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Abstract

Giant Cell Arteritis (GCA) is an autoimmune disease of medium and large arteries, characterized
by granulomatous inflammation of the three-layered vessel wall that results in vaso-occlusion,
wall dissection and aneurysm formation. The immunopathogenesis of GCA is an accumulative
process in which a prolonged asymptomatic period is followed by uncontrolled innate immunity,
a breakdown in self-tolerance, the transition of autoimmunity from the periphery into the vessel
wall and, eventually, the progressive evolution of vessel wall inflammation. Each of the steps in
pathogenesis corresponds to specific immuno-phenotypes that provide mechanistic insights into
how the immune system attacks and damages blood vessels.

Clinically evident disease begins with inappropriate activation of myeloid cells triggering the
release of hepatic acute phase proteins and inducing extravascular manifestations, such as muscle
pains and stiffness diagnosed as polymyalgia rheumatica (PMR). Loss of self-tolerance in the
adaptive immune system is linked to aberrant signaling in the NOTCH pathway, leading to
expansion of NOTCH1*CD4* T cells and the functional decline of NOTCH4™" T regulatory cells
(Checkpoint 1). A defect in the endothelial cell (EC) barrier of adventitial vasa vasorum networks
marks Checkpoint 2; the invasion of monocytes, macrophages and T cells into the arterial

wall. Due to the failure of the immuno-inhibitory PD-1/PD-L1 pathway, wall-infiltrating immune
cells arrive in a permissive tissues microenvironment, where multiple T cell effector lineages
thrive, shift towards high glycolytic activity and support the development of tissue-damaging
macrophages, including multinucleated giant cells (Checkpoint 3). Eventually, the vascular
lesions are occupied by self-renewing T cells that provide autonomy to the disease process and
limit the therapeutic effectiveness of currently used immunosuppressants. The multi-step process
deviating protective to pathogenic immunity offers an array of interception points that provide
opportunities for the prevention and therapeutic management of this devastating autoimmune
disease.
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Giant Cell Arteritis

GCA is the most prevalent inflammatory vasculopathy and stands out amongst the
arteritides due to its destructive potential. The unequivocal autoimmune character of

GCA distinguishes it from atherosclerotic disease, which has elements of smoldering
inflammation in the vessel wall. In GCA, the target of the autoimmune attack are medium
and large arteries, specifically, the aorta, the extracranial, and the upper extremity aortic
branch vessels. Clinical complications are ischemic in nature; best known is the arteritic
ischemic optic neuropathy leading to sudden and painless vision loss. Patients with
vasculitis-induced blindness in one eye are at high risk of ischemia in the second eye,
emphasizing the systemic character of GCA. Patients with GCA in the vertebral and basilar
arteries present with posterior circulation ischemic strokes. Vasculitic stenosis/occlusion of
the subclavian arteries leads to aortic arch syndrome and upper extremity pulseless disease.
Aortic aneurysms are typically localized in the ascending aorta, wall dissections occur along
the entire thoracic aorta.

While the vascular manifestations of GCA are linked to vasculitis-induced vascular
remodeling, including complete luminal occlusion, the pathogenic events underlying the
extravascular manifestations remain enigmatic. Intense systemic inflammation accompanied
by a vigorous hepatic acute-phase response causes constitutional symptoms (weight loss,
fever, night sweats, headaches etc) and can be the only disease manifestation. Typically,
patients complain about proximal muscle pain and stiffness, clinically diagnosed as
polymyalgia rheumatica (PMR). PMR can occur as an isolated syndrome, can precede
clinically detectable vasculitis, or can be combined with vasculitis. During the later stages of
GCA, vascular and extravascular GCA are often asynchronous.

Formerly considered a transient condition, GCA is now recognized as a chronic disease
and patients live for 10-20 years post diagnosis. Such patients are at high risk for
passing through all stages of the disease process, including the progression of vessel wall
inflammation to the aorta. Aortitis is a dangerous manifestation of GCA and becomes the
major challenge of disease management during late disease.

Progress made in understanding the immunopathogenesis of GCA over the last decade

has fundamentally changed the pathogenic concepts applied. After a prolonged period of
asymptomatic autoimmunity, patients loose tissue tolerance and immune cells enter the
blood vessel wall, where they establish granulomatous lesions that eventually become self-
sustained (Fig.1). We will review the data supporting the distinct pathogenic steps leading to
GCA.
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The vascular lesion.

GCA is a granulomatous vasculitis. T cells, mostly CD4* T cells, and macrophages (Mg)
form granulomatous infiltrates in the adventitial and medial layer of the affected artery.
About 50% of patients have typical multinucleated giant cells. The cellular composition
of the vessel wall infiltrate distinguishes GCA from Takayasu arteritis, indicative of
fundamental differences in pathogenesis between the two large vessel vasculitides that
map to an overlapping vascular territory but manifest in fundamentally different at-risk
populations. In the aorta, but not in the peripheral arteries, B cells participate in

forming perivascular tertiary lymphoid structures during late-stage GCA. Vessel wall
infiltrates persist in about half of the patients after one year of treatment with high-dose
glucocorticoids.?

Risk factors.

