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Abstract

Giant cell arteritis and Takayasu arteritis are autoimmune vasculitides that cause aneurysm
formation and tissue infarction. Extravascular inflammation consists of an intense acute phase
response. Deeper understanding of pathogenic events in the vessel wall has highlighted the loss of
tissue protective mechanisms, the intrusion of immune cells into “forbidden territory”, and the
autonomy of self-renewing vasculitic infiltrates. Adventitial vasa vasora critically control vessel
wall access and drive differentiation of tissue-invasive T cells. Selected T cells establish tissue

residency and build autonomous, self-sufficient inflammatory lesions. Pathogenic effector T cells
intrude and survive due to failed immune checkpoint inhibition. Vasculitis-sustaining T cells and
macrophages provide a broad portfolio of effector functions, involving heterogeneous populations

of pro-inflammatory T cells and diverse macrophage subsets that ultimately induce wall
capillarization and intimal hyperplasia. Redirecting diagnostic and therapeutic strategies from
control of extravascular inflammatory markers to suppression of vascular inflammation will
improve disease management.
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1. Introduction

In humans, medium-sized and large arteries are organ systems with defined structural

features. Due to abundance of medial collagen and elastin filaments, the large elastic arteries
(aorta and primary branches), have Windkessel function and are distinguished from the
smaller muscular arteries (2"9- 5™ aortic branches) that distribute blood to dependent tissues
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[1, 2]. The wall thickness of medium and large arteries requires a dedicated blood supply
system localized in the adventitial layer, the vasa vasorum network [3, 4]. Together with the
heart, medium and large arteries are critical to survival and are protected from inflammatory
attack; described as arterial wall immunoprivilege [5, 6]. A breakdown of this
immunoprivilege results in vasculitis; Takayasu arteritis (TAK) in the elastic arteries
including the aorta and the proximal segments of its major branches and pulmonary arteries
and Giant Cell Arteritis (GCA) in the muscular arteries and the aorta [7, 8].

TAK and GCA are granulomatous arteritides [9]. Inflammatory infiltrates composed of T
cells and macrophages accumulated in the vessel wall, predominantly in the medial layer
[10]. Histomorphologic hallmarks of TAK and GCA provide clues towards disease
mechanisms of relevance (Fig.1A). Tissue damage patterns include fragmentation of the
elastic laminae, indicative of abundant elastolytic activity [11, 12]. Accordingly,
multinucleated giant cells are often aligned along the digested lamina elastic interna.
Disruption of elastic tissue is associated with loss of vascular smooth muscle cells,
producing medial thinning. The inflammation-induced wall remodeling process leads to
pronounced intimal thickening, with hyperplastic intima occluding the lumen [10]. In the
large elastic arteries, arteritis causes aneurysm formation, in the muscular arteries luminal
stenosis gives rise to tissue ischemia.

In GCA and TAK patients, the vasculitis is frequently associated with a systemic
inflammatory syndrome, easily detected by an intense acute phase response [13-15]. While
previous disease models have suggested that the disease begins extravascularly and
progresses to the arterial wall, recent data strongly support the concept that the extravascular
and vascular components have independent trajectories and the acute phase response may lie
downstream of arterial wall inflammation [16-18]. This conceptual shift has implications
not only for the understanding of pathomechanisms, but profoundly affects the diagnostic
and therapeutic approach to GCA and TAK patients.

This review will discuss recent progress in the identification of cells and tissue niches
actively involved in the disruption of the arterial wall immunoprivilege, will draw attention
to inflammatory amplification processes damaging the vessel wall, and will present data
demonstrating the autonomy of the vascular lesion. Together, these studies call for a
reassessment of therapeutic goals in GCA,; defining the suppression of vessel wall
inflammation as the ultimate target of optimized immunotherapy.

2. Vascular GCA

2.1. Tissue niches in the vessel wall (Fig. 1B)

2.1.1. The arterial adventitia—A healthy and functional arterial wall is free of
inflammatory cells and a combination of mechanisms prevents influx of inflammatory cells
to minimize the risk for unintended collateral damage in a life-sustaining organ. Infiltration
of innate and adaptive immune cells requires a loss of this immunoprivilege [5, 6]. All three
wall layers, the adventitia, the media and the intima, play a disease-relevant role. In
established GCA, innate and adaptive immune cells are encountered in a panartertic
distribution, but packed lymphocyte infiltrates are often seen in the adventitia and
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granulomatous arrangements prefer the tunica media. It is now clear that GCA results from
an active partnership between immune cells and indigenous vascular cells. Endothelial cells
(EC) and stromal cells building the wall are instrumental in forming permissive tissue niches
and are the drivers of the remodeling process, including angiogenesis within the wall and the
formation of hyperplastic intima. Immune cells are highly selected; they must be able to
actively communicate with vascular cells and must be able to survive and prosper in a hostile
environment.

