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Immunogenic cell death as
driver of autoimmunity in
granulomatosis with polyangiitis

Christoph Brieske, Peter Lamprecht and Anja Kerstein-Staehle*

Department of Rheumatology and Clinical Immunology, University of Lubeck, Libeck, Germany

Cell death and dysregulated clearance of dead cells play essential roles in the
induction of chronic inflammatory processes and autoimmune diseases.
Granulomatosis with polyangiitis (GPA), a neutrophil-driven autoimmune
disorder, is characterized by necrotizing inflammation predominantly of the
respiratory tract and an anti-neutrophil cytoplasmic autoantibody (ANCA)-
associated systemic necrotizing vasculitis. Defective regulation of neutrophil
homeostasis and cell death mechanisms have been demonstrated in GPA.
Disturbed efferocytosis (i.e., phagocytosis of apoptotic neutrophils by
macrophages) as well as cell death-related release of damage-associated
molecular patterns (DAMP) such as high mobility group box 1 (HMGB1)
contribute to chronic non-resolving inflammation in GPA. DAMP have been
shown to induce innate as well as adaptive cellular responses thereby creating
a prerequisite for the development of pathogenic autoimmunity. In this review,
we discuss factors contributing to as well as the impact of regulated cell death
(RCD) accompanied by DAMP-release as early drivers of the granulomatous
tissue inflammation and autoimmune responses in GPA.

KEYWORDS

immunogenic cell death, autoimmunity, neutrophils, vasculitis, granulomatosis with
polyangiitis, damage-associated molecular pattern (DAMP)

Introduction

Granulomatosis with polyangiitis (GPA) is an anti-neutrophil cytoplasmic
autoantibody (ANCA)-associated vasculitis (AAV). GPA is a rare and severe
autoimmune disease characterized by necrotizing granulomatous inflammation
localized predominantly in the upper and/or lower respiratory tract and ANCA-
induced systemic necrotizing small vessel vasculitis (1). Its multifactorial
etiopathogenesis is autoantigen- and pathogen-triggered, but still not fully understood.
In more detail, predisposing genetic factors, environmental impact as well as immune-
modulating pathways within the tissue microenvironment serve as initial trigger for the
recruitment and activation of extravascular primed neutrophils forming neutrophil-rich
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microabscesses (2, 3). These microabcesses over time begin to
form ill-defined extravascular granulomas accompanied by large
areas of geographic necrosis and typical innate immune cell
infiltrates, which, together with the necrotizing vasculitis, mark
the classical histomorphologic triad of GPA (4, 5). A central
pathophysiological feature related to the necrotizing,
granulomatous inflammation in GPA is the dysregulation of
neutrophil homeostasis on genetic, molecular, and cellular level
that is associated with an increased and sustained exposure of
proteinase 3 (PR3), the main target antigen of ANCA in GPA. In
particular, cell death mechanisms (dysregulated apoptosis,
necrosis, necroptosis, and NETosis) lead to the release of
damage-associated molecular patterns (DAMP), contribute to
increased availability of (altered) PR3 and activate the local
adaptive immune system favoring the formation of ectopic or
tertiary lymphoid structures (ELS or TLS) (3). Cellular defects,
e.g. in the regulation of the inhibitory immune checkpoint
molecule programmed death-ligand 1 (PD-L1) in monocytes
promote the development of highly activated T cells in AAV (6).
Along with this, the continuous and/or altered presentation of
PR3 to highly activated T cells accompanied by local
inflammation-induced B and plasma cell survival, this sets the
prerequisite for the loss of tolerance towards PR3 with
subsequent production of ANCA in GPA (7, 8). Tissue
damage occurs as a result of ANCA-induced systemic
vasculitis and inflammation-mediated local tissue destruction
predominantly in the upper respiratory tract (I, 9). Since
therapeutic approaches are mainly symptomatic, e.g.
immunosuppression, B cell depletion or complement-
inhibition (10, 11), a future goal would be an intervention in
early pathophysiological events from which the loss of tolerance
against PR3 emerges. Therefore, in this review we discuss the
role of immunogenic cell death as an early pathophysiological
event in GPA involved in the development of the granulomatous
inflammation possibly before the autoimmune response occurs.

