular and intracellular
contributions, as well as their local or systemic origin.
Deciphering new non-canonical functions remains challenging
although impressive recent progresses were made on this side.
Lastly, a better understanding of these interrelated systems will
Frontiers in Immunology | www.frontiersin.org 12
open the door to new personalized therapeutic strategies
including adjunctive treatment, for example to downregulate
HMGB1 (139), while new drug developments are performed to
control complement and HMGB1 pathological effects, as
discussed in recent reviews or research papers (9, 10, 27, 33,
63, 112, 140).
AUTHOR CONTRIBUTIONS

CG, ML, NT, and CD-P reviewed the literature or wrote sections
of the review article. ML created figures, supervised by CG and
VR. CG organized and wrote the main part of the text. All
authors contributed to the article and approved the
submitted version.
FUNDING

Interest in the topic reviewed here and related research work are/
were supported by three grants from the French National
Research Agency (ANR): DYSALARM (ANR-21-CE14-0066),
C1rsinEDS (ANR-16-CE91-0004) and C1qEffero (ANR-16-
CE11-0019). ML is funded by a fellowship from the University
Grenoble Alpes graduate school (Ecoles Universitaires de
Recherche) CBH-EUR-GS (ANR-17-EURE-0003).
ACKNOWLEDGMENTS

This review paper relies on numerous studies performed in the
field of complement and HMGB1/alarmin and all contributors in
these fields are acknowledged, even if they are not directly cited,
but indirectly through reviews. IBS acknowledges integration into
the Interdisciplinary Research Institute of Grenoble (IRIG, CEA).
REFERENCES

1. Bally I, Ancelet S, Moriscot C, Gonnet F, Mantovani A, Daniel R, et al.
Expression of Recombinant Human Complement C1q Allows Identification
of the C1r/C1s-Binding Sites. Proc Natl Acad Sci USA. (2013) 110:8650–5.
doi: 10.1073/pnas.1304894110

2. Ohndorf UM, Rould MA, He Q, Pabo CO, Lippard SJ. Basis for Recognition
of Cisplatin-Modified DNA by High-Mobility-Group Proteins. Nature
(1999) 399:708–12. doi: 10.1038/21460

3. Bajic G, Yatime L, Klos A, Andersen GR. Human C3a and C3a Desarg
Anaphylatoxins Have Conserved Structures, in Contrast to C5a and C5a
Desarg. Protein Sci Publ Protein Soc (2013) 22:204–12. doi: 10.1002/pro.2200

4. Hansen SWK, Ohtani K, Roy N,Wakamiya N. The Collectins CL-L1, CL-K1
and CL-P1, and Their Roles in Complement and Innate Immunity.
Immunobiology (2016) 221:1058–67. doi: 10.1016/j.imbio.2016.05.012

5. Bohlson SS, Garred P, Kemper C, Tenner AJ. Complement Nomenclature—
Deconvoluted. Front Immunol (2019) 10:1308. doi: 10.3389/fimmu.2019.01308

6. Merle NS, Church SE, Fremeaux-Bacchi V, Roumenina LT. Complement
System Part I - Molecular Mechanisms of Activation and Regulation. Front
Immunol (2015) 6:262. doi: 10.3389/fimmu.2015.00262
7. Gaboriaud C, Ling WL, Thielens NM, Bally I, Rossi V. Deciphering the Fine
Details of C1 Assembly and Activation Mechanisms: “Mission Impossible”?
Front Immunol (2014) 5:565. doi: 10.3389/fimmu.2014.00565

8. Gaboriaud C, Frachet P, Thielens NM, Arlaud GJ. The Human C1q
Globular Domain: Structure and Recognition of Non-Immune Self
Ligands. Front Immunol (2011) 2:92. doi: 10.3389/fimmu.2011.00092

9. Lachmann PJ. The Amplification Loop of the Complement Pathways. Adv
Immunol (2009). 104:115–49. doi: 10.1016/S0065-2776(08)04004-2

10. Ricklin D, Reis ES, Mastellos DC, Gros P, Lambris JD. Complement
Component C3 – The “Swiss Army Knife” of Innate Immunity and Host
Defense. Immunol Rev (2016) 274:33–58. doi: 10.1111/imr.12500

11. Agostinis C, Mangogna A, Balduit A, Aghamajidi A, Ricci G, Kishore U,
et al. COVID-19, Pre-Eclampsia, and Complement System. Front Immunol
(2021) 12:775168. doi: 10.3389/fimmu.2021.775168

12. Merle NS, Noe R, Halbwachs-Mecarelli L, Fremeaux-Bacchi V, Roumenina
LT. Complement System Part II: Role in Immunity. Front Immunol (2015)
6:257. doi: 10.3389/fimmu.2015.00257