The adventitia provides the gateway to the “forbidden tissue site”, whereby T cells and
monocytes/macrophages enter through vasa vasora. Recent studies have revealed that the
digestion of the basal lamina by matrix metalloprotease (MMP)-9—producing monocytes is a
critical step in the invasion process [12]. T cells cannot penetrate through collagen 1V-rich
matrix, unless they are accompanied by proteinase-releasing monocytes. Monocytes from
GCA patients spontaneously produce MMP-9 and assist T cells in the infiltrative process. A
second enabling event is the communication between CD4 T cells and microvascular
endothelial cells [17]. In GCA-affected temporal arteries as well as GCA-affected aortas,
adventitial microvessels express Jagged-1, a ligand for the NOTCH1 receptor. Circulating
CDA T cells in GCA patients express NOTCH1 [19] and receive stimulatory signals from
Jagged-1* microvessel EC; shifting the differentiation program of such T cells towards the
production of IFN-y and IL-17. EC-mediated T cell activation involves activation of the
mTOR pathway, identifying possible therapeutic targets for novel immunosuppressive
strategies [17]. The study also identified upstream signals leading to aberrant Jagged-1
expression on adventitial microvascular cells. Vascular endothelial growth factor (VEGF),
abundantly present in the serum of GCA patients [20], functions as a Jagged-1 inducer,
priming the EC for immunostimulatory functions. These findings emphasize the role of the
adventitia in serving as a protective shield for the artery under normal conditions.

After the successful invasion into the wall, incoming monocytes/macrophages and T cells
will encounter strategically positioned vascular dendritic cells (vasDC) [21]. These tissue-
residing DC have been implicated in the production of cytokines and chemokines. They
possess the machinery to present antigen and thus elicit an antigen-selected immune
response [21]. Their major abnormalities lie in the deficient expression of the
immunoinhibitory ligand PD-L1 [22]. Instead of sending negative signals to incoming T
cells and preventing local immune reactivity, they predominantly provide co-stimulatory
signals, thus promoting activation and survival of T cells in the tissue niche. This immune
checkpoint failure classifies GCA as an autoimmune disease in which principal threshold
settings are defective. Analogous to malignancies, where excessive activity of the PD-1/PD-
L1 immune checkpoint leads to dismantling of anti-tumor immunity [23], immune
protection of the arterial wall fails with insufficiency of negative signaling. Accordingly, the
wall lesions in GCA are filled with PD-1" T cells that are unopposed due to the loss of
inhibitory signals. PD-L1 loss-of-function extends beyond the vessel wall and affects
circulating monocytes/macrophages and monocyte-derived dendritic cells [16, 22].
Checkpoint dependency of the pathogenic immune responses in GCA has multiple
implications for patient care. Firstly, GCA patients potentially have the benefit of robust
anti-pathogen and anti-cancer immune responses. Secondly, given that the checkpoint failure
is antigen-nonspecific, T cells with many specificities can survive in the wall lesions.
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Thirdly, overcoming the deficient checkpoint may render the patients susceptible to
malignancies. And fourthly, therapeutic weakening of checkpoint function in cancer patients
may lead to vasculitis as an immune-mediated side effect [24].

Recent studies have demonstrated that vasculitogenic immunity is highly sensitive to
blocking CD28 function, emphasizing that professional antigen-presenting cells deliver
strong co-stimulatory signals [25]. Metabolic fitness, specifically glycolytic breakdown of
glucose fueling T cell effector functions, was identified as a CD28-dependent pathway.
Together, these data support a novel disease paradigm, drawing attention to the balance of
activating and inhibitory signals rather than to specific antigens driving the aberrant
immunity underlying vascular GCA.

2.1.2. The arterial media—Arrangements of T cells, highly activated macrophages (so-
called histocytes) and multinucleated giant cells are often encountered in the medial layer, a
part of the artery composed of vascular smooth muscle cells (VSMC), collagen and elastic
fibers. GCA is associated with VSMC loss, in a diffuse pattern in muscular arteries and in a
patchy distribution in the aorta. How VSMC and elastic matrix components contribute to the
disease process is not well understood. Matrix breakdown products are known to exhibit
proinflammatory functions, as captured by the term “matrikines” [26-29]. Degradation
products of extracellular matrix proteins, including elastin and collagens, reportedly have
chemotactic activity and promote cellular activation and production of proteolytic enzymes.
Matrikines, specifically N-acetyl-proline-glycine-proline (acPGP), have mild inflammatory
activity in a GCA model system [12], suggesting that they participate in inflammatory
amplification loops.

