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ABSTRACT. 

 
Introduction. Giant cell arteritis (GCA), an inflammatory disease primarily affecting 

medium/large vessels, is characterised by an unprovoked nature and frequent relapses. In 

addition, GCA has different clinical/imaging phenotypes. Trained immunity (TI) is a pro-

inflammatory programme characterised by epigenetic and immunometabolic 

modifications leading to enhanced production of cytokines. 

Aims. i) To assess the contribution of maladaptive activation of TI in GCA development; 

ii) to evaluate possible correlations between different clinical GCA phenotypes and 

different levels of TI activation; iii) to assess the prognostic influence of different GCA 

phenotypes on clinical outcomes.  

Materials and Methods. First, cytokine production, intracellular metabolomics and 

epigenetic modifications were assessed in monocytes from 20 newly diagnosed GCA 

patients and matched healthy donors (HDs). Then, differences in cytokine production and 

intracellular metabolomics between different GCA phenotypes were assessed. Finally, 

the association between different disease phenotypes and disease-related outcomes (i.e., 

visual loss, aortic aneurysms, relapses) was evaluated in both a small prospective cohort 

and a large multicentre retrospective cohort. 

Results. Monocytes from patients with GCA showed the typical characteristics of TI, 

including increased IL-6 production after stimulation, enhanced glutaminolysis and 

enhanced glycolysis, and epigenetic modifications favouring increased transcription of 

pro-inflammatory genes. GCA patients with aortitis and patients without ischaemic 

involvement at baseline showed higher stimulated IL-6 production but no significant 

immunometabolic differences. In the prospective cohort (n=20), these patients also 

showed a higher tendency to relapse over 24 months of follow-up. In the retrospective 

cohort (n=1048) we found that cranial ischaemic symptoms were risk factors for visual 

loss but protective factors for aneurysm development and that aortitis and polymyalgia 

rheumatica were protective factors for visual loss and risk factors for aneurysm 

development and relapses. 

Discussion.  GCA monocytes display activation of TI programs which promote enhanced 

inflammatory activation. This inflammatory activation differs between cranial and extra-

cranial disease phenotypes and correlates with different disease-related outcomes.
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INTRODUCTION.  
 

Epidemiology of Giant Cell Arteritis (GCA).  

 
Giant cell arteritis (GCA) is an inflammatory disease predominantly affecting the medium 

and large arteries (Tomelleri et al, 2023). The incidence of GCA ranges from 6 to 22 per 

100,000 people over the age of 50 and the disease is more common in North America and 

Northern Europe (Watts et al). The women-to-men ratio is approximately 3:1 and the 

onset typically occurs between 60 and 80 years (Watts et al; Weyand & Goronzy, 2014). 

 

Clinical features of GCA.  
 

The GCA spectrum is broad, ranging from characteristic cranial features to less specific 

constitutional symptoms. Although the classic cranial pattern often raises the possibility 

of GCA, maintaining a high level of awareness in the face of atypical presentations is 

crucial. Minimising diagnostic delay is imperative given the potential for acute and 

irreversible ischaemic complications in GCA. 

 

Cranial symptoms. 

The predominant clinical manifestation in GCA is persistent headache, which is present 

in about two-thirds of cases (Myklebust et al, 1995). Although traditionally associated 

with the temporal regions, GCA-related headaches may also be occipital, frontal, or 

generalised. Cranial arteries involvement can also provoke tenderness over the scalp and 

jaw and/or tongue claudication (Salvarani et al, 2012). In GCA patients with cranial 

features, a thorough examination may reveal abnormalities over the temporal arteries, 

such as pulselessness and tenderness (Gonzalez-Gay et al, 2005). Nevertheless, it should 

be noted that the diagnosis of GCA cannot be excluded in the presence of a normal 

appearance of the temporal arteries (Widico & Newman, 2005).  