13. Gasque P. Complement: A Unique Innate Immune Sensor for Danger
S i gna l s . Mol Immuno l ( 2004 ) 41 : 1089–98 . do i : 1 0 . 1016 /
j.molimm.2004.06.011
April 2022 | Volume 13 | Article 869720

https://doi.org/10.1073/pnas.1304894110
https://doi.org/10.1038/21460
https://doi.org/10.1002/pro.2200
https://doi.org/10.1016/j.imbio.2016.05.012
https://doi.org/10.3389/fimmu.2019.01308
https://doi.org/10.3389/fimmu.2015.00262
https://doi.org/10.3389/fimmu.2014.00565
https://doi.org/10.3389/fimmu.2011.00092
https://doi.org/10.1016/S0065-2776(08)04004-2
https://doi.org/10.1111/imr.12500
https://doi.org/10.3389/fimmu.2021.775168
https://doi.org/10.3389/fimmu.2015.00257
https://doi.org/10.1016/j.molimm.2004.06.011
https://doi.org/10.1016/j.molimm.2004.06.011
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Gaboriaud et al. HMGB1 and Complement Molecular Interplay
14. Ricklin D, Hajishengallis G, Yang K, Lambris JD. Complement: A Key
System for Immune Surveillance and Homeostasis. Nat Immunol (2010)
11:785–97. doi: 10.1038/ni.1923

15. Mathern DR, Heeger PS. Molecules Great and Small: The Complement
System. Clin J Am Soc Nephrol CJASN (2015) 10:1636–50. doi: 10.2215/
CJN.06230614

16. Pouw RB, Ricklin D. Tipping the Balance: Intricate Roles of the Complement
System in Disease and Therapy. Semin Immunopathol (2021) 43:757–71.
doi: 10.1007/s00281-021-00892-7

17. Leslie M. Immunology. The New View of Complement. Science (2012)
337:1034–7. doi: 10.1126/science.337.6098.1034

18. Heeger PS, Kemper C. Novel Roles of Complement in T Effector Cell
Regulation. Immunobiology (2012) 217:216–24. doi: 10.1016/
j.imbio.2011.06.004

19. West EE, Kolev M, Kemper C. Complement and the Regulation of T Cell
Responses. Annu Rev Immunol (2018) 36:309–38. doi: 10.1146/annurev-
immunol-042617-053245

20. Kemper C, Köhl J. Back to the Future – Non-Canonical Functions of
Complement . Semin Immunol (2018) 37 :1–3. doi : 10 .1016/
j.smim.2018.05.002

21. Kang R, Chen R, Zhang Q, Hou W, Wu S, Cao L, et al. HMGB1 in Health
and Disease. Mol Aspects Med (2014) 40:1–116. doi: 10.1016/
j.mam.2014.05.001

22. Chikhirzhina E, Starkova T, Beljajev A, Polyanichko A, Tomilin A.
Functional Diversity of Non-Histone Chromosomal Protein Hmgb1. Int J
Mol Sci (2020) 21:E7948. doi: 10.3390/ijms21217948

23. Wang H, Bloom O, Zhang M, Vishnubhakat JM, Ombrellino M, Che J, et al.
HMG-1 as a Late Mediator of Endotoxin Lethality in Mice. Science (1999)
285:248–51. doi: 10.1126/science.285.5425.248

24. Stevens NE, Chapman MJ, Fraser CK, Kuchel TR, Hayball JD, Diener KR.
Therapeutic Targeting of HMGB1 During Experimental Sepsis Modulates
the Inflammatory Cytokine Profile to One Associated With Improved
Clinical Outcomes. Sci Rep (2017) 7:5850. doi: 10.1038/s41598-017-06205-z

25. Zhu CS, Wang W, Qiang X, Chen W, Lan X, Li J, et al. Endogenous
Regulation and Pharmacological Modulation of Sepsis-Induced HMGB1
Release and Action: An Updated Review. Cells (2021) 10:2220. doi: 10.3390/
cells10092220

26. Yang H, Wang H, Chavan SS, Andersson U. High Mobility Group Box
Protein 1 (HMGB1): The Prototypical Endogenous Danger Molecule. Mol
Med Camb Mass (2015) 21 Suppl 1 :S6–S12 . doi : 10 .2119/
molmed.2015.00087

27. Yang H, Wang H, Andersson U. Targeting Inflammation Driven by
HMGB1. Front Immunol (2020) 11:484. doi: 10.3389/fimmu.2020.00484

28. Chen R, Kang R, Tang D. The Mechanism of HMGB1 Secretion and Release.
Exp Mol Med (2022) 54:91–102. doi: 10.1038/s12276-022-00736-w

29. Yang H, Andersson U, Brines M. Neurons Are a Primary Driver of
Inflammation via Release of HMGB1. Cells (2021) 10:2791. doi: 10.3390/
cells10102791

30. Li J, Kokkola R, Tabibzadeh S, Yang R, Ochani M, Qiang X, et al. Structural
Basis for the Proinflammatory Cytokine Activity of High Mobility Group
Box 1. Mol Med Camb Mass (2003) 9:37–45. doi: 10.1007/BF03402105