2.1.3. The arterial intima—In young healthy arteries, the intima consists of 1 to 3
endothelial cell layers and matrix. Intimal thickness increases with age, as exemplified by
concentric intimal thickening encountered in temporal artery biopsies of older individuals
(Fig.1A). In GCA-affected muscular arteries, the intima expands to more than 10 layers,
often causing complete luminal occlusion. There is agreement that the cell type driving
intimal hyperplasia is the myofibroblast. Myofibroblasts express a-smooth muscle actin (a-
SMA) as a signature molecule, and have high migratory and proliferative capacities [18].
The cellular origin and their heterogeneity are insufficiently understood, but over the last
decade several mechanisms have emerged that can supply myofibroblasts.
Transdifferentiation of endothelial cells (endothelial-mesenchymal transition) is believed to
give rise to myofibroblasts. De-differentiation of VSMC and their directed migration
towards the intima is often proposed as the major pathway leading to intimal hyperplasia.
Also, adventitial sources have been proposed, specifically, adventitial fibroblasts,
mesenchymal stem cells and pericytes [30, 31]. Lineage tracing studies would need to be
applied to answer this question, but contribution of several cellular origins is a likely
scenario.

Precise molecular mechanisms underlying the disease-critical process of intimal hyperplasia
in vasculitis are undefined. Older studies have suggested that intimal hyperplasia is a
coordinated process with neoangiogenesis [32], a predictable element in supporting the
outgrowth of matrix-producing myofibroblasts. As the major lumen of the artery occludes,
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oxygen and nutrients can no longer be supplied by diffusion and supporting microvascular
networks need to be build. Mechanistic studies suggest that intimal hyperplasia is a T-cell—
dependent pathway [22]. Specifically, unleashing of T cell immunity through antibody-
mediated checkpoint paralysis is sufficient to enhance intimal thickness and the diameter of
the tunica intima doubled after anti-PD-1 treatment.

3. Heterogeneity of the vasculitogenic immune response

3.1. Disease-inducing T cell populations in GCA

Early studies in temporal arteries affected by GCA supported the disease model that the
tissue-infiltrating T cells are selected for specificity, strongly supportive for antigen-driven
wall inflammation [33]. Recent data have uncovered the role of antigen-nonspecific events
as disease risk and amplification factors. The breakdown of physical barriers, the signals
provided by the tissue microenvironment, activation threshold setting through co-stimulation
and co-inhibition all appear to be critical in inducing and promoting vessel wall
inflammation. Accordingly, functional analysis of wall-residing T cells has revealed
tremendous heterogeneity, with the common denominator being heightened effector
function. Analysis of lineage-defining T cell cytokines in inflamed arteries have provided
evidence for a multitude of T cell populations, producing IL-2, IFN-y, IL-17, IL-21, IL-9,
and IL-22 [22, 34-37] (Fig. 2A). Quantitative approaches have demonstrated that IFN-y—
producing Th1 cells are the dominant population in the arteries and the circulation of GCA
patients. IFN-y is instrumental in stimulating dendritic cells, macrophages, endothelial cells,
and stromal cells to produce cytokines, chemokines, growth factors and proteases and IFN-y
is now considered as one of the major drivers of autoimmunity [38, 39]. Commitment to
IFN-y production is an identifying characteristic of circulating CD4 T cells in GCA patients,
possibly resulting from interaction with Jagged-1-expressing endothelial cells [17]. Binding
of IFN-y to its receptor triggers activation of the Janus kinase (JAK) and signal transducer
and activator of transcription (STAT) signaling pathway [40, 41]. Notably, IFN-y production
by Th1 cells is also regulated by the JAK-STAT pathway [18]. Transcriptome analysis in
GCA-affected arteries identified STAT1, STAT2 and the STAT target genes 7bet, CXCLS,
15G15and OAS1 as strongly upregulated, indicative for active ongoing IFN-y-dependent
signaling in the tissue lesion [18]. Therapeutic targeting of JAK-STAT signaling with a small
molecule inhibitor that targets JAK3/1 was highly successful in suppressing vasculitis [18],
reinforcing the concept that JAK1/3-dependent cytokine signaling has mechanistic relevance
in GCA.