Cell death mechanisms

Cell death is a ubiquitous process that can be either
immunostimulatory or immunologically silent depending on
the activated cellular components and on the signals from the
surrounding tissue. On this basis, cell death can generally be
divided into unregulated necrosis and several forms of regulated
cell death (RCD). RCD is further differentiated into caspase-
dependent and independent forms or based on the
immunogenic outcome. Caspase-dependent forms of RCD
include apoptosis, which is characterized by nuclear
fragmentation (karyorrhexis), cytoplasmic shrinkage,
chromatin condensation (pyknosis) and plasma membrane
blebbing releasing small cell vesicles with intact cell
membranes. Apoptosis is usually immunogenic silent under
physiological conditions (12). Apoptosis is initiated either via
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intra- and extracellular perturbations (intrinsic apoptosis) or via
death-receptor activation (extrinsic apoptosis) leading to
activation of a cascade of several caspases with caspase 3 as
the main executioner caspase (12). In addition to apoptosis,
pyroptosis is another caspase-dependent cell death pathway, that
has important functions in host defense and inflammation.
Pyroptosis relies on the inflammatory activation of several
caspases, such as caspase 1 or 11, that can be part of a
multiprotein platform known as the inflammasome.
Inflammasome-dependent pyroptosis controls the production
of important pro-inflammatory cytokines such as interleukin-13
(IL-1B) and IL-18 and critically depends on the formation of
plasma membrane pores by members of the gasdermin protein
family (13).

A caspase-independent RCD is necroptosis, which has
become an increasing focus of inflammation research in recent
years (14, 15). In contrast to previous assumptions that necrosis
occurs as a purely uncontrolled event due to physiochemical
stress, osmotic shock or freeze/thaw, necroptosis is a form of
regulated necrosis. Necroptosis is a receptor-mediated RCD
characterized by a complex interplay of receptor-interacting
serine/threonine protein kinase (RIPK) 1, RIPK3, and mixed
lineage kinase domain-like pseudokinase (MLKL), among
others. Necroptosis is associated with loss of membrane
integrity and the release of several DAMP (15, 16). Triggered
similarly to apoptosis, necroptosis can be induced by activation
of various death receptors of the tumor necrosis factor (TNF)
superfamily, but also toll-like receptor (TLR) 3, TLR4, or
interferon receptors. In fact, the initial steps to induce
apoptosis or necroptosis are overlapping. However, the
decision as to which of the two types of cell death is ultimately
executed depends on the cell type, the nature of the stimulus, and
the activity or inhibition of other intracellular factors (14, 17).

A more atypical form of cell death related to neutrophils is
NETosis, that is morphologically distinct from apoptosis and
necrosis (18). During NETosis, neutrophils extrude in a reactive
oxygen species (ROS)-dependent manner so called neutrophil
extracellular traps (NET), i.e., long strands of nuclear DNA
carrying cytoplasmic and granular proteins with antimicrobial
and proinflammatory characteristics, initially described as a
defense mechanism against bacteria (19).

Damage-associated
molecular patterns

Cell death is a process important during normal cell
turnover, elimination of pathogens or promotion of wound
healing. The question is, therefore, how the immune system
determines whether cell death is immunogenic or tolerogenic. In
this context, Polly Matzinger introduced the concept of the
danger model, stating that an immune response is induced by
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endogenous and exogenous danger signals from injured or
stressed cells (20). According to this concept, autoimmunity
would arise from altered or increased presentation of antigen in
the presence of persistent or chronic release of danger signals
(21). These danger signals have been termed damage-associated
molecular patterns (DAMP), referring to the ability of DAMP to
elicit similar responses and to utilize the same receptors as their
exogenous counterparts, the pathogen-associated molecular
patterns (PAMP) (22, 23). The growing list of DAMP include
nuclear, mitochondrial, or cytosolic factors with physiological
roles within the cell that converts into danger signals when
released to the extracellular milieu during inflammation or cell
death (24). DAMP are then sensed by a broad range of receptors,
e.g. Toll-like receptors (TLR) or NOD-like receptors (NLR) to
alert the immune system by inducing immune cell migration,
increasing phagocytosis by macrophages and dendritic cells
(DC), stimulating the production of pro-inflammatory
cytokines or contributing to the maturation of DC (25, 26).
Several DAMP are already well characterized regarding the
associated type of cell death and their role in the immune
system (23).