31. Gorgulho CM, Romagnoli GG, Bharthi R, Lotze MT. Johnny on the Spot-
Chronic Inflammation Is Driven by HMGB1. Front Immunol (2019)
10:1561. doi: 10.3389/fimmu.2019.01561

32. Bianchi ME, Manfredi AA. High-Mobility Group Box 1 (HMGB1) Protein
at the Crossroads Between Innate and Adaptive Immunity. Immunol Rev
(2007) 220:35–46. doi: 10.1111/j.1600-065X.2007.00574.x

33. Andersson U, Tracey KJ, Yang H. Post-Translational Modification of
HMGB1 Disulfide Bonds in Stimulating and Inhibiting Inflammation.
Cells (2021) 10:3323. doi: 10.3390/cells10123323

34. Kwak MS, Kim HS, Lee B, Kim YH, Son M, Shin J-S. Immunological
Significance of HMGB1 Post-Translational Modification and Redox Biology.
Front Immunol (2020) 11:1189. doi: 10.3389/fimmu.2020.01189

35. Ferrara M, Chialli G, Ferreira LM, Ruggieri E, Careccia G, Preti A, et al.
Oxidation of HMGB1 Is a Dynamically Regulated Process in Physiological
and Pathological Conditions. Front Immunol (2020) 11:1122. doi: 10.3389/
fimmu.2020.01122
Frontiers in Immunology | www.frontiersin.org 13
36. D’Agostino G, Artinger M, Locati M, Perez L, Legler DF, Bianchi ME, et al.
b-Arrestin1 and b-Arrestin2 Are Required to Support the Activity of the
CXCL12/HMGB1 Heterocomplex on CXCR4. Front Immunol (2020)
11:550824:550824. doi: 10.3389/fimmu.2020.550824

37. Tirone M, Tran NL, Ceriotti C, Gorzanelli A, Canepari M, Bottinelli R, et al.
High Mobility Group Box 1 Orchestrates Tissue Regeneration via CXCR4.
J Exp Med (2018) 215:303–18. doi: 10.1084/jem.20160217

38. Paudel YN, Angelopoulou E, Piperi C, Balasubramaniam VRMT, Othman I,
Shaikh MF. Enlightening the Role of High Mobility Group Box 1 (HMGB1)
in Inflammation: Updates on Receptor Signalling. Eur J Pharmacol (2019)
858:172487. doi: 10.1016/j.ejphar.2019.172487

39. Ge Y, Huang M, Yao Y. The Effect and Regulatory Mechanism of High
Mobility Group Box-1 Protein on Immune Cells in Inflammatory Diseases.
Cells (2021) 10:1044. doi: 10.3390/cells10051044

40. Geng Y, Munirathinam G, Palani S, Ross JE, Wang B, Chen A, et al.
HMGB1-Neutralizing IgM Antibody Is a Normal Component of Blood
Plasma. J Immunol (2020) 205:407–13. doi: 10.4049/jimmunol.2000014

41. Andersson U, Yang H, Harris H. High-Mobility Group Box 1 Protein
(HMGB1) Operates as an Alarmin Outside as Well as Inside Cells. Semin
Immunol (2018) 38:40–8. doi: 10.1016/j.smim.2018.02.011

42. van Beijnum JR, Buurman WA, Griffioen AW. Convergence and
Amplification of Toll-Like Receptor (TLR) and Receptor for Advanced
Glycation End Products (RAGE) Signaling Pathways via High Mobility
Group B1 (Hmgb1). Angiogenesis (2008) 11:91–9. doi: 10.1007/s10456-008-
9093-5

43. Porto A, Palumbo R, Pieroni M, Aprigliano G, Chiesa R, Sanvito F, et al.
Smooth Muscle Cells in Human Atherosclerotic Plaques Secrete and
Proliferate in Response to High Mobility Group Box 1 Protein. FASEB J
Off Publ Fed Am Soc Exp Biol (2006) 20:2565–6. doi: 10.1096/fj.06-5867fje

44. Huebener P, Pradere J-P, Hernandez C, Gwak G-Y, Caviglia JM, Mu X, et al.
The HMGB1/RAGE Axis Triggers Neutrophil-Mediated Injury
Amplification Following Necrosis. J Clin Invest (2019) 130:1802.
doi: 10.1172/JCI126976

45. Ruan BH, Li X, Winkler AR, Cunningham KM, Kuai J, Greco RM, et al.
Complement C3a, CpG Oligos, and DNA/C3a Complex Stimulate IFN-a
Production in a Receptor for Advanced Glycation End Product-Dependent
Manner. J Immunol (2010) 185:4213–22. doi: 10.4049/jimmunol.1000863

46. Wang K, Wei H, Zhan J, Liang X, Zhang C, Liu Y, et al. GSPE Alleviates
Renal Fibrosis by Inhibiting the Activation of C3/ HMGB1/ TGF-b1
Pathway. Chem Biol Interact (2020) 316:108926. doi: 10.1016/
j.cbi.2019.108926