Based on examination of tissue-resident T cells, IL-21-producing follicular helper T (Tfh)
cells account for the second most prominent population [12]. IL-21 is known for its role in
germinal centers, where it promotes B cell differentiation towards plasma cells and has a
role in Tfh and Th17 cell differentiation [42—44]. B cells are distinctly rare in the vasculitic
lesions and germinal center like structures have not been identified. IL-21 activates multiple
cellular signaling cascades, including the JAK-STAT, MAPK, and PI13K/Akt pathway and is
considered disease promoting in several autoimmune diseases [45]. Understanding 1L-21’s
role in the inflamed wall will require further investigations. IL-21 is an abundant cytokine
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expressed in the arterial lesions [12] and in the blood of GCA patients and appears to be
sensitive to glucocorticoid treatment GCA [35].

Several smaller populations of committed T cells contribute to the vasculitic infiltrates (Fig.
2A). IL-17-producing T cells are represented in the blood and the arteries of GCA patients
[46]. IL-17 is involved in the host defense against extracellular pathogens and contributes to
inflammatory disease [47, 48]. IL-17 acts primarily upon epithelial, endothelial and stromal
cells [49] and anti-IL-17 therapy is highly effective in psoriasis [50]. However, given the
relatively low frequencies of Th17 cells in GCA and the high sensitivity of IL-17* effector T
cells to glucocorticoid-mediated immunosuppression [46], IL-17 might not be a major target
for the effective treatment in GCA. 1L-9, originally discovered as a T cell growth factor [51],
is a pleiotropic cytokine regulating pro-inflammatory and anti-inflammatory processes [52,
53]. Comparison of non-inflamed and vasculitic temporal arteries by immunostaining has
yielded a strong signal for IL-9 in the inflamed vessels [34]. However, which particular
effector functions are perpetuated by IL-9 is currently unknown. Similarly, IL-22 production
has been reported in GCA-affected arteries [37], yet functional studies linking this cytokine
to disease mechanisms are lacking. IL-22 is closely linked to epithelial barrier function and
augments I1L-17 function [54, 55]. IL-22 is mainly produced by Th22 cells, a novel subset of
helper T cells that secret IL-22 and TNF-a, but not IL-17, IFN-y, and IL-4 [56]. In humans,
IL-6 and TNF-a are the two major cytokines inducing Th22 differentiation, signified by the
expression of the lineage-defining transcription factor aryl hydrocarbon receptor [57].

Due to the longevity of T cells, they are particularly susceptible to the aging process and it
has been proposed that the almost exclusive risk of individuals over 50 years of age to
develop GCA may reflect abnormalities in immune aging [58]. While available data are
limited, evidence has been provided that GCA patients have a defect in anti-inflammatory
CD8 T cells, rendering them susceptible to unopposed immune reactivity [59]. Defective
CD8 Treg cells in GCA patients lose the ability to package NADPH oxidase into
immunosuppressive exosomes; a defect even more pronounced in GCA patients than in
healthy older individuals. CD8 T cells are known to age faster than CD4 T cells and a
hallmark of immune aging is the loss of naive CD8 T cells [60], suggesting acceleration of T
cell aging in GCA with direct pathogenic relevance.

3.2. Disease-relevant effector macrophages in GCA (Fig. 2B)

Recent studies have connected monocytes to very early steps in the disease process.
Specifically, MMP-9—producing monocytes are required to enable the transmigration of
monocytes and T cells through the basal lamina [12]. Gene expression data evaluating the
transcription of 8 metalloproteinases in monocytes and ex vivo differentiated macrophages
established a “GCA-specific profile” of spontaneously upregulated transcription of MMP-2,
MMP-7 and MMP-9. Disease specificity of this pattern was established by comparative
studies in patients with a diagnosis of GCA versus Takayasu arteritis (Fig. 3). Equipped with
the three major proteases, GCA monocytes have high potential to invade into tissue and
move through extracellular matrix. Collagen and elastin fibrils are highly resistant to
proteolysis, a resistance that can be broken by MMPs [61]. Given the elastolytic and
gelatinolytic activities of MMP-9, this protease appears particularly important in the disease
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process of GCA, which requires the invasion into the arterial wall and the mobility of wall-
infiltrating cells to reach the medial layer. Studies in temporal arteritis and in GCA aortitis
assigned MMP-9 production exclusively to macrophages [12]. Considering the structural
barriers in the vessel wall, specific blockade of MMP-9 essentially made the artery
inaccessible and effectively prevented vasculitis [12]. Conversely, systemically delivered
MMP-9 was sufficient to render arteries highly susceptible to infiltrating macrophages, T
cells, inflammation and wall remodeling.