Cell death and danger signaling in
autoimmune diseases

For the maintenance of tissue homeostasis, a balance
between cell proliferation, differentiation and death is crucial.
In this regard, the immune system is routinely exposed to dead
cells during normal cell turnover, injury, and infection.
However, dysregulation of cell death mechanisms such as
increased cell death rate, (genetic) alterations of cell death-
related molecules or defective clearance of dead cells
accompanied by massive release of DAMP can lead to
uncontrolled excessive and/or prolonged inflammatory
responses with subsequent tissue damage, thereby contributing
to the pathogenesis of several pathologies, such as
autoimmune diseases.

Apoptosis is a cell death program mostly related to non-
inflammatory outcomes and likely to take major role in the
maintenance of homeostasis by silently eliminating unwanted or
damaged cells. However, defects in mechanisms of apoptotic cell
clearance are linked to autoimmunity disorders, including
systemic lupus erythematosus (SLE) and rheumatoid arthritis
(RA), likely due to the increased risk of loss of cell integrity with
the consequent release of DAMP and increased availability of
circulating self-antigens (23, 27).

Necroptosis has a profound proinflammatory effect, described
in various inflammatory and autoimmune disorders, such as
inflammatory bowel disease (IBD), RA, multiple sclerosis (MS)
and SLE. Increased expression or phosphorylation of RIPK3 or
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MLKL and reduced expression of Caspase 8, have been detected in
pathological samples (15, 28).

A role for inflammasome activation during pyroptosis in
autoimmune diseases is likely, considering the wide spectrum
of endogenous danger signals that activate NLR and the role of
IL-1 and IL-18 in shaping adaptive immunity. More precisely,
IL-1B and IL-18 amplify T and B cell responses and might serve
as a crucial link translating NLR activation into adaptive
immune responses. SNP in NLRP3 gene and an effect of
pharmacological IL-1 blockade underline the clinical
relevance for pyroptosis in autoimmunity, e.g., in SLE, MS
and type-1 diabetes (T1D) (29).

NET formation has been identified as a link between innate
and adaptive immune responses in autoimmunity. Autoantigens
including neutrophil granular proteins and post-translationally
modified proteins, e.g., citrullinated proteins, localize on NET.
NET promote inflammation and provide stimuli to dendritic
cells and can directly activate B and T cells, thereby potentiating
adaptive autoimmune responses and induction autoreactivity
against NET-associated antigens. NET have been detected in
vivo in SLE, RA, IBD and AAV (18, 30).

As mentioned above, necrosis and RCD is accompanied by
cell death-related release of DAMP. The best characterized and
clinically relevant DAMP include high-mobility group box 1
(HMGBI), S100 proteins SI00A8/A9/A12, heat shock proteins
HSP60 and HSP70, B-defensins, and the cathelicidin LL-37,
turning them into attractive therapeutic targets of chronic
inflammatory and autoimmune diseases (31).

Immunogenic cell death in GPA

Necrotizing granulomatous inflammation is rich in
neutrophils. In early lesions, numerous microabscesses formed
by neutrophils are conspicuous, which presumably represent the
starting point of the later necrosis areas. While ANCA-induced
vasculitis is well studied, the pathogenetic mechanisms
underlying necrotizing inflammation in GPA are poorly
understood. It has been postulated that defects in the cell
death machinery may contribute to the inflammatory response
and autoimmunity in GPA (2, 3).

