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Giant cell arteritis (GCA) is a noninfectious granulomatous vasculitis of unknown etiology affecting individuals older
than 50 years. Two forms of GCA have been identified: a cranial form involving the medium-caliber temporal artery
causing temporal arteritis (TA) and an extracranial form involving the large vessels, mainly the thoracic aorta and
its branches. GCA generally affects individuals with a genetic predisposition, but several epigenetic

(micro)environmental factors are often critical for the onset of this vasculitis.

giant cell arteritis innate immunity adaptive immunity

| 1. Introduction

Giant cell arteritis (GCA) is a granulomatous vasculitis involving medium- and large-caliber arterial vessels L2,
GCA typically affects individuals older than 50 years, most frequently women, with a peak incidence between the
seventh and eighth decades of life Bl. For a long time, it was thought that GCA was a disease involving only the
temporal artery, giving rise to temporal arteritis (TA). Subsequently, it was clarified that GCA can also involve large-
caliber vessels. It was therefore underlined that GCA should be classified into a cranial form (c-GCA) and an
extracranial or large vessel form (LV-GCA). LV-GCA mainly involves the thoracic aorta and its branches and is the

main cause of noninfectious aortitis in humans 4.

Epidemiological data on GCA can sometimes appear controversial because they depend on the different designs
of the studies conducted . The prevalence of LV-GCA is probably underestimated because of the difficulty in
diagnosing this form of vasculitis compared with TA. However, although there are different data depending on the
geographical area considered, through a large meta-analysis, an overall incidence of 10 cases and a prevalence of
51.74 cases per 100,000 people was calculated [8l. The highest incidence is in Scandinavian countries, with a
significant north—south gradient in European countries . The higher prevalence of GCA in the female sex was
confirmed in a 15-year national retrospective study of inpatients in the United States. Specifically, it found that

females accounted for 71.9% of patients with GCA, albeit with a lower mortality risk than males [&l.

| 2. Giant Cell Arteritis and Polymyalgia Rheumatica

A distinctive feature of GCA is its close association with polymyalgia rheumatica (PMR). PMR is a musculoskeletal
inflammatory disease characterized by an acute onset with typical signs and symptoms, including morning stiffness
of the scapular girdle, anemia, fever, fatigue, and weight loss [2l. Several evidences indicate that the two conditions

are not only often associated, but share similar pathogenetic mechanisms % and epidemiological characteristics,
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such as older age of onset, increased incidence and prevalence in northern European countries, and higher
prevalence in the female sex 11, PMR is about 2—3 times more common than GCA and is present in about 50% of
patients with this vasculitis and can occur before, at the same time, or after the onset of GCA. On the other hand,
GCA is diagnosed in 15-20% of PMR patients [12. It is also interesting to note that asymptomatic GCA has been
demonstrated by biopsy or ultrasonography 13 or detected at the autopsy 24 in a significant number of subjects

with PMR, suggesting that the link between the two conditions is probably underestimated.

The hypothesis that the two diseases may be different stages of the same disease was first formulated in 1972 151,
More recently, based on further experimental evidence, it has been proposed that failure of peripheral tolerance,
breakdown of tissue barriers, and granuloma formation constitute successive stages of a single process
proceeding from PMR to GCA. This led to the formulation of the combined term GCA-PMR spectrum disease
(GPSD) to define a single comprehensive disease entity 28171 An international committee recently recommended
that the close temporal and pathogenetic correlation between GCA and PMR should be closely considered in a
treat-to-target approach 8. The European Alliance of Rheumatology Associations (EULAR) recently updated its

recommendations for the management of GCA in the more general context of large vessel vasculitis 22,