Once embedded in the tissue, circulating monocytes respond to microenvironmental cues
and differentiate into tissue macrophages. A shared feature of pathogenic macrophages and
T cells is the involvement of many different effector functions (Fig. 2B). For macrophages
even more than T cells, the disease lesions in patient-derived tissue sections demonstrate
geographic distribution of select macrophage functions. Adventitial macrophages have been
connected to cytokine production, although it may be difficult to distinguish dendritic cells
and macrophages in the tissue. The tunica media is most impenetrable, requiring matrix
digestion. Besides producing MMPs, medial macrophages have also been described to
produce reactive oxygen species (ROS) [62], contribute to nitrosative stress [63] and
upregulate the molecular machinery to deal with oxidative attack [64]. As an example,
induction of aldose reductase may serve as a protective shield [64], permitting survival of
macrophages in a very hostile environment.

The GCA-specific destruction pattern is a combination of tissue damage with a maladaptive
repair response, including the mobilization of myofibroblasts that expand and deposit matrix
to form the hyperplastic intima. Cellular growth depends on growth factors that promote
proliferative activity in the vasculitic lesions and build neointima to remodel the wall. A
critical growth factor seems to be platelet-derived growth factor (PDGF), supplied by
macrophages and giant cells placed at the media-intima junction [65]. Multiple
mesenchymal cell types, such as fibroblasts, VSMC and mesenchymal stem cells express
PDGF receptors and respond with proliferation and directed migration to PDGF. Fibroblast
growth factors (FGF), in particular FGF-2 may partner with PDGF to enhance healing
responses to local injury and may contribute to maladaptive arterial remodeling [32].

A critical growth factor, both systemically and locally, is VEGF. Circulating VEGF primes
adventitial endothelial cells to “open the door” for incoming T cells [17]. VEGF-producing
macrophages and multinucleated giant cells are positioned in the proximal media, next to the
fragmented lamina elastica [32], where they can create a local tissue gradient to support
sprouting of new microvessels. A circumferential ring of capillaries typically forms in the
distal neointima.

These data identify diverse populations of protease and growth factor-producing
macrophages as a coordinated force in tissue injury and repair.

The most recent studies have attempted to provide insights into regulatory abnormalities that
deviate monocytes and macrophages from tissue protection to excessive tissue digestion,
wall destruction and inappropriate neotissue formation. Stimulation of myeloid cells with
microbial and non-microbial stimuli can induce an inflammation-prone phenotype in a
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process called trained immunity. Both, metabolic and epigenetic reprogramming are core
events in training monocytes to become inflammatory macrophages [66-68]. Intracellular
metabolism distinguishes and supports discrete functional states and the question has been
raised whether the metabolic machinery of patient-derived cells allows for distinction
between “healthy” and vasculitogenic macrophages. These studies relied on comparing
monocytes and macrophages from patients with GCA and patients with coronary artery
disease (CAD), another condition manifesting with inflammation in the vessel wall [16].
Transcriptome analysis in monocytes/macrophages defined a metabolic profile of high
glucose import, high glycolytic activity and high mitochondrial activity exclusively in CAD
patients [16]. These data predict a prime state in CAD cells, but not in GCA cells and points
towards fundamentally different activation conditions in these two inflammatory
vasculopathies. Excess glucose uptake and utilization was linked to several functional
domains, particularly cytokine production and expression of the co-inhibitory ligand PD-L1
[69, 70]. Macrophages differentiated from CAD patients consistently were high expressers
for IL-6 and PD-L1, a function dependent on glucose availability in the microenvironment
[16].

Taken together monocytes and macrophages isolated from GCA patients have an unprimed
phenotype.

4. Extravascular GCA

Granulomatous lesions mimicking those formed in the vessel wall are extremely rare, if not
non-existent in extravascular tissues. Instead, patients frequently present with constitutional
symptoms, such as fever, malaise, anorexia, weight loss, night sweats and depression.
Laboratory abnormalities include anemia and thrombocytosis, all manifestations of an acute
phase response (APR). Acute phase proteins (APP) are typically abundant and easily
detectable in serum [71, 72]. Trauma, infection, neoplasia, inflammation and tissue necrosis
trigger a rapid early-response program meant to protect, defend and heal. The core process
of this acute phase response is the production of APPs by hepatocytes. The most prominent
APP is C-reactive protein, first described in the early 1930s, which was discovered in the
“acute phase” of pneumococcal infection in monkeys and humans [73]. CRP can be easily
measured and is considered an informative marker in malignancy, infection, trauma and
tissue breakdown. The erythrocyte sedimentation rate (ESR) is strongly dependent on the
APR, and changes in ESR and CRP are often synchronized. The APR is a complex program
characterized by the rapid increase of many and the decline of few serum proteins [74, 75].
Known APPs are listed in Table 1, with the most prominent members being CRP, serum
amyloid A, fibrinogen and pentraxin 3. APPs are consistently elevated in GCA and many
have been studied as possible disease amplifiers [76, 77]. CRP induces downstream targets,
most prominently IL-6 [78]. About 50% of GCA patients develop a syndrome of muscle
pain and stiffness, named polymyalgia rheumatica (PMR) [79]. PMR symptoms are closely
related to excess APPs.