Risk factors for the development of GCA provide important clues towards immune system
abnormalities that ultimately foster uncontrolled arterial wall inflammation. Patients are
consistently older than 50 years of age, the majority is female. The aging process remains
the strongest risk factor for clinically evident vasculitis, with considerable overlap between
the immune abnormalities in GCA patients and in immune aging (Table 1). Descending
from Northern European people adds significant risk for the development of PMR and
GCA. Epidemiological studies have described lower body mass index and low fasting
blood glucose levels many years before disease onset.34 The strongest genetic risk has
been mapped to the HLA region, with particular HLA-DRB1*04 alleles conferring risk

to develop PMR as well as GCA;5 6 7 compatible with a key role of T cells in disease
pathogenesis. Other disease-associated polymorphisms (cytokines, adhesion molecules,
signaling molecules) point towards abnormalities in innate and adaptive immunity.8 In
Northern European populations and in Minnesota, yearly incidence rates reach about 20 per
100,000 people >50 years of age. In Southern European populations, 10 per 100,000 people
>50 years of age are annually affected, and the incidence drops to about 1 per 100,000
people >50 years of age among American populations of Asian or African descent.® 10. 11
The incidence and prevalence of PMR is about three-fold higher,12 with identical geographic
distribution of at-risk populations.

Although the mortality risk associated with inflammatory disease of medium and large
arteries should be high, life expectancy of GCA patients is maintained or even better than in
the general population,13: 14 compatible with the concept that immune abnormalities causing
GCA include pro-survival factors. In support of this hypothesis, parents of GCA patients are
enriched for nonagenarians.1®

Inappropriate myeloid cell activation in GCA.

The extravascular component of GCA presents clinically with a strong systemic
inflammatory response which is driven by myeloid cells.2® The myeloid compartment

of the immune system consists of granulocytes, monocytes, dendritic cells, and tissue
macrophages. Progress made in the understanding of the cellular ontogeny, differentiation
pathways, activation mechanisms and tissue-specific functions of myeloid cells has
fundamentally changed the concepts how myeloid cells contribute to protective and
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pathogenic immune responses.t7 It is now recognized that tissue macrophages derive

from the yolk sac and are seeded into tissue sites early in life to critically participate in
maintaining healthy tissues. Bone-marrow derived myeloid cells are recruited in response
to danger signals, combine with tissue macrophages to form tissue-residing populations.
The bone marrow itself is highly responsive to inflammatory signals.1® Monocytes and
macrophages respond to activating stimuli with a multidimensional pattern, creating
intermediated states that do not fit to simplified polarization models. And, signals delivered
by the tissue environment, be it the bone marrow or any peripheral tissue site, shape the
functionality of myeloid cells. Ultimately, by presenting antigens to T cells, myeloid cells
are critically involved in the breakdown of self-tolerance defining autoimmune disease and
thus contribute to all stages of the disease process leading to GCA.

In response to “danger signals”, hematopoiesis in the bone marrow switches from steady-
state mode to emergency hematopoiesis, utilizing a unique hematopoietic response program
that dramatically increases myeloid cell turnover and output (Fig.2). Consequently, numbers
of granulocytes and monocytes in the blood rise and shift towards less differentiated
subtypes. This hematopoietic response pattern is present in patients with GCA, characterized
by elevated numbers of monocytes and neutrophils!® (Fig.2). Interestingly, this “emergency
hematopoiesis” is maintained in patients treated with glucocorticoids and appears to be a
stable phenomenon throughout the disease course.

Precise triggers of the myelopoietic bone marrow response in GCA are unknown. It is

now clear that an arsenal of stimuli are sensed as danger signals and facilitate the switch

of the bone marrow to emergency hematopoiesis (Fig. 2). DAMPs of microbial as well

as mitochondrial origin are highly effective as inflammatory danger signals.20-21.22 The
cytokine IL-1 appears to be more effective than other cytokines in mobilizing myeloid cell
output.23:24 A growing body of work has implicated bone marrow sensing of metabolites

in the regulation of myeloid cell production, release and activation status in atherosclerotic
disease,2® and it will be interesting to see whether and which metabolic signals may play a
role in GCA patients, given that low glucose and lipids and low body mass index are the
relevant risk factors in this vasculitis. Recent work has implicated I1L-27 receptor signaling
in myelopoiesis regulation in abdominal aneurysm,2% indicating feedback regulation of bone
marrow function through the adaptive immune system. In this context, neutrophil-regulatory
T cells functioning through 1L-23 and 1L-17 may have a pathogenic role.2’

Despite episodic claims that infectious microorganisms could set off exuberant activation of
myeloid cells in GCA, no disease-specific triggers have been identified and unequivocally
associated with disease onset.28 The advanced age of individuals at-risk for GCA
complicates a clear link of infectious organisms with autoimmune vasculitis as the aging
host notoriously harbors chronic infections, such as varicella zoster virus, cytomegalovirus,
etc.