47. Zhang Y. MiR-92d-3p Suppresses the Progression of Diabetic Nephropathy
Renal Fibrosis by Inhibiting the C3/HMGB1/TGF-b1 Pathway. Biosci Rep
(2021) 41:BSR20203131. doi: 10.1042/BSR20203131

48. Rittirsch D, Flierl MA, Nadeau BA, Day DE, Huber-Lang M, Mackay CR,
et al. Functional Roles for C5a Receptors in Sepsis. NatMed (2008) 14:551–7.
doi: 10.1038/nm1753

49. Yu S, Wang D, Huang L, Zhang Y, Luo R, Adah D, et al. The Complement
Receptor C5aR2 Promotes Protein Kinase R Expression and Contributes to
NLRP3 Inflammasome Activation and HMGB1 Release From Macrophages.
J Biol Chem (2019) 294:8384–94. doi: 10.1074/jbc.RA118.006508

50. Zhang T, Wu K-Y, Ma N, Wei L-L, Garstka M, Zhou W, et al. The C5a/
C5aR2 Axis Promotes Renal Inflammation and Tissue Damage. JCI Insight
(2020) 5:134081. doi: 10.1172/jci.insight.134081

51. Wang C, Wang H, Hao J, Chang D-Y, Zhao M-H, Chen M. Involvement of
High Mobility Group Box 1 in the Activation of C5a-Primed Neutrophils
Induced by ANCA. Clin Immunol Orlando Fla (2015) 159:47–57.
doi: 10.1016/j.clim.2015.04.008

52. Kim SY, Son M, Lee SE, Park IH, Kwak MS, Han M, et al. High-Mobility
Group Box 1-Induced Complement Activation Causes Sterile Inflammation.
Front Immunol (2018) 9:705. doi: 10.3389/fimmu.2018.00705

53. Xie CB, Qin L, Li G, Fang C, Kirkiles-Smith NC, Tellides G, et al. Complement
Membrane Attack Complexes Assemble NLRP3 Inflammasomes Triggering IL-1
Activation of IFN-g-Primed Human Endothelium. Circ Res (2019) 124:1747–59.
doi: 10.1161/CIRCRESAHA.119.314845

54. Feng X, Hao J, Liu Q, Yang L, Lv X, Zhang Y, et al. HMGB1 Mediates IFN-g-
Induced Cell Proliferation in MMC Cells Through Regulation of Cyclin D1/
April 2022 | Volume 13 | Article 869720

https://doi.org/10.1038/ni.1923
https://doi.org/10.2215/CJN.06230614
https://doi.org/10.2215/CJN.06230614
https://doi.org/10.1007/s00281-021-00892-7
https://doi.org/10.1126/science.337.6098.1034
https://doi.org/10.1016/j.imbio.2011.06.004
https://doi.org/10.1016/j.imbio.2011.06.004
https://doi.org/10.1146/annurev-immunol-042617-053245
https://doi.org/10.1146/annurev-immunol-042617-053245
https://doi.org/10.1016/j.smim.2018.05.002
https://doi.org/10.1016/j.smim.2018.05.002
https://doi.org/10.1016/j.mam.2014.05.001
https://doi.org/10.1016/j.mam.2014.05.001
https://doi.org/10.3390/ijms21217948
https://doi.org/10.1126/science.285.5425.248
https://doi.org/10.1038/s41598-017-06205-z
https://doi.org/10.3390/cells10092220
https://doi.org/10.3390/cells10092220
https://doi.org/10.2119/molmed.2015.00087
https://doi.org/10.2119/molmed.2015.00087
https://doi.org/10.3389/fimmu.2020.00484
https://doi.org/10.1038/s12276-022-00736-w
https://doi.org/10.3390/cells10102791
https://doi.org/10.3390/cells10102791
https://doi.org/10.1007/BF03402105
https://doi.org/10.3389/fimmu.2019.01561
https://doi.org/10.1111/j.1600-065X.2007.00574.x
https://doi.org/10.3390/cells10123323
https://doi.org/10.3389/fimmu.2020.01189
https://doi.org/10.3389/fimmu.2020.01122
https://doi.org/10.3389/fimmu.2020.01122
https://doi.org/10.3389/fimmu.2020.550824
https://doi.org/10.1084/jem.20160217
https://doi.org/10.1016/j.ejphar.2019.172487
https://doi.org/10.3390/cells10051044
https://doi.org/10.4049/jimmunol.2000014
https://doi.org/10.1016/j.smim.2018.02.011
https://doi.org/10.1007/s10456-008-9093-5
https://doi.org/10.1007/s10456-008-9093-5
https://doi.org/10.1096/fj.06-5867fje
https://doi.org/10.1172/JCI126976
https://doi.org/10.4049/jimmunol.1000863
https://doi.org/10.1016/j.cbi.2019.108926
https://doi.org/10.1016/j.cbi.2019.108926
https://doi.org/10.1042/BSR20203131
https://doi.org/10.1038/nm1753
https://doi.org/10.1074/jbc.RA118.006508
https://doi.org/10.1172/jci.insight.134081
https://doi.org/10.1016/j.clim.2015.04.008
https://doi.org/10.3389/fimmu.2018.00705
https://doi.org/10.1161/CIRCRESAHA.119.314845
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Gaboriaud et al. HMGB1 and Complement Molecular Interplay
CDK4/p16 Pathway. J Cell Biochem (2012) 113:2009–19. doi: 10.1002/
jcb.24071