In this context, apoptosis has been the most and best studied
cell death in GPA. On genetic level, an association with
apoptosis-related genes was found in GPA, suggesting a shift
in the balance of apoptosis (32). On cellular level, dysregulation
of apoptosis in isolated neutrophils has been observed.
Prolonged survival and/or a delay in apoptosis rate bear the
risk of insufficient elimination of apoptotic neutrophils, that may
lead to secondary necrosis releasing the intracellular content
including proteases, pro-inflammatory cytokines, DAMP, and
potential autoantigens into the tissue (33, 34). There is evidence
that the autoantigen PR3 itself plays an essential role in this
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context. On the one hand, PR3 was constitutively expressed at
the plasma membrane of GPA neutrophils, and the percentage
of neutrophils expressing PR3 was increased in GPA,
demonstrating an abnormal increased availability of PR3 (35).
On the other hand, PR3 co-externalized and interfered with “eat-
me”-signals during apoptosis, thus impairing phagocytosis by
macrophages (35). Moreover, we and others have shown that
membrane expression of PR3 on apoptotic cells induced a pro-
inflammatory response in macrophages and impaired their anti-
inflammatory reprogramming following efferocytosis, indicating
the impact of PR3 to alter the immunosuppressive effect of
apoptotic cell efferocytosis and to promote sustained
inflammation in GPA (35, 36).

In addition to (dysregulated) apoptosis, NET formation was
initially observed in response to ANCA-stimulation in AAV
including GPA (37). The authors further identified NET
deposition in biopsies of inflamed kidney in active disease,
demonstrating an in vivo relevance for NETosis in AAV. Since
then, numerous studies have been conducted on the role of NET
in AAV. In particular, NET can activate the alternative
complement pathway with the production of C5a, that in turn
primes and recruits more neutrophils, thereby amplifying the
inflammatory process in AAV (38-40). Moreover, NET and
NET-associated proteins were increased in the circulation of
AAV patients, they contribute to vessel inflammation and act as
a link between the innate and adaptive immune system by
possessing a high immunogenicity and possibly promoting
autoimmune responses against neutrophil components such as
PR3 or MPO, thus inducing pathogenic ANCA production (41).
In the context of GPA, PR3 shows unique structural and
functional properties, in particular anchorage into the plasma
membrane via a hydrophobic patch, which might render PR3
the favored autoantigen in GPA (42).

Furthermore, there is evidence that inflammasome-
dependent and independent IL-1B processing and secretion is
involved in GPA pathogenesis. IL-1f3 positive cells were found in
renal biopsies from patients with AAV including GPA (43). As
described above, processing of IL-1B in neutrophils and
monocytes can be mediated by the NLRP3-inflammasome. In
accordance with this, Factor H related protein 1 (FHR1) was
found to be elevated in AAV serum. FHR1 was able to activate
the NLRP3 inflammasome and IL-1P release from monocytes
when bound to necrotic cells in AAV (44). In contrast,
stimulation of human monocytes and neutrophils with
monoclonal antibodies to PR3 or myeloperoxidase (MPO, the
main autoantigen of microscopic polyangiitis, another AAV) or
with human ANCA IgG, led to IL-1f generation and release in
an inflammasome-independent manner. Instead, the authors of
this study found that PR3 is the main protease involved in IL-1f
maturation (45). In line with this, another study showed that
neutrophils phagocytosing Staphylococcus aureus triggered a
RIPK3-mediated activation of serine proteases in neutrophils
independent of the NLRP3-inflammasome. Processing and
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secretion of IL-1B as well as cleavage of gasdermin D was
PR3-dependent, leading to membrane pore formation and
subsequent lytic cell death of neutrophils (46, 47). In addition,
we identified a gene signature related to the inflammasome
pathway (NLRP3, IL-1b, IL-18) as well as a significant
enrichment of pathways consistent with immune responses
triggered by S. aureus on the transcriptomic level in sorted T
cells in GPA (48). S. aureus has been implicated in the induction
and modulation of AAV including GPA. Studies have
demonstrated that chronic nasal carriage of S. aureus was
associated with higher relapse risk and endonasal activity in
GPA (49, 50). Notably, S. aureus infection was linked to
necroptosis in neutrophils and macrophages as well as with
interference of efferocytosis, thereby contributing to
inflammatory pathology (51, 52). Indeed, a functional link
between RIP3-dependent necroptosis and ANCA-induced
NET formation was discovered in murine MPO-AAV models
as well as in human kidney biopsies of ANCA-associated
necrotizing crescentic glomerulonephritis (30). These data
suggest that infection-triggered necroptosis might be a relevant
immunogenic cell death in GPA, as well.