Increased output of granulocytes and monocytes, particularly more immature forms, is
shared by patients with different vasculitides,2® emphasizing the non-specific character of
this bone marrow response pattern. Immature granulocytes have a tendency to produce
reactive oxygen species, which might affect endothelial cell function and release lytic
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enzymes and neutrophil extracellular traps (NETS), acting as an inflammatory nidus.3® NETs
are typically encountered in neutrophilic autoimmune vasculitides,3! and have been reported
as perivascular structures close to adventitial microvessels in GCA-affected arteries.32

Bone marrow-derived monocytes mobilized in GCA patients are increased in numbers and
shifted towards the CD14**CD16" intermediate phenotype.1® Accumulation of intermediate
monocytes is typical for patients with coronary artery disease,33 and may well be

a shared feature of patients along the spectrum of vascular diseases.3*3° Classical
(CD14*CD167) monocytes are considered critical drivers of inflammation, especially

as they can differentiate into tissue macrophages and contribute to the tissue lesion.
Non-classical CD14-CD16* monocytes have been considered to be anti-inflammatory,
maintaining vascular integrity by slowly patrolling on the endothelium, monitoring for
danger signals and removing cell debris. Recent data call this distinction into question as
non-classical monocytes appear to contribute to disease chronicity and burden.3® During the
pre-vasculitic phase of disease, patients with PMR have elevated production of a number of
monocyte-derived cytokines, including IL-6, IL-8, TNF, and IL-1b.38 Circulating monocytes
from patients with GCA are prone to produce the tissue-digestive enzymes MMP-2 and
MMP-937 and differentiate into chemokine-producing macrophages that are functionally and
metabolically distinct from monocytes derived from patients with coronary artery disease.38

As humans age, they become more and more likely to show smoldering systemic
inflammation, often called inflammaging3® and their risk to develop inflammatory disease
progressively increases.? A typical age-related abnormality is clonal hematopoiesis of
indeterminate potential (CHIP), in which somatic mutations in hematopoietic stem cells
can give rise to mutated immune effector cells, that have the potential to induce
inflammatory disease.#! A pathogenic link between vasculitis, inappropriate hematopoiesis
and intense inflammatory activity is exemplified by the recent identification of mutations in
hematopoietic stem cells that cause to small vessel vasculitis.*2 Acquired mutations in the
UBAL gene of blood cells lead to aggressive tissue inflammation and myelodysplasia/bone
marrow failure. The syndrome has been named VEXAS, an acronym capturing clinical and
pathogenic hallmarks: vacuoles, E1 ubiquitin activating enzyme mutations, X-chromosome
location, auto- inflammation and somatic acquisition later in life. VEXAS patients and GCA
patients share advanced age as a major risk factor.43 VEXAS patients can be misdiagnosed
as biopsy-negative GCA. Both patient populations share intense acute phase responses,
which give rise to an array of effector molecules, including C-reactive protein, fibrinogen,
etc. These are important biomarkers in measuring disease activity in VEXAS and in
extravascular GCA. Although sensitive indicators of inflammation, acute-phase proteins
and cytokines lack the specificity to identify the offending cause and careful histologic and
genetic examination is needed for proper patient assignment.

Checkpoint 1 — the loss of immune tolerance in GCA.

As a hallmark of autoimmunity, GCA patients have loss of self-tolerance in the

adaptive immune system (Fig.1). In contrast to other autoimmune diseases, production

of autoantibodies is atypical for GCA.#* Instead, GCA patients have circulating and tissue-
infiltrating CD4" T cells that inappropriately express the NOTCH1 receptor and have a low
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threshold setting to respond to antigenic stimuli4® (Fig.3). In GCA patients, peripheral blood
CD4* T cells include a distinct population of NOTCH1* cells, both in the naive and memory
population.*® NOTCH1 is typically expressed by malignant T cells in acute lymphoblastic
leukemia (T-ALL).#7 65% of T-ALL patients carry activating mutations in the NOTCH1
gene and the receptor drives uncontrolled activation, anabolism and cell cycle progression of
lymphoblasts. While receptor activation in T-ALL patients is ligand-independent, NOTCH1*
CD4* T cells require combined NOTCH ligand/antigenic stimulation.*> Several disease-
relevant effector functions have been associated with NOTCH pathway signaling in GCA;
including, T cell expansion, transmigration of T cells from the circulation to the vascular
wall and metabolic reprogramming.#® It is currently unknown at which stage of PMR

and GCA the aberrant expansion of NOTCH1* CD4* T cells begins, but like in other
autoimmune disease, the loss of self-tolerance is likely occurring years before clinically
evident disease. Similarly, how abnormalities in NOTCH signaling could be related to the
emerging risk factors for GCA (low blood glucose, low body mass index) is not understood.