The most dreaded of the clinical manifestations of GCA are visual symptoms, since they 

may foretell irreversible ischaemic complications (Vodopivec & Rizzo, 2018). Patients 

may report temporary and partial visual field defects (known as amaurosis fugax), 

blurring vision, or diplopia, which are highly specific for GCA (Liozon et al, 2001). If an 
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appropriate treatment is not started promptly, these symptoms can progress to irreversible 

vision loss, occasionally occurring abruptly without any warning symptoms (Gonzalez-

Gay et al, 2000). Previous reports suggest that vision loss can be experienced by a variable 

fraction of patients, from 10 to 20% (Gonzalez-Gay et al, 2000). The primary mechanism 

of vision loss is optic ischaemic neuropathy, usually anterior, which is a consequence of 

the inflammatory occlusion of one of branches of the ophthalmic artery, usually the 

posterior ciliary artery, (González-Gay et al, 2016). However, clinicians must be aware 

that, in most patients, optic neuropathy is caused by atherosclerotic lesions and not by an 

inflammatory condition; in these cases, sometimes, there can be spontaneous recovery 

(Hayreh et al, 2014). Nevertheless, an arteritic aetiology must always be considered when 

investigating optic neuropathy. Other causes of visual complication in GCA can be 

central retinal artery occlusion and posterior ischaemic optic neuropathy (Dumont et al, 

2020). Models to predict ocular ischaemic complications are currently lacking, with 

previous amaurosis fugax being the only clinical predictor (Liozon et al, 2016). Once 

visual loss is established, it is rarely reversible (Salvarani et al, 2005). Furthermore, if 

monocular at onset, the other eye may be involved within one week in up to half of cases 

if left untreated (Danesh-Meyer et al, 2005). Timely initiation of an appropriate treatment 

is therefore essential to prevent this complication (Soriano et al, 2017). 

Ischaemic stroke is rare in GCA and represents a cause of cerebrovascular events very 

rarely in the non-GCA population (González-Gay et al, 2009). Notably, strokes in GCA 

are typically caused by an occlusion of vertebrobasilar branches (Wiszniewska et al, 

2007). Therefore, GCA should always be suspected (if patients are older than 50 years) 

when both vertebral arteries are involved (Rüegg et al, 2003). 

 

Vascular and systemic symptoms. 

Notably, in people with more than 50 years, GCA is among the most common causes of 

fever of unknown origin (Knockaert et al, 1993). Fever can be present in more than half 

of patients with GCA; however, temperature in GCA is rarely above 39ºC and in such 

cases other diagnoses (e.g., systemic infections) should be always sought (Knockaert et 

al, 1993). Weight loss and fatigue are other typical constitutional symptoms (Tomelleri 

et al, 2023). 
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Systemic symptoms are usually present in patients where the extracranial arteries (e.g., 

aorta, carotid arteries, subclavian arteries) are affected (Tomelleri et al, 2021). Therefore, 

if these manifestations predominate, investigations of the extracranial arteries should be 

always adequately performed. In addition, it is important to underline that patients with 

an extracranial phenotype are typically younger than patients where only cranial arteries 

are affected (Gonzalez-Gay et al, 2009; Salvarani et al 2004). 

Inflammation of the aorta and its branches can also lead to more specific symptoms, as it 

happens in patients affected by the other main large-vessel vasculitis, Takayasu arteritis 

(Gribbons et al, 2020). These symptoms include arteriodynia (i.e., pain in the area 

corresponding to an inflamed artery) and limb claudication (i.e., pain due to limb 

ischaemia caused by arterial stenosis) (van der Geest et al, 2020; Brack et al, 1999). 

Particularly, limb claudication has been suggested as one of the most informative 

symptoms for diagnosing GCA (van der Geest et al, 2020). In such cases, a careful 

physical examination can allow to auscultate vascular bruits and feel diminished arterial 

pulses (van der Geest et al, 2020). 

 

Polymyalgia rheumatica. 