55. Katz Y, Strunk RC. Synthesis and Regulation of C1 Inhibitor in Human Skin
Fibroblasts. J Immunol (1989) 142:2041–5.

56. Daugan MV, Revel M, Russick J, Dragon-Durey M-A, Gaboriaud C, Robe-
Rybkine T, et al. Complement C1s and C4d as Prognostic Biomarkers in
Renal Cancer: Emergence of Noncanonical Functions of C1s. Cancer
Immunol Res (2021) 9:891–908. doi: 10.1158/2326-6066.CIR-20-0532

57. Yeo JG, Leong J, Arkachaisri T, Cai Y, Teo BHD, Tan JHT, et al. Proteolytic
Inactivation of Nuclear Alarmin High-Mobility Group Box 1 by
Complement Protease C1s During Apoptosis. Cell Death Discov (2016)
2:16069. doi: 10.1038/cddiscovery.2016.69

58. Efstathiou NE, Moustafa GA, Maidana DE, Konstantinou EK, Notomi S,
Barbisan PRT, et al. Acadesine Suppresses TNF-a Induced Complement
Component 3 (C3), in Retinal Pigment Epithelial (RPE) Cells. PloS One
(2020) 15:e0244307. doi: 10.1371/journal.pone.0244307

59. Nakagawa K, Sakiyama H, Tsuchida T, Yamaguchi K, Toyoguchi T, Masuda
R, et al. Complement C1s Activation in Degenerating Articular Cartilage of
Rheumatoid Arthritis Patients: Immunohistochemical Studies With an
Active Form Specific Antibody. Ann Rheum Dis (1999) 58:175–81.
doi: 10.1136/ard.58.3.175

60. Jiang K, Chen Y, Xu C-S, Jarvis JN. T Cell Activation by Soluble C1q-Bearing
Immune Complexes: Implications for the Pathogenesis of Rheumatoid
Arthritis. Clin Exp Immunol (2003) 131:61–7. doi: 10.1046/j.1365-
2249.2003.02046.x

61. Fante MA, Decking S-M, Bruss C, Schreml S, Siska PJ, Kreutz M, et al. Heat-
Inactivation of Human Serum Destroys C1 Inhibitor, Pro-Motes Immune
Complex Formation, and Improves Human T Cell Function. Int J Mol Sci
(2021) 22:2646. doi: 10.3390/ijms22052646

62. Son M, Porat A, He M, Suurmond J, Santiago-Schwarz F, Andersson U, et al.
C1q and HMGB1 Reciprocally Regulate Human Macrophage Polarization.
Blood (2016) 128:2218–28. doi: 10.1182/blood-2016-05-719757

63. Liu T, Xiang A, Peng T, Doran AC, Tracey KJ, Barnes BJ, et al. HMGB1–C1q
Complexes Regulate Macrophage Function by Switching Between
Leukotriene and Specialized Proresolving Mediator Biosynthesis. Proc Natl
Acad Sci (2019) 116:23254–63. doi: 10.1073/pnas.1907490116

64. Meyaard L, Adema GJ, Chang C, Woollatt E, Sutherland GR, Lanier LL, et al.
LAIR-1, a Novel Inhibitory Receptor Expressed on Human Mononuclear
Leukocytes. Immunity (1997) 7:283–90. doi: 10.1016/S1074-7613(00)80530-
0

65. Meyaard L, Hurenkamp J, Clevers H, Lanier LL, Phillips JH. Leukocyte-
Associated Ig-Like Receptor-1 Functions as an Inhibitory Receptor on
Cytotoxic T Cells. J Immunol (1999) 162:5800–4.