Evidence for a central role for the NOTCH signaling pathways in the GCA-specific
breakdown of self-tolerance has been strengthened by recent reports that NOTCH4 is
aberrantly expressed on a subset of regulatory T cells and leads to functional paralysis

of such anti-inflammatory T cells#® (Fig.3). CD8* FOXP3* regulatory T cells reside

in secondary lymphoid tissues and suppress activation of nearby CD4" T cells through

the release of exosomes that contain the enzyme NADPH oxidase 2 (NOX2).4° GCA
patients have low numbers and low function of such NOX2-releasing CD8 Treg cells, thus
disrupting control of CD4 T cell immunity. Notably, CD8 Treg cells mediate broad immune-
controlling function by regulating the size of the CD4 T cell compartment and evidence
has been provided that this pathway has disease relevance in vasculitis.48 Molecular
mechanisms underlying this tolerance defect have been unraveled. Aberrant signaling of
the NOTCHA4 receptor leads to rerouting of the vesicular traffic in CD8 Treg cells.*®
Precisely, NOX2 is packed into exosomes by recycling the oxidase from the cell surface
and maturing RAB7* late endosomes into exosomes.>% NOTCHA4 signaling suppresses the
RAB7 gene and instead activates the RAB5 and RAB11 gene, stopping the maturation

of early endosomes into multivesicular bodies and trapping NOX2 in a RAB5*, RAB11*
intracellular compartment. NOTCH4* CD8 Treg cells from GCA patients no longer release
NOX2-containing exosomes and fail to restrain adaptive immunity.

So far, there is no evidence that the exosomal communication between Treg and target

cells extends to CD4" Treg cells. Like in other vasculitides and in other autoimmune
diseases, GCA patient are well known to have numeric and qualitative deficiencies in CD4*
Treg cells.#2 To which extent these shifts are upstream or downstream of inflammation is
unknown and underlying molecular mechanisms are insufficiently understood.

The NOTCH4-imposed tolerance defect in GCA is a good example of the progressive
accumulation of abnormalities that eventually become pathogenic.5! Loss-of-function of
CD8™ Treg cells is strictly age-dependent in healthy individuals and occurs prematurely
in GCA patients.*® Here, the process of immune aging is superimposed on GCA-specific
risk factors®! amplifying age-related decline of immunosuppression that has relevance in
establishing and upholding vasculitis.
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In invertebrates, NOTCH signaling is a pleiotropic mediator of cell fate. It has the unique
feature that receptors and ligands are membrane embedded, enforcing close physical contact
of signal-sending and signal-receiving cells. It is now recognized as a facilitator of cell-cell
communication of innate and adaptive immune cells. Most importantly, NOTCH signaling
is essential to guide T cell identify during thymic T cell development and to modulate

the intensity of T cell activation signals in peripheral T cells.>2 This has nurtured hopes
that targeting NOTCH signaling could be developed into a strategy for immunomodulatory
therapy in disease conditions associated with chronic T cell activation.>3 However, this
evolutionary conserved signaling mechanism is engaged in the control of cell fate in a
broad variety of cell types, which calls for cell-type specific interventions to avoid off
target toxicity.>* The aberrant expression of NOTCH ligands on vasa vasorum microvessels
provides a mechanism for NOTCH-expressing T cells to receive instructive signals in

an unusual tissue microenvironment; the adventitial space of the arterial wall, a territory
typically protected by immune privilege. Here, NOTCH signaling becomes an essential
mechanism of breaking tissue tolerance.

Checkpoint 2 — the loss of tissue tolerance in GCA.

Avrteries are non-reductant and life-sustaining organs and as such are protected from
inappropriate inflammation. This protection has been named the immune privilege of the
blood vessel. Shielding of the artery from immune attack is a multi-pronged process and
relies on the intactness of the endothelial barrier that separates the blood flow from the
vessel wall tissue site. Original concepts assumed that vessel wall-infiltrating cells come
from the artery’s main lumen but studies completed in the 90’s provided evidence that

the access route to the three-layered wall of medium and large arteries depended on the
adventitia. Specifically, interferon-gamma-producing T cells were placed into the adventitia
and antigen-presenting dendritic cells were localized at the adventitia-media border.55%6 |t
is now recognized that the T cells and monocytes/macrophages that form the granulomatous
infiltrates in GCA-affected arteries invade the adventitia from vasa vasora and then move
towards the media and intima. Thus, the loss of tissue tolerance requires a breakdown of the
endothelial cell barrier of adventitial microvessels. Available data have implicated distinct
mechanisms in damaging the protective endothelial cell barrier (Fig.1):

. Immature, reactive oxygen-producing neutrophils from GCA patients can oxidize
proteins and increase permeability of endothelial cell layers in an in vitro co-
culture system.2° This process appears to be operational in all types of systemic
vasculitides, including small vessel disease.

. Circulating monocytes of GCA patients are biased to produce MMP-2 and
MMP-9 and can digest the endothelial cell basement membrane in a MMP-9
dependent manner.37 This process is highly specific for GCA and not shared
with other vasculitides or autoimmune diseases.>’” Antibodies blocking MMP-9
enzyme activity have strong anti-vasculitogenic activity in vivo.37

. Adventitial capillaries of GCA-affected arteries produce IL-23p19 protein
associated with gp130, but lack the IL-12p40 chain, indicative of functional
transformation of these microvessels.>®
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. Vasa vasora EC express the NOTCH ligand Jagged, interact with NOTCH1*
CD4™" T cells, facilitate differentiation of such T cells into pro-inflammatory
effector cells and enable transmigration of vasculitogenic T cells.*6

. Endothelial cells lining the vasa vasora networks are stimulated by circulating
vascular endothelial cell growth factors (VEGF), one of the abundant
inflammatory proteins in GCA sera®?:60

While there is agreement that the EC barrier needs to be overcome by the innate and
adaptive cells that ultimately build the granulomatous infiltrates, much needs to be learned
on the precise role of ECs and other structural elements that lie between the circulating
blood and the site of vasculitis. ECs are remarkably heterogeneous in structure and
function, change over time and have tissue-specific imprinting. Recent single-cell studies
have broadened the functional spectrum of EC to include subtypes with phagocytic,
scavenging, antigen-presenting and immune cell recruiting capabilities.51 Each of these
functional domains could make a disease-relevant contribution in GCA and EC may have a
more important role than previously appreciated. Appropriately designed studies could also
provide insights into the vascular tropism of this vasculitis which exclusively attacks blood
vessels with a vasa vasorum tree.