Polymyalgia rheumatica (PMR) is a disorder characterised by symmetrical stiffness and 

pain over the shoulders, hips, and neck (González-Gay et al, 2017). Pain and stiffness 

typically lead to functional limitation, mostly in the morning, with a significant impact 

on everyday activities. In PMR, inflammation involves periarticular structures (e.g., 

tendons and bursae), with the most common findings being biceps tenosynovitis, 

subdeltoid/subacromial bursitis, trochanteric bursitis, iliopsoas bursitis, and iliopectineal 

bursitis; these structures are usually involved symmetrically (Camellino et al, 2020). 

There is a strong connection between GCA and PMR. Notably, around 50% of GCA 

patients also display features of PMR, whereas patients with apparently isolated PMR can 

eventually develop GCA in 20-25% of cases (Tomelleri et al, 2023). Notably, it seems 

that the concomitant presence of PMR is higher in patients with the extracranial subset of 

GCA (Dejaco et al, 2017). Hence, to avoid delays in diagnosis, when approaching a 

patient with PMR who complains of symptoms suggestive of GCA, appropriate 

investigations should be immediately performed (Koster et al, 2018). Other suspected 

symptoms include uncommon features of PMR (e.g., low back pain), strong constitutional 
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symptoms and resistance to conventional treatments (Prieto-Peña et al, 2019). A correct 

diagnosis (i.e., distinguishing between isolated PMR and PMR in the setting of GCA) is 

crucial, as the therapeutic approach in these two situations is different (De Miguel et al, 

2023). 

GCA and PMR should therefore not be considered as separate entities, but rather as 

integral components of a unified spectrum of disease, aptly termed GCA-PMR spectrum 

disease (GPSD) (Tomelleri et al, 2023; Dejaco et al, 2017). This conceptual framework 

is based on shared epidemiological aspects, common clinical features and overlapping 

pathogenesis (Tomelleri et al, 2023). 

 

Diagnosis of GCA: role of imaging.  
 
In the current landscape, imaging plays a central role in the diagnosis of GCA (Prieto-

Peña et al, 2021). Ultrasonography (US) is a valuable instrument for detecting 

inflammation not only in the cranial but also in some extracranial arteries, obviating the 

necessity to obtain histological confirmation by temporal artery biopsy. 18F-

Fluorodeoxyglucose-Positron Emission Tomography (FDG-PET) can detect 

inflammation over the aorta and all major extracranial arteries (Dejaco et al, 2023). 

Although imaging is critical, it must always be interpreted after a careful assessment of 

the clinical and laboratory background. This is necessary to avoid misdiagnosis and 

overtreatment (Dejaco et al, 2023). 

 

Vascular ultrasound. 

The potential of US in the diagnosis of GCA was first demonstrated 25 years ago, when 

the first description of a hypo-echoic thickening (i.e., halo sign) around the temporal 

arteries was made (Schmidt et al, 1997). This circumferential area, suggestive of mural 

oedema, may extend to the main branches and other cranial arteries (Schmidt, 2013). The 

bilateral halo sign, which persists on compression, is highly specific for GCA (Arida et 

al, 2010). Notably, US surpasses TAB in sensitivity for diagnosing GCA (Chrysidis et al, 

2021). Therefore, according to current European guidelines, US should be chosen as the 

first test to be performed when GCA is suspected, due to its low radiation load and its 

ability to provide an immediate result (Dejaco et al, 2023). However, it should be 



 11 

underlined that glucocorticoid therapy significantly impacts the sensitivity of US, 

highlighting the importance of obtaining US within the first week of therapy initiation 

(Hauenstein et al, 2012). US also allows the examination of extracranial arteries and is a 

first-line test for screening for extracranial involvement in patients with GCA (Czihal et 

al, 2012). In addition, US can provide prognostic insight through the recently developed 

‘Halo Score’, which correlates with systemic inflammation and the likelihood of 

ischaemic complications (Van Der Geest et al, 2019). This score is also valuable for 

monitoring patients and assessing treatment response, as evidenced by the fact that it 

correlates well with markers of GCA activity and cumulative glucocorticoid dose (van 

der Geest et al, 2020). 