DAMP signaling in AAV

Cell death-related DAMP signaling has been described in
several studies in AAV. One of the best characterized DAMP in
this regard is HMGB1. HMGBI is a ubiquitously expressed
nuclear protein with structural function such as stabilizing
nucleosome structure and DNA bending (53). During
activation or cell death, HMGBI can be released from various
cells mediating inflammation and acting as endogenous
adjuvant, thus inducing autoimmunity (54, 55). There in
increasing evidence that HMGBI could represent a biomarker
for disease activity, might act as pro-inflammatory mediator as
well as inducer of autoimmunity in GPA.

In this context, we and others have shown a correlation
between elevated serum HMGBI with both disease activity and
pulmonary granuloma. Therefore, HMGB1 may be used as a
marker of the burden of granulomatous inflammation in GPA
(56-58). MPO-positive microparticles (MPO+MPs), that could
originate from activated or apoptotic neutrophils, are increased
in plasma from patients with AAV. HMGBI1 expressing MPO
+MPs were associated with disease activity in AAV (59).
HMGBI1 could prime neutrophils by increasing ANCA
antigens translocation, and the primed neutrophils could be
further induced by ANCA, resulting in the respiratory burst and
degranulation in a TLR4- and RAGE-dependent manner (60).
Furthermore, the interaction between HMGBI1 and C5a plays an
important role in ANCA-induced neutrophil activation. This
was shown by inhibition of HMGBI leading to a decreased C5a-
mediated translocation of ANCA antigens, as well as ANCA-
induced respiratory burst and degranulation of C5a-primed
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neutrophils (60). HMGBI released by C5a-primed neutrophils
can further induce ANCA antigen expression in an amplificatory
manner, thus resulting in more intense activation of neutrophils
(61). In addition, HMGBI could enhance TLR9 expression in
plasma cells and B cell proliferation and TLR9 expression in
plasma cells was associated with disease activity in AAV (62).
Plasma levels of HMGBI correlated with endothelial cell
activation in AAV patients. Further, HMGB1 amplified
neutrophil activation, increased expression of intercellular
adhesion molecules as well as the injury of glomerular
endothelial cells in the presence of ANCA (63). The receptor
of advanced glycation end products (RAGE), one of the main
receptors of HMGBI, was highly expressed on cells infiltrating
AAV kidney and lung biopsy tissue and mRNA expression was
enhanced in PBMCs from active AAV patients (64).

These data demonstrate, that DAMP-signaling, here HMGBI,
participates in neutrophil activation, B cell proliferation, endothelial
cell activation, receptor-mediated inflammation as well as increased
ANCA antigen translocation, thereby playing an essential role in
inflammatory and autoimmune processes in GPA.

Discussion

In this review we provide an overview about factors
contributing to and the consequences of immunogenic cell
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death in GPA. As summarized in Figure 1, a combination of
predisposing genetic factors as well as exogenous and
endogenous immune-stimulatory patterns such as infections
(e.g., S. aureus), altered microbiome, and sterile inflammation
serve as initial trigger for the recruitment and activation of
extravascular primed neutrophils forming neutrophil-rich
microabscesses. Immunogenic cell death (dysregulated
apoptosis, pyroptosis, necroptosis, NETosis) leads to the
release of DAMP, such as HMGBI, contributes to increased
availability of the (altered) autoantigen PR3 and participates in
the disruption of immune silencing due to disturbed
efferocytosis. Concomitant pro-inflammatory cytokines,
chemokines as well as complement drive recruitment of
further immune cells, promoting the formation of
inflammation-related ectopic lymphoid structures.
Subsequent activation of the adaptive immune system set the
prerequisite for the loss of tolerance against the autoantigen
PR3 that is continuously displayed by high numbers of (dying)
neutrophils and monocytes within the granulomatous lesion.
ANCA induce systemic necrotizing vasculitis with further
tissue damage, creating a self-amplificatory inflammation
loop leading to chronification of inflammation (non-
resolving inflammation) with tissue destruction and even
organ failure. Therefore, a therapeutic intervention in cell
death mechanisms could be a beneficial approach to prevent
the chronification and autoimmune reactions at an early time
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Immunogenic cell death in GPA at a glance: distinctive factors and mechanisms associated with immunogenic cell death contribute to

autoimmune reactions in GPA.
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point, possibly before the break of tolerance against PR3 occurs
in GPA.
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