Checkpoint 3 — Autoimmunity presenting as granulomatous and self-renewing
inflammation.

The typical presentation of GCA are non-necrotizing granulomatous infiltrates penetrating
the arterial adventitia and media. Aggregates of epithelioid histiocytes are mixed with
lymphocytes; necrotic centers are unusual and should trigger the search for alternative
disease processes, e.g a different entity of vasculitis. Macrophages may coalesce to form
pathognomic multinucleated giant cells, mostly lying around the fragmented lamina elastic
interna. Cell populations have been mostly analyzed by immunohistochemical staining.
Molecular approaches have been rare but are needed to lift studies beyond phenotypic
descriptions. Ideally, cells could be isolated out of vasculitic arteries and tested for
functional competency (Fig.1).

Lymphocytes and antigen-presenting cells.—CD4* T cells dominate the infiltrates.
The majority is activated, a subset is actively dividing and they express phenotypic markers
of tissue-resident memory T cells.52 They are highly dependent on CD28-dependent
co-stimulation and are programmed to rely on glucose metabolism to propagate and
differentiate into effector T cells.52 A broad spectrum of effector T cell cytokines (IFNg,
IL-2, IL-17, IL-21, IL-22, IL-9 etc) are produced in the granulomatous lesions, compatible
with a generalized defect in T cell reactivity and differentiation* (Fig.4). The co-existence
of multiple T cell lineages questions the central importance of a small antigen-specific T cell
population, is compatible with recruitment and local activation of many T cell specificities.
While some of the effector cytokines may simply be an indicator of T cell activation,
IFNy-producing Thl cells have been associated with the granulomatous pattern of vasculitis
and have proven to be resistant to glucocorticoid therapy.63. IFNy-producing Th1 cells are
encountered almost exclusively in the adventitia,®® indicative of select antigens or select
antigen-presenting cells relevant in their induction. IL-17-produicng T cells are consistently
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represented in the vasculitic infiltrates®3:64 and essentially disappear with corticosteroid
therapy.83 IL-21 is best known as the marker cytokine of follicular helper T cells (Tfh), T
cells highly effective in providing help to B cells.%° The classical structure where Tfh cells
interact with B cells are germinal centers. Such sophisticated lymphoid architectures are

not part of the wall infiltrates in inflamed temporal arteries but tertiary lymphoid structures
may occur with chronic-persistent disease. 1L-21 may have costimulatory function in GCA,
serving as a survival factor for TH1 and Th17 cells.®® It is also possible that T cells recruited
to the vessel wall differentiate into a broad spectrum of effector T cells, because the
stimulation condition in the tissue site are highly permissive. In that context it is interesting
that transcriptomic and immunostaining experiments have indicated the presence of 1L-22.57
IL-22 is now recognized as a critical regulator of epithelial homeostasis, serving as the
connector between cells sensing microbes and dietary metabolites and an array for adaptive
responses by epithelial cells.8:6% How this portfolio of effector functions could fit into

the pathogenic cascades of GCA is unknown. Similarly, the search for T cell cytokines in
inflamed temporal arteries has yielded evidence that IL-9 is produced within the infiltrates’®
and that arteries with abundance of IL-17 and 1L-9 display distinct distribution patterns of
the inflammatory infiltrates. IL-9-producing T cells emerge through a unique developmental
program, express distinct transcription factors (e.g. PU.1) and are considered powerful
effector cells in allergic disease and in anticancer immunity,” most compatible with a

key role in Type 2 immunity.”2 Originally associated with allergic disease and parasitic
infection, type 2 immunity is now also recognized as a component of tissue regeneration and
healing. Little is known about the immune pathways that regulate vascular remodeling and
repair in GCA-affected arteries, but the outcome of disease is often connected to exuberant
regeneration, such as lumen-occlusive intimal hyperplasia.

In transcriptomic analysis of temporal artery tissues STAT1, STAT2 and STAT4 target
genes were upregulated, best compatible with dominance of interferon-dependent and
IL-12-induced signaling.”® These data identified interferon-producing T cells as key drivers
in GCA and encouraged treatment trials with JAK/STAT inhibitors.”* Notably, STAT3-
dependent genes were not higher in inflamed than in non-inflamed arteries,’3 indicating a
minimal role for IL-6 in the vasculitic lesions.