Most untreated GCA patients have highly elevated ESR, CRP and IL-6 levels. The acute
phase response is exquisitely sensitive to glucocorticoids and thus APPs decline rapidly
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when patients are treated with corticosteroid therapy [8]. Of all innate cytokines involved in
the acute phase response, blocking IL-6 should be particularly effective in reducing APPs.

5. Therapeutic targeting of vascular GCA

In almost all patients, glucocorticoids are highly effective in suppressing extravascular GCA
[8, 80]. Glucocorticoids eliminate vascular inflammation in about 50% of patients treated for
one year [81]. To assess the remission-inducing potential of glucocorticoid therapy, 40
patients with a positive temporal artery biopsy received standard doses of prednisone and
were re-biopsied on the collateral side after 3, 6, 9 or 12 months [81]. Even patients with a
positive second biopsy responded clinically and had normal laboratory findings,
emphasizing that vascular and extravascular GCA follow distinct trajectories.

Currently, little information is available on whether steroid-sparing agents can successfully
suppress vessel wall inflammation. Tocilizumab, a recently approved antibody that blocks
the IL-6 receptor, is highly effective in suppressing ESR and CRP [82], but it is not known
whether diminishing IL-6 signaling has beneficial effects on the arterial wall inflammatory
lesion. Data from patients with TAK question whether IL-6 is an important contributor to
vascular disease. In a randomized, double-blind, placebo-controlled trial testing the efficacy
of tocilizumab in refractory TAK the primary endpoint of time to relapse was not met [83].
And disease progression has been described in TAK patients on tocilizumab therapy [84,
85].

As disease mechanisms in the vessel wall lesions are further elucidated, it may be possible to
design therapeutic strategies that exploit key events in vasculitis. A major hurdle is the
autonomy of the lesion, with repopulation of inflammatory cells from tissue-resident
populations. Also, niche effects provided by the affected arteries, creating ideal conditions
for T cells and macrophages to survive and function in a non-lymphoid tissue site
complicate simplified anti-proliferative and anti-inflammatory approaches.

5.1. JAK-STAT pathway inhibition

Transcriptome analysis in inflamed temporal arteries has identified STAT signaling target
genes, with a bias towards IFN type | and type I1-dependent responses. Treatment of human
arteries -SCID chimeras with tofacitinib, a selective JAK1 and JAK3 inhibitor effectively
suppressed vasculitis, including expansion of the intima and wall capillarization [18].

5.2. Blocking T cell co-stimulation and enhancing T cell co-inhibition

T cells sustaining vasculitis require co-stimulatory signals and are highly sensitive to anti-
CD28 antibody treatment [25]. Specifically, the metabolic fitness of lesional T cells,
characterized by strong upregulation of glycolytic activity, depended on CD28-derived co-
stimulation. Curbing fuel consumption of pathogenic T cells would be a novel approach in
suppressing wall inflammation.

Conversely, the PD-1/PD-L1 inhibitory checkpoint is defective in GCA [22]. While cancer
immunotherapy attempts to unleash T cell immunity by blocking the pathway, it is
conceivable that agonist anti-PD-1 antibodies could supply re-introduce negative signaling.

Clin Immunol. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weyand et al. Page 10

Alternatively, soluble PD-L1, e.g. fused to an Fc domain, could be applied to activate PD-1-
dependent inhibitory signaling.

5.3. Blocking activity of metalloproteinases

Invasion into the vessel wall, particularly into the elastin-rich tunica media, is only possible
after digestion of matrix and elastic laminae. MMP-9—producing monocytes and
macrophages are particularly abundant in GCA, are present in the circulation and occupy the
inflamed medial layer [11, 12]. Preclinical studies in human artery-SCID chimeras have
identified two critical steps in the disease process that are MMP-9 dependent: breakdown of
the basal lamina to permit penetration of inflammatory cells form the circulation into the
tissue; and destruction of elastic barriers in the media. Antibody-mediated blockade of
MMP-9 enzyme activity inhibited the accumulation of T cells in the arterial wall and
suppressed wall remodeling [12]. This approach may avoid non-specific immunosuppression
as MMP-9 has no role in immune cell production.