66. van der Vuurst de Vries AR, Clevers H, Logtenberg T, Meyaard L.
Leukocyte-Associated Immunoglobulin-Like Receptor-1 (LAIR-1) Is
Differentially Expressed During Human B Cell Differentiation and Inhibits
B Cell Receptor-Mediated Signaling. Eur J Immunol (1999) 29:3160–7.
d o i : 1 0 . 1 0 0 2 / ( S IC I ) 1 5 2 1 - 4 1 41 ( 1 99 9 10 ) 2 9 : 1 0 < 31 60 : : A ID -
IMMU3160>3.0.CO;2-S

67. Saverino D, Fabbi M, Merlo A, Ravera G, Grossi CE, Ciccone E. Surface
Density Expression of the Leukocyte-Associated Ig-Like Receptor-1 Is
Directly Related to Inhibition of Human T-Cell Functions. Hum Immunol
(2002) 63:534–46. doi: 10.1016/s0198-8859(02)00409-3

68. Verbrugge A, de Ruiter T, Geest C, Coffer PJ, Meyaard L. Differential
Expression of Leukocyte-Associated Ig-Like Receptor-1 During Neutrophil
Differentiation and Activation. J Leukoc Biol (2006) 79:828–36. doi: 10.1189/
jlb.0705370

69. Florian S, Sonneck K, Czerny M, Hennersdorf F, Hauswirth AW, Bühring
H-J, et al. Detection of Novel Leukocyte Differentiation Antigens on
Basophils and Mast Cells by HLDA8 Antibodies. Allergy (2006) 61:1054–
62. doi: 10.1111/j.1398-9995.2006.01171.x

70. Jansen CA, Cruijsen CWA, de Ruiter T, Nanlohy N, Willems N, Janssens-
Korpela P-L, et al. Regulated Expression of the Inhibitory Receptor LAIR-1
on Human Peripheral T Cells During T Cell Activation and Differentiation.
Eur J Immunol (2007) 37:914–24. doi: 10.1002/eji.200636678

71. Zhang Y, Lv K, Zhang CM, Jin BQ, Zhuang R, Ding Y. The Role of LAIR-1
(CD305) in T Cells and Monocytes/Macrophages in Patients With
Frontiers in Immunology | www.frontiersin.org 14
Rheumatoid Arthritis. Cell Immunol (2014) 287:46–52. doi: 10.1016/
j.cellimm.2013.12.005

72. Fouët G, Bally I, Chouquet A, Reiser J-B, Thielens NM, Gaboriaud C, et al.
Molecular Basis of Complement C1q Collagen-Like Region InteractionWith
the Immunoglobulin-Like Receptor LAIR-1. Int J Mol Sci (2021) 22:5125.
doi: 10.3390/ijms22105125

73. Son M, Diamond B. C1q-Mediated Repression of Human Monocytes Is
Regulated by Leukocyte-Associated Ig-Like Receptor 1 (LAIR-1). Mol Med
(2015) 20:559–68. doi: 10.2119/molmed.2014.00185

74. Son M, Santiago-Schwarz F, Al-Abed Y, Diamond B. C1q Limits Dendritic
Cell Differentiation and Activation by Engaging LAIR-1. Proc Natl Acad Sci
USA. (2012) 109:E3160–3167. doi: 10.1073/pnas.1212753109

75. Yeo JG, Leong J, Lu J. Complement the Cell Death. Cell Death Dis (2016) 7:
e2465–5. doi: 10.1038/cddis.2016.369

76. Yu F, Haas M, Glassock R, Zhao M-H. Redefining Lupus Nephritis: Clinical
Implications of Pathophysiologic Subtypes. Nat Rev Nephrol (2017) 13:483–
95. doi: 10.1038/nrneph.2017.85

77. Dumestre-Pérard C, Clavarino G, Colliard S, Cesbron J-Y, Thielens NM.
Antibodies Targeting Circulating Protective Molecules in Lupus Nephritis:
Interest as Serological Biomarkers. Autoimmun Rev (2018) 17:890–9.
doi: 10.1016/j.autrev.2018.03.013

78. Pickering MC, Walport MJ. Links Between Complement Abnormalities and
Systemic Lupus Erythematosus. Rheumatology (2000) 39:133–41.
doi: 10.1093/rheumatology/39.2.133

79. Lintner KE, Wu YL, Yang Y, Spencer CH, Hauptmann G, Hebert LA, et al.
Early Components of the Complement Classical Activation Pathway in
Human Systemic Autoimmune Diseases. Front Immunol (2016) 7:36.
doi: 10.3389/fimmu.2016.00036

80. Macedo ACL, Isaac L. Systemic Lupus Erythematosus and Deficiencies of
Early Components of the Complement Classical Pathway. Front Immunol
(2016) 7:55. doi: 10.3389/fimmu.2016.00055
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84. Batu ED, Koşukcu C, Taşkıran E, Sahin S, Akman S, Sözeri B, et al. Whole
Exome Sequencing in Early-Onset Systemic Lupus Erythematosus.
J Rheumatol (2018) 45:1671–9. doi: 10.3899/jrheum.171358

85. Beurskens FJ, van Schaarenburg RA, Trouw LA. C1q, Antibodies and Anti-
C1q Autoantibodies. Mol Immunol (2015) 68:6–13. doi: 10.1016/
j.molimm.2015.05.010

86. Picard C, Lega J-C, Ranchin B, Cochat P, Cabrera N, Fabien N, et al. Anti-
C1q Autoantibodies as Markers of Renal Involvement in Childhood-Onset
Systemic Lupus Erythematosus. Pediatr Nephrol (2017) 32:1537–45.
doi: 10.1007/s00467-017-3646-z