| 3. Immunopathogenesis
3.1. The Role of Innate Imnmune System

3.1.1. The Macrophages and Neutrophiles

Macrophages have been found to infiltrate the arterial wall of patients with GCA. These cells of the innate immune
system are one of the main cell types involved in granuloma formation and are recruited into the vessel wall by
DCs and T cells 2921 Attracted to the site of inflammation by soluble factors, particularly chemokines,
macrophages are, in turn, capable of producing high levels of active substances, including matrix
metalloproteinase 9 (MMP9) 22, This enzyme degrades the arterial wall matrix, allowing the macrophages
themselves to penetrate deeper into the adventitious layer of the vessel, where they can induce local recruitment of
additional proinflammatory cells. M1-type macrophages, characterized by high proinflammatory activity, tend to
localize between the media and adventitia, amplifying damage to the vascular wall through the production of
cytokines IL-1 and IL-6 and of reactive oxygen species (ROS). Anti-inflammatory M2-type macrophages, on the
other hand, tend to localize at the border between the media and vascular intima (2123241 This subgroup of
macrophages produces high amounts of VEGF. Endothelial changes induced by VEGF release are thought to be
crucially involved in the vascular remodeling observed during GCA, with thickening of the vascular wall 2123, |t
should be noted that in GCA, macrophages tend to form special multinucleated cells after fusion of activated cells,
so-called giant cells, which are the hallmark of this vasculitis. These cells usually result from resistance to
degradation of the phagocytosed material 28, Giant cells have been found in about one-third of temporal artery
biopsies from patients with c-GCA [27[28][29],
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Neutrophils also play an important role in the pathogenesis of GCA. Neutrophil activation after stimulation by
danger signals results in the local release of pro-inflammatory cytokines, including IL-6 B2 and IL-17A (112,
Neutrophils also produce enzymes capable of disrupting the extracellular matrix and attacking invading pathogens.
Activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase produces a respiratory burst through
the production of highly reactive oxygen species (ROS) necessary to kill microbes [BIB3I34135] Neutrophils also
form the neutrophil extracellular traps (NETs). NETs are composed of filaments of nuclear material capable of
trapping and Kkilling various pathogens. The formation of NETs (NETosis) can follow the apoptosis of neutrophils or
occur together with the preservation of neutrophil viability. NET formation can be initiated by various stimuli,
including microorganism components, cytokines, immune complexes, autoantibodies or platelets. Exposure to such
signals induces disassembly of the neutrophil cytoskeleton, chromatin decondensation with citrullination of
histones, and formation of bactericidal substances such as myeloperoxidase (MPO) and pro-coagulant factors as
well. The process of NETosis depends strictly on ROS production by NAPDH oxidase and/or activation of
mitochondria 28, NET formation may be an important source of autoantigen, as demonstrated in ANCA-associated
vasculitis B4, Recently, NETs containing pro-inflammatory cytokines were found in the temporal biopsy of GCA
patients B2,

3.1.2. The Dendritic Cells

A crucial role in the pathogenesis of GCA is played by dendritic cells (DCs) that reside in the space between the
media and adventitia of the arterial wall 2438l Dendritic cells express toll-like receptors (TLRs) on their surface,
which can recognize specific pathogen-associated molecular patterns (PAMPs) derived from components of
microorganisms and/or damage-associated molecular patterns (DAMPSs) that recognize various proteins, including
fragments of necrotic self-cells B9, | arge numbers of DCs have been shown to reside at the level of the
vascular wall in patients with GCA 41, |t has been shown that such cells can be recruited to this site through the
expression of the C-C chemokine receptor 7 (CCR7). This receptor selectively binds its ligands CCL19 and CCL21,
which are abundantly present at the level of vascular tissue. CCL2 is also involved in the recruitment of several
cells of the innate and adaptative immune system to the artery wall #2431 Once activated, DCs can induce the
activation of macrophages with subsequent amplification of the inflammatory cascade 381144145l | addition, DCs
could play a key role in the presentation of a putative antigen to T lymphocytes, thus contributing to their activation
of cytokine production 28 and granuloma formation 2.

It has also been suggested that DCs are abnormally activated in patients with GCA due to a deficit in the
expression of programmed death ligand 1 (PD-L1), which normally promotes immunosuppression 2849 |n this
context, PD-L1-deficient myeloid DCs were hypothesized to facilitate the recruitment of CD4+ T cells into the
vascular wall in GCA 8! while plasmacytoid DCs could activate CD8+ T cells B2, In support of the role of defective
PD-L1 expression by DCs in the pathogenesis of GCA, the possible occurrence of this vasculitis was observed
during cancer immunotherapy with immune checkpoint inhibitors (ICls). These agents selectively block the
interaction between PD-L1 and the PD-L1 ligand.

3.2. The Involvement of Adaptive Immunity
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3.2.1. The Role of T Cells

The first clue suggesting the involvement of T cells in GCA was the finding that the immunohistology lesions in the
wall of vessels affected by this vasculitis are granulomatous in nature 1. Granulomas are known to consist of both
cells of the innate system, such as macrophages, and cells of the adaptive system, including T cells that aggregate
to form well-ordered structures in the course of inflammation. Further characterization of the subtypes of T cells
infiltrating the arterial wall revealed the presence of two major subsets of CD4+ T cells, namely Thl and Th17 cells
(471 Although granulomas are generally detected in the course of infections B, an infectious response to a
viral/bacterial antigen has never been convincingly demonstrated in the case of GCA, as discussed above in more
detail 2. However, early research aimed at characterizing the antigenic specificity of T cells in GCA found that it
was restricted to a few antigens 231, Supporting the role of a microbial antigen in shaping the Th1 cell repertoire in
GCA, at least as an initial disease trigger, is the finding that the TCR rearrangement of T cells infiltrating the right
and left temporal artery was identical in arteries on both sides of the skull in individual patients B4,