5.4. Targeting the VEGF-Notch pathway

Besides the acute phase proteins, VEGF is also highly elevated in the sera of GCA patients
and this growth factor has been directly implicated in pathogenic events [17, 20]. Most
significantly, VEGF mediates the activation of adventitial microvessels, opening the door to
“forbidden tissue”. Anti-VEGF therapy is widely applied in cancer therapy and has become
a routine treatment to arrest aberrant neovascularization in ocular structures [86, 87]. Since
work described above has identified ligands within the NOTCH pathway as downstream
targets of VEGF signaling, there is conceptual support to explore interference with the
NOTCH pathway. This pathway too is implicated in driving uncontrolled growth of
malignant cells [88, 89] and efforts are underway to develop clinically applicable reagents
that can prevent NOTCH pathway activation.

5.5. Inhibiting the mTOR pathway

Several lines of evidence point towards mTOR as an integrator of disease-inducing effector
functions in GCA. Active signaling through the mTOR pathway is a hallmark of
vasculitogenic T cells [17, 90]. Such T cells are metabolically reprogrammed, offering an
alternative target for therapeutic interference. mTOR is a central nutrient sensor in the cell,
which coordinates energy needs with cellular proliferative activity [91-93]. mTOR inhibitors
can thus disrupt the fueling of pathogenic effector functions by curbing energy supply [90].

5.6. Other potential therapies

Pilot studies in patients with GCA and Takayasu arteritis have shown that some patients may
benefit from targeting p40, a shared molecule in the IL-12 and 1L23 signaling pathway [94—
96]. Rationale for this approach stems from the critical role of IL-12 in polarizing Th1 cell
lineage commitment and a role of IL-23 in promoting Th17 cell development.

6. Conclusions

Pathogenesis-oriented studies have yielded important insights into disease-inducing and
disease-sustaining pathways in large vessel vasculitis. Key concepts include a separation of
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vascular and extravascular GCA, recognition that the vessel wall has unique structural and
functional features that make it “forbidden territory” for routine immune responses,
autonomy of established vasculitis lesions and the unexpected heterogeneity of pathogenic
effector cells. Extravascular manifestations of GCA, mostly an intense acute phase response,
constitutional symptoms and proximal myalgias, have previously been considered to be
upstream of vasculitis. In an updated disease model the APR is conceptualized as
consequence and not a cause of vasculitis; calling into question the current practice of
relying on ESR and CRP monitoring to diagnose and manage vasculitis. ESR and CRP are
easily measured but they should not replace a tissue biopsy nor can normalization of
downstream laboratory findings be considered a hallmark of therapeutic success. As
demonstrated in a recent study of patients that were biopsied before and 3-12 months after
initiation of therapy [81], vascular inflammation persists in most patients, despite normal
CRP and ESR results. The lack of reliable biomarkers capturing the load of vascular
inflammation is challenging for practicing physicians, particularly in patients without a large
vessel component that can be assessed by imaging.

Deeper understanding of how inflammatory cells enter the vessel wall, how they survive and
flourish and how they mediate tissue injury has emphasized that the wall of medium and
large arteries is primarily unaccessible and self-protective. In patients, this natural protection
breaks down; facilitated by MMP-9—producing monocytes that digest the basal lamina and
the failure of wall-residing dendritic cells to express the immune-inhibitory ligand PD-L1.
Established vasculitic lesions are self-sustained for the production of tissue-resident T cells
and thus can persist for extended periods. Macrophages are end-differentiated cells and their
precursors may have to be continuously recruited from the circulation. Therapeutic targeting
of tissue-resident memory T cells will need to be a requirement of successful patient
management. Injury-inducing effector cells, both T cells as well as macrophages, have a
high degree of heterogeneity, strongly suggestive for abnormalities in antigen-nonspecific
pathways. A broad spectrum of cytokines, enzymes and growth factors actively participate in
wall damage and wall remodeling, providing a rich array of potential therapeutic targets.
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Figure 1. Histology and Cellular Playersin Giant Cell Arteritis.
(A) Histological findings in giant cell arteritis and aortitis. Hematoxylin& Eosin (H&E)