87. Trendelenburg M. Autoantibodies Against Complement Component C1q in
Systemic Lupus Erythematosus. Clin Transl Immunol (2021) 10:e1279.
doi: 10.1002/cti2.1279

88. Weinstein A, Alexander RV, Zack DJ. A Review of Complement Activation
in SLE. Curr Rheumatol Rep (2021) 23:16. doi: 10.1007/s11926-021-00984-1

89. Ling GS, Crawford G, Buang N, Bartok I, Tian K, Thielens NM, et al. C1q
Restrains Autoimmunity and Viral Infection by Regulating CD8 + T Cell
Metabolism. Science (2018) 360:558–63. doi: 10.1126/science.aao4555

90. Thielens NM, Tedesco F, Bohlson SS, Gaboriaud C, Tenner AJ. C1q: A Fresh
Look Upon an Old Molecule. Mol Immunol (2017) 89:73–83. doi: 10.1016/
j.molimm.2017.05.025

91. Scott D, Botto M. The Paradoxical Roles of C1q and C3 in Autoimmunity.
Immunobiology (2016) 221:719–25. doi: 10.1016/j.imbio.2015.05.001

92. Hosszu KK, Valentino A, Peerschke EI, Ghebrehiwet B. SLE: Novel
Postulates for Therapeutic Options . Front Immunol (2020)
11:583853:583853. doi: 10.3389/fimmu.2020.583853
April 2022 | Volume 13 | Article 869720

https://doi.org/10.1002/jcb.24071
https://doi.org/10.1002/jcb.24071
https://doi.org/10.1158/2326-6066.CIR-20-0532
https://doi.org/10.1038/cddiscovery.2016.69
https://doi.org/10.1371/journal.pone.0244307
https://doi.org/10.1136/ard.58.3.175
https://doi.org/10.1046/j.1365-2249.2003.02046.x
https://doi.org/10.1046/j.1365-2249.2003.02046.x
https://doi.org/10.3390/ijms22052646
https://doi.org/10.1182/blood-2016-05-719757
https://doi.org/10.1073/pnas.1907490116
https://doi.org/10.1016/S1074-7613(00)80530-0
https://doi.org/10.1016/S1074-7613(00)80530-0
https://doi.org/10.1002/(SICI)1521-4141(199910)29:10%3C3160::AID-IMMU3160%3E3.0.CO;2-S
https://doi.org/10.1002/(SICI)1521-4141(199910)29:10%3C3160::AID-IMMU3160%3E3.0.CO;2-S
https://doi.org/10.1016/s0198-8859(02)00409-3
https://doi.org/10.1189/jlb.0705370
https://doi.org/10.1189/jlb.0705370
https://doi.org/10.1111/j.1398-9995.2006.01171.x
https://doi.org/10.1002/eji.200636678
https://doi.org/10.1016/j.cellimm.2013.12.005
https://doi.org/10.1016/j.cellimm.2013.12.005
https://doi.org/10.3390/ijms22105125
https://doi.org/10.2119/molmed.2014.00185
https://doi.org/10.1073/pnas.1212753109
https://doi.org/10.1038/cddis.2016.369
https://doi.org/10.1038/nrneph.2017.85
https://doi.org/10.1016/j.autrev.2018.03.013
https://doi.org/10.1093/rheumatology/39.2.133
https://doi.org/10.3389/fimmu.2016.00036
https://doi.org/10.3389/fimmu.2016.00055
https://doi.org/10.4049/jimmunol.166.12.7612
https://doi.org/10.4049/jimmunol.1101749
https://doi.org/10.1056/NEJM200104123441506
https://doi.org/10.3899/jrheum.171358
https://doi.org/10.1016/j.molimm.2015.05.010
https://doi.org/10.1016/j.molimm.2015.05.010
https://doi.org/10.1007/s00467-017-3646-z
https://doi.org/10.1002/cti2.1279
https://doi.org/10.1007/s11926-021-00984-1
https://doi.org/10.1126/science.aao4555
https://doi.org/10.1016/j.molimm.2017.05.025
https://doi.org/10.1016/j.molimm.2017.05.025
https://doi.org/10.1016/j.imbio.2015.05.001
https://doi.org/10.3389/fimmu.2020.583853
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Gaboriaud et al. HMGB1 and Complement Molecular Interplay
93. Kulik L, Laskowski J, Renner B, Woolaver R, Zhang L, Lyubchenko T, et al.
Targeting the Immune Complex–Bound Complement C3d Ligand as a
Novel Therapy for Lupus. J Immunol (2019) 203:3136–47. doi: 10.4049/
jimmunol.1900620

94. Nikitin PA, Rose EL, Byun TS, Parry GC, Panicker S. C1s Inhibition by
BIVV009 (Sutimlimab) Prevents Complement-Enhanced Activation of
Autoimmune Human B Cells In Vitro. J Immunol (2019) 202:1200–9.
doi: 10.4049/jimmunol.1800998