 
18F-Fluorodeoxyglucose Positron Emission Tomography (FDG-PET). 

FDG-PET is acquiring a growingly central role in the diagnosis of GCA, helping to rule 

out alternative diagnoses and to detect vascular (mainly extracranial) involvement 

(Dejaco et al, 2023). According to current European guidelines, FDG-PET should be 

performed when signs and/or symptoms evocative for extracranial disease are present 

(Dejaco et al, 2023): in these patients, particularly in the absence of cranial involvement, 

whole-body imaging is essential to identify vasculitic lesions (Slart et al, 2018). Of note, 

FDG-PET sensitivity decreases after the first three to ten days of glucocorticoid therapy, 

and this emphasises the need for early post-therapy scans (Nielsen et al, 2018). Although 

useful for monitoring treatment, persistent vascular hypermetabolism does not always 

indicate active inflammation, but could signal vessel wall fibrosis and remodelling 

(Martínez-Rodríguez et al, 2017). FDG-PET has limitations due to its high cost, limited 

availability, and radiation exposure (Dejaco et al, 2023). 

 

Management of GCA.  
 
Glucocorticoids.  

The initiation of high-dose systemic glucocorticoids is mandatory when the suspect of 

GCA is high, in order to prevent and avoid ischaemic manifestations (Hellmich et al, 

2019). Current European guidelines advocate starting with high dose glucocorticoids (i.e., 

1 mg/kg of prednisolone daily); as no additional benefit has been demonstrated, doses 
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higher than 60 mg daily should be avoided (Hellmich et al, 2019). Before starting oral 

glucocorticoids, intravenous pulses of methylprednisolone (250-1000 mg) for 3-5 days 

are recommended for patients with visual loss (either permanent or transient) to prevent 

the involvement of the fellow eye or to limit the progression of damage (Hellmich et al, 

2019). However, regardless of the intensity of steroid therapy, once visual loss is 

established, reversibility is rare. 

Ideally, the starting glucocorticoids dose should be maintained for 1 month, or at least 

until remission is established (Hellmich et al, 2019). Tapering should then begin, with 

European guidelines suggesting that a dose lower than 5 mg daily (prednisolone-

equivalent) should be reached within 12 months (Hellmich et al, 2019). Throughout the 

dose reduction, close clinical monitoring and acute phase reactant measurements are 

essential to detect disease flares. In the event of a flare, glucocorticoid dose should be 

increased. If the flare is mild (i.e., without ischaemic manifestations), the dose can be 

returned to the last effective dose; if there are ischaemic manifestations, the induction 

dose should be restarted (Hellmich et al, 2019). 

 

Conventional steroid-sparing agents. 

Non-steroidal immunosuppressive drugs may be required in some patients with GCA, 

particularly those with recalcitrant disease or risk factors for glucocorticoid-induced 

complications (Hellmich et al, 2019). Among these drugs, methotrexate, which has been 

studied for over 20 years, is the only one which has shown some sort of efficacy. 

Specifically, it has been demonstrated to be able to reduce the cumulative dose of 

glucocorticoids and the rate of relapses, particularly when extracranial involvement 

prevails (Mahr et al, 2007). Therefore, European guidelines recommend starting 

methotrexate as the first alternative to tocilizumab (see next Section) and advocates to use 

a minimum dose of 15 mg weekly (Hellmich et al, 2019). Although promising results 

have been reported for azathioprine, cyclophosphamide and leflunomide (Tomelleri et al, 

2021; De Silva et al, 1986), these drugs have not been evaluated in randomised trials and 

are not currently included in the European recommendations for the treatment of GCA 

(Hellmich et al, 2019). 

 

Biologic steroid-sparing agents.  
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Tocilizumab, targeting the IL6 receptor, exhibits notable anti-inflammatory effects and 

can be administered subcutaneously or intravenously. Tocilizumab, when added to 

glucocorticoids, achieves higher remission rates than glucocorticoid monotherapy, even 

with accelerated tapering (Stone et al, 2017). While not universally indicated, patients 

prone to or experiencing steroid-related complications benefit from tocilizumab, 

associated with lower cumulative glucocorticoid doses (Hellmich et al, 2019). However, 

it is still unclear how long tocilizumab should be continued; what is known is that 

discontinuation after only 12 months is linked to a 50% relapse rate (Stone al, 2021; 

Tomelleri et al, 2023). 