Thl and Th17 cells are believed to play different roles in the pathogenesis of GCA. Thl cells are characterized by
the production of IFN-y, and their differentiation is controlled by IL12/IFN-y axis B2I58], |t has been reported that the
presence of high levels of IFN-y in the vascular wall of patients with GCA is strongly associated with the tendency
to develop ischemic vascular injury BZ. In addition, this cytokine has been found to be elevated years before the
onset of GCA 58, |t should be noted that, unlike Th17 cells, Thi cells are not sensitive to steroid therapy. This fact
confirms an additional unmet need for GCA therapy and justifies the effort to identify new therapeutic agents that
can also be effective on this important subgroup of cells 221591,

As for Th17 cells, they have been found in high concentrations in both the peripheral blood and the inflammatory
infiltrate of the vascular wall of patients with GCA 8361l Th17 cells are characterized by the production of IL-17
621 an interleukin that facilitates macrophage recruitment and defense against infections 63641 || -17 induces the
production by target cells of many pro-inflammatory molecules, such as IL-6 and chemokines, including CXCL8 [63],
thereby amplifying the downstream inflammatory reaction. It has been clearly established that Th17 cells are
involved not only in defense against pathogens but also in the induction of immunopathological phenomena and
autoimmunity 681871 The characteristic plasticity of Th17 cells in transforming, under particular stimuli from the
microenvironment, into cells with different phenotypes, such as Th1 cells or regulatory T cells (Treg) E8 makes it

further complex to study their role in the immunopathogenesis of GCA and autoimmunity in general.

An important role in the pathogenesis of GCA is played by Treg. As mentioned above, these cells are known to be
able to differentiate into Th17 cells and vice versa 9. It was clarified that IL-6, together with tissue growth factor-p,
promotes polarization toward the Th17 cell phenotype, whereas IL-6 alone induces differentiation of Treg 9. The
presence of IL-23 in the microenvironment produced by cells of the innate system further inhibits the expression of
the transcription factor forkhead box P3 (FOXP3) necessary for Treg differentiation. It facilitates the maintenance of
the Th17 phenotype and its survival 172, |t has been shown that Treg present at the level of the vessel wall in
GCA are unable to perform their regulatory function. Therefore, these cells participate in the pathogenic process

instead of inhibiting the pro-inflammatory activity of T-cell subpopulations. Interestingly, therapeutic blockade of IL-
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6R is able to inhibit these pathogenic Treg in CGA, restoring their anti-inflammatory function, whereas this is not
the case with GC therapy 23,

It should be further emphasized that the differentiation of T cell precursors into the various T cell subpopulations
depends critically on soluble factors produced by cells of the innate immune system, and in particular, DCs 4],
DCs can thus be considered the conductors of the T-cell response orchestra. As already discussed, the
differentiation of ThO cells into Thl cells depends mainly on the presence of IL-12, while the differentiation and
stabilization of Th17 cells depend on the presence of IL-23 3, |t has been hypothesized that in GCA, as yet
unknown stimuli capable of activating different TLRs on DCs may determine the location and severity of this
vasculitis through the induction of responses by specific subpopulations of T cells B8I4LI8] | this regard, studies
in animal models have shown that TLR4 stimulation on dendritic cells induces transmural arterial inflammation,

whereas TLR5 activation is rather related to perivascular inflammation 4!,

Other subpopulations of CD4+ T cells that have been described to play an important role in GCA are Th2 and Th9
cells, which produce IL-33 and IL-9, respectively 778 Further studies are needed to clarify the role of these

CDA4+ T-cell subsets in the pathogenesis of GCA.