95. Schaper F, Westra J, Bijl M. Recent Developments in the Role of High-
Mobility Group Box 1 in Systemic Lupus Erythematosus. Mol Med (2014)
20:72. doi: 10.2119/molmed.2014.00019

96. Liu T, Son M, Diamond B. HMGB1 in Systemic Lupus Erythematosus. Front
Immunol (2020) 11:1057. doi: 10.3389/fimmu.2020.01057

97. Zhu B, Zhu Q, Li N, Wu T, Liu S, Liu S. Association of Serum/Plasma High
Mobility Group Box 1 With Autoimmune Diseases: A Systematic Review
and Meta-Analysis. Med (Baltimore) (2018) 97:e11531. doi: 10.1097/
MD.0000000000011531

98. Li Y, Huang C, Zhao M, Liang G, Xiao R, Yung S, et al. A Possible Role of
HMGB1 in DNA Demethylation in CD4+ T Cells From Patients With
Systemic Lupus Erythematosus. Clin Dev Immunol (2013) 2013:206298.
doi: 10.1155/2013/206298

99. Hossny E, El-Ghoneimy D, Soliman DA, Ashour A. Diagnostic Value of
Serum High-Mobility Group Box-1 in Pediatric Systemic Lupus
Erythematosus. Int J Rheum Dis (2019) 22:1402–9. doi: 10.1111/1756-
185X.13556
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GLOSSARY

Abs antibodies
ACAMPs apoptotic cell-associated molecular patterns
Akt protein kinase B
AMPs associated molecular patterns
AP complement alternative pathway
auto-Abs autoantibodies
BAFF B-cell activating factor
BCR B-cell receptor
C1 complement component 1 (C1q, C1r, C1s sub-units)
C1inh C1 inhibitor
C2 complement component 2 (and its split products C2a, C2b)
C3 complement component 3 (and its split products C3a, C3b, C3c,

C3d)
C3aR complement C3a receptor
C4 complement component 4 (and its split products C4a, C4b)
C4BP C4b-binding protein
C5 complement component 5
C5aR1 complement C5a receptor 1
C5aR2 complement C5a receptor 2
C9 complement component 9
CD cluster of differentiation
CLR collagen-like regions (of C1q)
COVID-19 corona virus disease 2019
CP complement classical pathway
CR1 complement receptor 1
CR2 complement receptor 2
CR3 complement receptor 3
CR4 complement receptor 4
DAF decay accelerating factor
DAMPs damage-associated molecular patterns
DNA deoxyribonucleic acid
EDS Ehlers-Danlos syndromes
ERK extracellular signal-regulated kinases
FB complement factor B (and its split products FBa, FBb)
FD complement factor D
FcgRIIIa low affinity immunoglobulin gamma Fc region receptor III-A
FH complement factor H
FI complement factor I
GADPH glyceraldehyde 3-phosphate deshydrogenase
gC1qR globular C1q receptor
GR globular regions (of C1q)
GSPE grape seed procyanidins extract
HLA-DR human leukocyte antigen – DR isotype
HMGB1 high-mobility group box 1
ICs Immune complexes
IFN interferons
IFNg interferon gamma
IgG immunoglobulin G
IgM immunoglobulin M
IL-1b interleukin 1 beta
IL-6 interleukin 6
ITIM immune receptor tyrosine-based inhibitory motifs
JNK c-Jun N-terminal kinase
LAIR-1 leukocyte-associated immunoglobulin-like receptor-1
LN lupus nephritis
LP complement lectin pathway
LPS lipopolysaccharide
MASP-1 mannose-binding lectin associated serine protease 1
MASP-2 mannose-binding lectin associated serine protease 2
MD2 myeloid differentiation protein 2
MEK Mitogen-activated protein kinase
miRNA micro ribonucleic acid
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MCP membrane cofactor protein
MyD88 myeloid differentiation primary response 88
NF-kB nuclear factor-kappa B
NK natural killer
NLRP3 NOD-like receptor family pyrin domain containing 3
P.
gingivalis

Porphyromonas gingivalis

PAMPs pathogen-associated molecular patterns
pDC plasmacytoid dendritic cells
pEDS periodontal Ehlers-Danlos syndromes
PI3K phosphoinositide 3-kinase
PKR protein kinase R
RAGE receptor for advanced glycation end products
SHP1 tyrosine phosphatase containing SH2 domain
SLE systemic lupus erythematosus
SLEDAI systemic lupus erythematosus disease activity index
SYK spleen tyrosine kinase
TCR T-cell receptor
TGF-b1 transforming growth factor beta 1
Th1 T helper cells 1
TLR2 toll-like receptor 2
TLR4 toll-like receptor 4
TLRs toll-like receptors
TNF tumor necrosis factors
TNFa tumor necrosis factor alpha.
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