Other biologic therapies, like abatacept, mavrilimumab, secukinumab, and baricitinib, 

show promise in preventing relapses or achieving sustained remission, although larger 

clinical trials are warranted for definitive recommendations (Sebastian et al, 2021). 

Tumour-necrosis factor (TNF) inhibitors have demonstrated effectiveness in Takayasu 

arteritis but lack conclusive evidence for routine GCA use (Mekinian et al, 2021). 

 

Long-term outcomes of GCA.  
 

Despite an often satisfactory response to glucocorticoids, over 50% of patients with GCA 

have relapses during and after tapering (Alba et al, 2014; Restuccia et al, 2016). These 

flares range from subclinical inflammation, detectable only by imaging and acute phase 

markers, to symptomatic manifestations, with ischaemic complications being 

exceptionally rare during flares (Alba et al, 2014). Notably, marked systemic 

inflammation at baseline seems to correlate with a higher risk of relapse (Restuccia et al, 

2016; Hernández-Rodríguez, et al, 2002; Restuccia et al, 2016). In addition, unfavourable 

disease outcome appears to be associated with extracranial involvement (Dumont et al, 

2019).  

The most feared long-term complication of GCA is represented by vascular remodelling, 

which can lead to stenoses and, mostly, aortic aneurysms (de Boysson et al, 2018). Indeed, 

in around one-fifth of patients with GCA aortic aneurysms can be found, mostly over the 

thoracic aorta (de Boysson et al, 2018; González-Gay et al, 2004). Predictors of this 

structural complication remain unidentified, although it seems that aortic aneurysms are 

more common after 5 years and in patients with aortitis on FDG-PET at baseline (Moreel 
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et al, 2023). On the other hand, cranial symptoms/signs may confer protection against 

aortic dilation (de Boysson et al, 2018). Notably, some patients develop aneurysms also 

when the disease is clinically inactive; this suggests that inflammation is not the only 

mechanism beyond this complication and also atherosclerotic risk factors can play a role 

(González-Gay et al, 2004). In particular, disarray of elastic fibres, rather than 

inflammatory cells, is a prominent feature of GCA-related aortic aneurysms (Evans et al, 

1995).  

Despite the undoubted clinical importance of aortic aneurysms, to date, there is a lack of 

consensus on the frequency and modality for their monitoring (Dejaco et al, 2023).  

 
General aspects of the pathogenesis of GCA.  
 
GCA is probably an antigen-driven immune-mediated disease, as indicated by the 

increased expression of MHC class-II genes (Carmona et al, 2015); however, the specific 

antigen(s) associated with GCA onset have not identified yet. In addition, a specific 

response to particular epitopes has been suggested by the finding of clonally expanded T 

lymphocytes in arterial lesions (Weyand et al, 2012). 

The inflammatory cascade in GCA unfolds primarily within the arterial mural layers of 

medium and large-sized vessels (i.e., with a diameter > 0.2 cm), which have three mural 

layers (i.e., the intima, media, and adventitia). While diffusion from the lumen cannot 

adequately supply all layers with necessary nutrients, a microvascular system, termed 

vasa vasorum, becomes critical for nutrient transfer to all these three arterial layers. In 

contrast to small arteries, which lack vasa vasorum, large arteries harbour resident 

vascular dendritic cells (DCs) at the media-adventitia interface.  
 

The role of the innate immune system in GCA pathogenesis.  
 

Dendritic cells. 