CD8+ T cells have been less studied than CD4+ T cells in terms of their pathogenetic role in GCA. Although it has
been reported that these cells may not play a significant role in the inflammatory process of GCA due to their
anergy related to the advanced age of GCA patients [2BJEL on the contrary, many studies support the central
role of both cytotoxic and regulatory CD8+ T cells in the pathogenesis of this vasculitis. CD8+ T cells with
increased ability to produce granzyme A have been reported to be present in the peripheral blood of patients with
GCA, and their numbers decreased after GC therapy 2. Temporal artery tissue has also been shown to express
natural killer group 2D (NKG2D) ligand that can stimulate the cytotoxic activity of NKG2D receptor-expressing
CD8+ T cells B3, As for CD8+ regulatory cells (CD8+ Treg), these are dysfunctional in GCA, like their CD4+
counterpart B4 The reduced anti-inflammatory activity of this anti-inflammatory CD8+ T cell subset has been
attributed to NADPH oxidase 2 deficiency 83,

Finally, it should be noted that memory T cells residing in the vascular wall of patients with GCA have been shown
to contribute to the renewal and persistent presence of proinflammatory T cells at the vascular inflammatory site (8!
[87](88]

3.2.2. The Role of B Cells

Initial studies had suggested a possible role of autoantibodies produced by B cells in the pathogenesis of GCA.
These findings, however, have not subsequently been confirmed BB |n more recent studies, B cells and plasma
cells have been identified in high numbers in the temporal artery of patients with this form of GCA 1. In this case,
these cells were found to form together with T lymphocytes, dendritic cells, and high endothelial venules (HEVS).
These follicle-like structures have been termed tertiary arterial lymphoid organs (ATLOs) 2. ATLOs are

predominantly located near granulomas, suggesting that communication between the two structures can occur.
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Such proximity may, therefore, facilitate macrophage activation in granulomas through the arrival of cytokines and

other soluble factors produced by cellular interactions within ATLOs.

In further support of the key role of B cells in the pathogenesis of GCA, the B-cell-activating growth factor (BAFF)
and the proliferation-induced ligand APRIL, both produced by endothelial cells and VSMCs, have been found in
high concentrations at the tissue level in patients with GCA 22, In a recent study, it was shown that, in the active
phase of the disease, high numbers of B cells can be identified in the arterial wall of large vessels of GCA patients
while decreasing in peripheral blood, demonstrating tissue-selective recruitment of these lymphocytes 23124, The
potential role of B cells in the pathogenesis of GCA is also suggested by the description of two cases that
significantly improved following therapy with the anti-CD20 antibody rituximab that depletes B cells 2238l The
absence of specific antibodies during GCA suggests that these cells play a different role in the immune response
rather than contributing to humoral immunity, including the production of soluble factors or antigen presentation to
T lymphocytes 7381991 The role of B cells in the pathogenesis of GCA is further underscored by the observation
that during the acute stages of the disease, their numbers in the peripheral blood tend to decrease. This denotes
their redistribution to the vascular tissue site of inflammation 231299 Figure 1 summarizes the cellular mechanisms

involved in the pathogenesis of GCA.
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Figure 1. Cellular and molecular pathogenesis of GCA. Cells of the innate and adaptive immune system and the
vascular wall contribute to the pathogenesis of GCA. Adventitious dendritic cells are activated by unknown
molecules of microbial and/or cellular origin. Dendritic cells in GCA are typically defective in the expression of the

immunosuppressive surface molecule PD-L1, as indicated in the figure by the red cross. Dendritic cells produce IL-
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12, which promotes the differentiation of Thl cells, and Il-6 and IL-23, which contribute to the differentiation and
stabilization of the phenotype of Th17 cells. T lymphocytes are activated by both dendritic cells and B lymphocytes
through the presentation of a putative antigen. Thl cells produce IFN-y and GM-CSF, while Th17 cells produce IL-
17. These cytokines activate M1 and M1 macrophages, which in turn produce MMP-9, IL1-B, and ROS,
contributing to media destruction. Some macrophages, unable to kill the phagocytosed material, transform into
giant cells. CD4+ and CD8+ Treg cells participate in the inflammatory reaction, being deficient in their
immunosuppressive function, as indicated by the stop symbol. CD8+ cytotoxic T cells and neutrophils producing
proinflammatory cytokines and NETs play an additional role in the pathogenesis of GCA. At the vascular level,
damaged VSMCs produce VEGF, PDGF, endothelin-1, and MMP-2, which promote their differentiation into
myofibroblasts. These cells cause thickening of the intima and subsequent vascular stenosis. Many cytokines
recognize JAK-associated receptors and amplify the inflammatory cascade through the activation of the JAK/STAT
signaling pathway. T and B cells aggregate to form tertiary follicular structures (ATLO), whereas T cells and
macrophages are the main components of granulomas. The light-yellow boxes show the main drugs available to
date that inhibit the various factors involved in the pathogenesis of GCA, as indicated by the thin arrows. Of these,

only tocilizumab has been officially approved for the treatment of this vasculitis.
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