A critical feature of the vasculitic lesions is the lack of expression of the immuno-inhibitory
ligand PD-L1.75 (Fig. 5) Expressed on the surface of antigen-presenting cells, PD-L1 binds
to the PD-1 receptor and provides a “stop signal” to T cells. Hyperactivity of the PD1-PD-
L1 immune checkpoint is a hallmark of cancer cells evading T cell killing and has become
an important therapeutic target to enhance anti-tumor immunity. Hypoactivity of the PD1/
PD-L1 checkpoint in GCA removes one of the major countermechanisms to control adaptive
immunity and allows T cells to respond to stimuli that would otherwise be insufficient to
drive the T cell into differentiation. Lack of PD-L1 expression is shared between dendritic
cells and macrophages, encompassing all relevant antigen-presenting cell populations.38 PD-
L2 expression is intact on GCA macrophages and DC, but cannot substitute for the lacking
PD-L1-dependent signals.51 While there is experimental evidence that lesional T cells
acquire a tissue-resident phenotype and replenish the infiltrates through self-renewal %2 it

is not entirely clear whether the deficiency of the PD-1/PD-L1 checkpoint is mechanistically
involved in turning an inflammatory lesion into a self-sustained autonomous structure. The
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concept that the GCA lesions reach autonomy and renew from within without requiring
external cellular supply has strong clinical support. A study harvesting a second biopsy in
patients treated for 12 months with aggressive glucocorticoid therapy has reported persistent
vasculitis in almost 50% of cases, enforcing reclassification of GCA from a transient into a
permanent autoimmune disorder.2

Recent reports have indicated that inflamed arteries may contain organized lymphoid
structures reminiscent of tertiary lymphoid tissues (TLT).”6 In inflamed tissues and

around tumors, resident fibroblasts can acquire lymphoid-stroma properties, organizing
lymphocytes and antigen-presenting cells into efficient structures.””:”8 These structures

can give rise to ectopic germinal center and are typically a consequence of chronic,
long-standing inflammation, attracting T cells, B cells and antigen presenting cells into

the tissue. The formation of tertiary lymphoid tissue is part of the immune aging process,
affecting most organ systems and should be expected to occur in the aged host under
chronic inflammatory conditions.”® Whether TLT have a functional role in GCA is currently
unknown.

Macrophages.—GCA is a granulomatous vasculitis, defining macrophages as key
pathogenic cells. The histopathologic diagnosis of GCA requires the presence of highly
activated macrophages (histiocytes), combined with multinucleated giant cells in about half
of the cases. Macrophages are the most plastic cells of the hematopoietic system and offer
enormous functional diversity. They are professional phagocytic cells specialized in the
detection, phagocytosis and destruction of pathogens, apoptotic cells, and tissue debris. They
also are professional antigen-presenting cells, critically important to trigger and maintain
adaptive immunity.

A detailed profiling of lesions macrophages in GCA is not available, but a large array

of macrophages products have been placed into the vasculitic infiltrates (Fig.6). With few
exceptions, the functional relevance of such macrophage products has been implied and
loss-of-function and gain-of-function experiments are not available to provide proof for

the pathogenic relevance of macrophage-associated functions. Like in other autoimmune
diseases, it is expected that macrophages in the vasculitic lesions fall into multiple functional
subsets. For example, single cell RNA sequencing approaches have allowed to distinguish

6 different macrophage populations in the synovial tissue of patients with rheumatoid
arthritis8 and these 6 macrophage subsets differ in transcriptomics, positioning and
function. All macrophage subpopulation in rheumatoid synovitis shared the high expression
of HLA-DR molecules, were engaged in antigen-presentation and had excellent adaptability
to the glucose deplete conditions in the tissue niche.80 Based on data available, GCA
macrophages excel in a number of functional properties:81

. chemokine expression relevant for recruitment of inflammatory cell38

. anti-oxidant defense by upregulating aldose reductase.82 This functional property
is particularly important as macrophages accumulating in the inflamed medial
layer are characterized by strong mitochondrial activity83

Circ Res. Author manuscript; available in PMC 2024 January 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weyand and Goronzy

Page 11

. production of growth and angiogenesis factors, driving the vascular remodeling
process84:85.86

. production of the metalloproteinase MMP-9. MMP-9 is highly expressed
in the patient’s macrophages and blocking of MMP-9 enzyme activity is
highly efficient in suppressing vasculitis. The bias towards exuberant MMP-9
is shared by monocytes, peripheral macrophages, lesional macrophages and
multinucleated giant cells,3” suggestive for a regulatory abnormality controlling
this potent tissue destructive enzyme in GCA.

. co-stimulating in a CD28-dependent mannerb2

. adopting a permissive state for T cell co-stimulation by failing to express the
co-inhibitory ligand PD-L1.7°

In aggregate, unique features of lesional macrophages in GCA include their propensity
to differentiate into multinucleated giant cells, participate in tissue destruction and co-
ordinate the wall remodeling process. Molecularly, their most intriguing abnormality lies
in the defective expression of PD-L1, which must have profound impact on their antigen
presenting function8”:"> and on the breakdown of immune tolerance in GCA.

Conclusions and Perspective

The autoimmune vasculitis GCA manifests in elastin-rich arteries and produces a
distinguishing histopathologic pattern: granulomatous infiltrates in the adventitia and media
which elicit a fast and concentric remodeling process, including neoangiogenesis in the
media and intima and lumen-stenosing intimal hyperplasia. The granulomatous nature of the
vessel wall inflammation identifies T cells and macrophages as key pathogenic players in the
disease process.