DCs play a critical role as a link between the adaptive and innate immune systems 

(Weyand et al, 2013). Studies have consistently highlighted the dysregulated vascular DC 

population as central to GCA (Weyand et al, 2013). These vascular DCs, which normally 

reside at the adventitia-media junction, exhibit tolerogenic behaviour in normal arteries, 
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implying their inability to stimulate T lymphocytes (Ma-Krupa et al, 2004). One 

hypothesis is that, in susceptible individuals, damage-associated molecular patterns 

(DAMPs) and pathogen-associated molecular patterns (PAMPs) from the circulation, 

possibly derived from bacterial or viral pathogens, can reach the media-adventitia 

interface via the vasa vasorum (Ma-Krupa et al, 2004; Deng et al, 2009). In individuals 

predisposed to GCA, possibly due to genetic factors such as toll-like receptor (TLR) 

polymorphisms, vascular DCs can be activated in response to danger signals and acquire 

the ability to interact with T lymphocytes (Deng et al, 2009; Song et al, 2012). Thus, DC 

migrate into the media, where they release chemotactic factors (e.g., CCL21) that 

subsequently induce the activation and migration of monocyte-macrophages and T 

lymphocytes (Ma-Krupa et al, 2004; Weyand et al, 2013). The ensuing inflammatory 

activation, mainly involving Th1 and Th17 lymphocytes, contributes to the formation of 

granulomas typically observed in patients with GCA (Deng et al, 2010). 

 

Macrophages.  

In healthy people, T lymphocytes and monocyte-macrophages are normally absent from 

the arterial wall of medium-/large-sized vessels. However, in GCA, orchestrated 

recruitment of monocyte-macrophages to the arterial layers appears to occur through the 

vasa vasorum, probably facilitated by activated vascular DCs and T lymphocytes (Koster 

et al, 2017). IFN-γ-induced chemokine release from vascular smooth muscle cells has 

pivotal function in this recruitment (Corbera-Bellalta et al, 2015).  

Monocyte-macrophages from GCA patients show increased production of matrix 

metalloproteinase (MMP) 9. This increased level of MMP-9 enables monocyte-

macrophages to erode the vasa vasorum capillaries, giving them the ability to invade 

tissues. This also enables the infiltration of other inflammatory cells (Watanabe et al, 

2018). 

Within macrophages, two dominant phenotypes emerge: M1 and M2. M1 macrophages 

specialise in pro-inflammatory actions, whereas M2 macrophages focus on tissue repair 

mechanisms (Weyand et al, 2013; Wagner et al, 1994). 

Activated M1 macrophages are found in both the adventitia and media in GCA. 

Adventitial macrophages help maintain the inflammatory response by producing 

interleukin (IL)-1 and IL-6, the main inflammatory cytokines (Weyand et al, 2012). 
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Meanwhile, in the media, activated M1 macrophages release molecules such as MMPs, 

contributing to the degradation of the arterial layers (Rodriguez-Pla et al, 2005; Rittner et 

al, 1999). 

Activated M2 macrophages position themselves at the interface between the intima and 

the media layers, where they produce angiogenic factors (e.g., vascular endothelial 

growth factor). This involvement contributes to the anatomical modification of the 

vascular lumen, eventually leading to thickening of the vessel wall or, sometimes, even 

to overt stenoses (Carmona et al, 2017). 

The characteristic granulomas in GCA paint a picture made not only by macrophages and 

T lymphocytes, but also histiocytes and multinucleated cells (i.e., ‘giant cells’) (Weyand 

et al, 2013). These giant cells, which give GCA its name, are present in approximately 

70% of diagnostic arterial biopsies (Cavazza et al, 2014) and are formed by the fusion of 

macrophages. This process is driven, at least in part, by colony-stimulating factors such 

as M-CSF (monocyte colony stimulating factor) and GM-CSF (granulocyte monocyte 

colony stimulating factor) (Jiemy et al, 2020). 

 

Neutrophils.  

Recent evidence has demonstrated that circulating immature neutrophils can extravasate 

into the perivascular tissues of the temporal arteries of GCA patients. This migration 

culminates in the generation of increased levels of extracellular reactive oxygen species 

(ROS), thereby exacerbating vascular damage (Wang et al, 2020; Michailidou et al, 

2022).  