staining of temporal artery and aortic tissues. (a) Temporal artery showing normal “aging”
changes with mild concentric intimal thickening. Scale bar indicates 100 um. (b) Temporal
artery showing severe inflammation especially in the medial and adventitial layers. Note the
slit-like lumen of the artery due to marked intimal hyperplasia. Scale bar, 100 pm. (c)
Scanning magnification of aorta showing medial disruption by alternating cellular and
necrotic zones. Scale bar, 100 um. (d) High power showing granulomatous lesion containing
a multinucleate giant cell admixed with chronic inflammatory cells and a zone of medial
necrosis to the right side. Scale bar, 100 um. (B) Multiple cell types and multiple pathways
participate in the pathogenic events of GCA. Specific cell types and pathways depend upon
the tissue microenvironment. The arterial adventitia provides access for inflammatory cells
and is the home of antigen-presenting vascular dendritic cells. Sprouting of adventitial vasa
vasora leads to wall capillarization. Granulomatous infiltrates composed of macrophages,
multinucleated giant cells and T cells accumulate in the medial layer, eventually causing
medial thinning. Conversely, the intimal layer expands from 1-3 layers to multiple layers and
acquires a microvascular network. Luminal occlusion by newly formed intima causes the
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ischemic complications of GCA. Wall-infiltrating T cells and macrophages may invade all
wall layers, but granulomatous arrangements are most typically encountered in the media.
EC, endothelial cells; vasDC, vascular dendritic cells; VSMC, vascular smooth muscle cells.
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Figure 2. Pathogenic Effector Cellsin Giant Cell Arteritis.
(A) Heterogeneity of wall-residing T effector cells in giant cell arteritis. The T cell infiltrate

in the vessel wall is composed of multiple functional subsets. T helper 1 (Th1) cells are the
dominant population and produce interferon--y, activating macrophages, endothelial cells
and vascular smooth muscle cells. IL-17 derived from Th17 cells acts upon endothelial and
stromal cells. The marker cytokine of follicular helper T cells (Tfh) is IL-21, which
promotes local T cell differentiation and amplifies tissue inflammation. Precise effector
functions of IL-9—producing Th9 cells and IL-22—producing Th22 cells are unknown. Anti-
inflammatory regulatory T cells (Treg) are distinctly infrequent in the vasculitic lesions. (B)
Macrophage effector functions in giant cell arteritis. Lesional T cells produce regulatory
molecules that drive macrophage activation and differentiation. Macrophages and
multinucleated giant cells mediate tissue damage and contribute to maladaptive reparative
responses, vessel wall remodeling, through the production of a large portfolio of effector
molecules: cytokines, chemokines, proteinases, growth factors, etc. CXCL, C-X-C motif
ligand; FGF, fibroblast growth factor; IL, interleukin; MMP, matrix metalloprotease; PDGF,
platelet-derived growth factor; TNF-a, tumor necrosis factor a; VEGF, vascular endothelial
growth factor.
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Figure 3. Macrophage Matrix metalloprotease production in large vessel vasculitides.
Peripheral blood mononuclear cells (PBMCs) were isolated from healthy individuals,

patients with GCA and patients with TAK. Monocytes were purified and stimulated with
interferon-y (IFN-y, 100 U/ml) and lipopolysaccharide (LPS, 100 ng/ml) for 24 hrs.
Macrophages were differentiated from monocyte with macrophage-colony stimulating factor
(M-CSF, 20 ng/ml)-contained RPMI 1640 medium for 5 days and then stimulated with IFN-
vy and LPS for 24 hrs. Transcripts for MMP-2 (A), MMP-7 (B) and MMP-9 (C) were
measured by RT-PCR. Primer sequences for MMPs were previously described [12]. HC,
healthy control; GCA, giant cell arteritis; MMP, matrix metalloprotease; TAK, Takayasu
arteritis. One-way ANOVA. ns, not significant. */2<0.05, **/<0.01.
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Table 1.

Acute Phase Proteins in Giant Cell Arteritis

Increased Decreased
C-reactive protein (CRP)  Serum albumin
Serum amyloid A (SAA)  Transferrin
al-antitrypsin (Serpin) Transthyretin
a2-macroglobulin

Complement (C3, CD4)

Ferritin

Fibrinogen

Haptoglobin

Hepcidin

Pentraxin 3
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Table 2.

Current and Emerging Therapies in Large Vessel Vasculitis

A. Currently used therapies

Glucocorticoids
Methotrexate
Leflunomide
Cyclophosphamide
Azathioprine
Anti-TNF inhibitor
Anti-IL-6 therapy

B. Emerging therapies

Target

JAK-STAT pathway
T cell co-stimulation
T cell co-inhibition
I1L-12/1L-23 pathway
Proteases

VEGF

mTOR pathway

Vascular GCA
++

?

?

?

?

?

?

Function

Cytokine responses
Adaptive immunity
Adaptive immunity
T cell differentiation
Matrix degradation
Angiogenesis

Cellular nutrient sensor

Extravascular GCA

+++

++

Example

Tofacitinib Baricitinib
Abatacept Anti-CD28
PD-L1 Fc
Ustekinumab
Blocking MMP-9
Bevacizumab

Rapamycin
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