Like in other autoimmune diseases, the loss of self-tolerance (Checkpoint 1) occurs

long before clinically evident disease and additional pathogenic events are needed before
the asymptomatic host can transition to vascular inflammation. Loss of tissue tolerance
(Checkpoint 2) involves tissue-invasive monocytes and T cells entering the vessel wall
through a vasa vasorum access port. Several defects in peripheral immune tolerance support
the transition of granulomatous arteritis into a self-sustained, tissue-destructive lesion
(Checkpoint 3).

Newly identified risk factors for GCA include low body mass, low fasting blood glucose,
low triglycerides and low cholesterol, preceding disease onset by years. Thus, metabolic
signaling, possibly inverse to that in atherosclerotic disease, may shape early steps of
tolerance breakdown. Metabolic signaling also moves early disease steps outside of the
blood vessel.

Work over the last decade has identified the following critical T cell defects:

. aberrant NOTCHL. signaling on peripheral and lesion CD4 T cells, promoting T
cell effector differentiation
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. aberrant NOTCHA4 signaling on peripheral regulatory T cells, destroying their

The followi

anti-inflammatory capabilities by redirecting intracellular vesicle trafficking

retention of multiple lineages of effector T cells in the granulomatous lesions,
producing an array of effector cytokines

ng macrophage defects have been implicated in tissue invasion, antigen

presentation and chemokine/cytokine production:

The emergi

systemic inflammatory response “priming” neutrophils and macrophages and
inducing a strong hepatic acute phase response

excessive MMP-9 production, digesting the basement membrane of vasa vasora

defective expression of PD-L1, breaking the protective PD-1/PD-L1 immune
checkpoint

pluripotent macrophages, some of them differentiating into multinucleated giant
cells

pluripotent macrophages supporting multiple lineages of effector T cells in the
vasculitic lesions

ng disease paradigm offers multiple interception points to diagnose and manage

asymptomatic pre-disease and fully developed vasculitis beyond cytokine blockade:

define metabolic signals that jeopardize immune tolerance in at-risk individuals

define upstream abnormalities that cause hyperactivity of the NOTCH signaling
pathway

define functional outcomes of immune checkpoint signaling
identify upstream signals leading to “emergency hematopoiesis”

define the molecular elements of the vasa vasorum-tissue junction to reestablish
tissue tolerance

define disease-relevant abnormalities in the innate and adaptive immune system
of at-risk individuals before they lose tolerance

The community awaits publication of single cell omics studies which might provide insights

into the pat
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Fig.1. Evolution of Autoimmunity in Giant Cell Arteritis.
At-risk individuals are born with genetic risk determinants, mostly in the HLA region.

Metabolic phenotypes (low glucose, low cholesterol, low triglycerides) become evident
during the period of asymptomatic pre-disease. Checkpoint 1: Distinguishing immune
phenotypes (expansion of NOTCH1+ CD4+ T cells) are present in the naive T cell
compartment and indicate loss of self-tolerance. Protective T regulatory cells fail due to
hyperactive NOTCH signaling. Late during pre-GCA, the bone marrow releases activated
myeloid cells (neutrophils, monocytes), triggering a hepatic acute-phase response and
clinical symptoms of polymyalgia rheumatica (PMR). Checkpoint 2: GCA becomes
clinically evident with the breakdown of tissue tolerance. Monocytes and neutrophils break
through the protective endothelial barrier and T cells follow to invade the vessel wall.
Checkpoint 3: T cells and macrophages build granulomatous lesions. The defect in the
PD1/PD-L1 immune checkpoint creates a “permissive” tissue environment, with multiple
T cell and macrophage lineages prospering. Tissue-resident memory T cells render the
lesion self-sustained and autonomous. The vessel wall responds to the immune attack with a
maladaptive response-to-injury, including intrawall angiogenesis and intimal hyperplasia.

Circ Res. Author manuscript; available in PMC 2024 January 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Weyand and Goronzy

Bone Marrow
Steady-state hematopoiesis

Colony stimulating factors
(M-CSF, G-CSF, IL-3, GM-CSF)
IL-1

Microbial DAMPs
Mitochondrial DAMPs
Metabolites

SASP factors
Neutrophil-regulatory T cells
IL-27 receptor signaling

Etc v

Emergency hematopoiesis
high myeloid cell output

Figure 2. Myeloid cell activation in Giant Cell Arteritis

Page 20

Increased numbers of:

Band neutrophils
CD66b+ CD15+ CD10neg
CD64neg

Myelocytes/metamyelocytes
CD66b+ CD15+ CD10neg
CD64+

Intermediate monocytes
CD14+ CD16+

l

INFLAMMATION

The bone marrow responds to an arsenal of danger-associated molecular patterns with a
switch from steady-state hematopoiesis to emergency hematopoiesis, resulting in the release
of high numbers of highly activated neutrophils and monocytes. The original triggers of
bone marrow stimulation in patients with giant cell arteritis remain undefined. Circulating
myeloid cells induce a hepatic acute phase response, giving rise to typical laboratory
findings (elevated C-reactive protein and erythrocyte sedimentation rate) and in muscle
pain/stiffness, diagnosed as polymyalgia rheumatica. Activated hematopoiesis is susceptible

to corticosteroid suppression and to I1L-6 blockade.
DAMP; danger-associated molecular pattern
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Figure 3. Hyperactivity of the NOTCH signaling pathway in Giant Cell Arteritis
NOTCH signaling is critically involved in T cell fate decisions and NOTCH1 gain-of-

function mutations lead to acute lymphocytic leukemia. Patients with GCA have expansion
of a NOTCHZ1-high expressing population of CD4 T cells that continuously upregulate
NOTCH target genes. The NOTCH ligand Jagged 1 is aberrantly expressed on microvascular
endothelial cells of the vasa vasora, enabling NOTCH1* T cells to transmigrate into the
adventitial space and differentiate into pro-inflammatory effector cells. Also, the NOTCH4
variant appears on circulating CD8 T cells of GCA patients, where the NOTCH signaling
pathway regulates the trafficking of intracellular vesicles. Intracellular packaging and
exosomal release of NOX2-containing vesicles is a core process in regulatory T cells,

which suppress neighboring T cells through exosomal communication. NOTCH4* CD8 T
regulatory cells no longer produce exosomes, thus failing in their suppressive function. CD8
T regulatory cells reside in secondary lymphoid organs and their failure leaves the patient
with a hyper-reactive immune system. (Illustration credit: Sceyence Studios)
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Fig.4. A diverse array of T cell effector lineages contributes to granulomatous vasculitis.
The population of T cells attracted to and retained in the inflamed vessel wall is

assembled from many different T cell lineages. A series of different lineage-defining
effector cytokines are produced in the lesions (A). T cells producing IFN-gamma, 1L-21

or GM-CSF are mostly encountered in the adventitial layer. Effector T cell populations
interact with multiple target cell populations (B). T cells attract, activate and sustain
tissue-resident and tissue-infiltrating macrophage populations. Effector T cells interact with
and receive stimulatory signals from endothelial cells. Effector T cell populations regulate
pathways that involve stromal cell populations and lead to vascular remodeling, such as
microvascular angiogenesis and intimal hyperplasia. Arrows indicate interactions that have
been demonstrated or are suspected. The heterogeneity of effector T cells speaks against a
single antigen driving GCA. One factor allowing the expansion of multiple effector lineages
in the vascular lesions is the deficiency of the inhibitory PD-1/PD-L1 immune checkpoint.
(Mustration credit: Sceyence Studios)
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Figure 5. Hypoactivity of the PD-1 (programmed cell death protein-1)/ PD-L1 (programmed cell
death ligand-1) checkpoint in giant cell arteritis (GCA).

A functioning PD-1/PD-L1 checkpoint provides negative signals to end the T cell activation
and expansion program. In GCA, antigen-presenting cells fail to express the inhibitory
ligand PD-L1, preventing the transmission of inhibitory signals. At the same time, GCA

T cells are highly responsive to co-stimulatory signals, favoring T cell activation, clonal
expansion and effector differentiation. HLA indicates human leukocyte antigen; and TCR, T
cell receptor.
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Figure 6. Macrophage heterogeneity in granulomatous vasculitis.
Given the granulomatous character of the vasculitic lesions, macrophages are key effector

cells in giant cell arteritis. Some macrophages differentiate into multinucleated giant

cells. An array of macrophage products have been localized in the inflamed vessel

wall, supporting the concept of extensive heterogeneity of lesional macrophages. The
product portfolio implicates macrophages in a multitude of functional domains, including
inflammatory responses but also tissue degradative and reparative processes, such as
vascular remodeling. Little is known about antigen-presenting functions, but most lesion
macrophages are high expressors for HLA-DR. Regional diversity of macrophages suggest
that the immediate tissue microenvironment may instruct macrophage activation and
differentiation. (Illustration credit: Sceyence Studios).
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Table 1.

Immune aging-associated phenotypes

GCA-associated phenotypes

Inflammaging
(= age-dependent, subtle inflammatory activity resulting in
tissue damage)

Elevated acute-phase proteins; C-reactive protein, erythrocyte sedimentation
rate, SAA, etc.

Hematopoiesis biased towards myelopoiesis

Emergency hematopoiesis

Clonal hematopoiesis giving rise to myeloid cells with
inflammatory potential

Excess myelopoiesis

Loss of naive T cells

Loss of CD8 T cells in GCA patients and their relatives

CD8 T cells age faster than CD4 T cells

Scarcity of CD8 T cells in GCA lesions (old patient) versus Takayasu lesions
(young patient)

Decline of T regulatory (Treg) cell function

Loss of exosome-releasing NOTCH4* CD8+ Treg cells

Accumulation of end-differentiated effector T cells

Accelerated maturation of NOTCH1* CD4 T cells
Vasculitic lesions occupied by multiple lineages of cytokine-releasing
effector T cells

Accumulation of cytotoxic CD4 T cells with reactivity against
endothelial cells

Vessel wall-destructive effector T cells

T cell exhaustion

Failed T cell exhaustion due to hypoactivity of the PD-1/PD-L1 pathway
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