In addition, histological studies of arteries affected by GCA show neutrophil infiltration 

in the adventitia and media layers (Nadkarni et al, 2013). At the same time, an increased 

concentration of neutrophil extracellular traps (NETs) has been clearly identified in the 

temporal arteries of individuals diagnosed with GCA (Palamidas et al, 2021).  

This nuanced understanding of neutrophil involvement highlights their multifaceted 

contribution to the inflammatory milieu that characterises GCA pathogenesis. 

 

The role of the adaptive immune system in GCA pathogenesis.  
 



 17 

Like macrophages, T lymphocytes are normally absent from arteries of medium and large 

size. However, in the context of GCA, activated vascular DCs, strategically positioned in 

the proximity of vasa vasorum, at the interface between the media and the adventitia, 

secrete factors that can attract T lymphocytes. This interaction leads to the differentiation 

of T cells into two prominent lines: Th1 lymphocytes and Th17 lymphocytes (Weyand et 

al, 2013). 

 

Th1 lymphocytes.  

Th1 lymphocytes appear to be unaffected by glucocorticoids as demonstrated by the fact 

that their numbers and associated cytokines (mainly, IFN-γ) remain elevated in both 

arterial tissue and blood (Deng et al, 2010). The differentiation of naïve T lymphocytes 

towards the Th1 lineage is orchestrated by different cytokines, with the main being IL-12  

(Weyand et al, 2013). Notably, in addition to this role, IL-12 is also involved in 

stimulating the release of damaging molecules and the activation of macrophages and 

vascular smooth muscle cells (Weyand et al, 2013). 

 

Th17 lymphocytes.  

Th17 lymphocytes play a pivotal role in GCA pathogenesis. This is supported by the fact 

that the concentration of Th17 lymphocytes in the peripheral blood is invariably higher 

in patients with GCA compared to healthy controls (Samson et al, 2012; Terrier et al, 

2011). The differentiation of naïve T lymphocytes towards the Th17 phenotype is mainly 

influenced by IL-6, TGF-β and IL-21, and Th17 lymphocytes release a spectrum of 

cytokines, such as IL-21, IL-17, IL-22, and chemokines, such as CCL20 (Maddur et al, 

2012). These cytokines/chemokines play an important role to induce not only local 

arterial damage, but mostly systemic constitutional manifestations. Notably, in contrast 

to Th1 lymphocytes, Th17 lymphocytes and Th17-associated cytokines/chemokines are 

significantly reduced in both arterial tissue and peripheral blood following the initiation 

of glucocorticoid therapy (Deng et al, 2010). 

 

T-regulatory lymphocytes. 

Flow cytometry measurements indicate low levels of T-regulatory lymphocytes in GCA 

patients (Samson et al, 2012). These low levels are probably caused by the fact that some 
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cytokines that play a pivotal role in the pathogenesis of GCA, such as IL-21, IL-23, and 

IL-26, hinder the expression of FOXP3, a key transcription factor involved in the 

differentiation of T-regulatory lymphocytes (Kimura et al, 2010). Additionally, the same 

cytokines upregulate RORγt, a transcription factor that stimulates Th17 differentiation 

(Barbi et al, 2013; Kimura et al, 2010). 

 

Cytokine interplay.  
 

Cytokine signatures within GCA reveal intricate immunological orchestrations.  

The IL-6–IL-17 signature highlights the centrality of IL-6, a versatile cytokine secreted 

not only by immune but also by stromal cells such as vascular smooth muscle cells, 

endothelial cells, and fibroblasts (Weyand et al, 2013; Camporeale et al, 2012). IL-6, in 

conjunction with TGF-β, triggers the enhanced production of inflammatory markers by 

hepatocytes and orchestrates the differentiation of naïve T lymphocytes towards the pro-

inflammatory Th-17 subset; in addition, along with IL-23 and IL-21, inhibits FOXP3, 

which is critical for the anti-inflammatory T-regulatory lymphocytes (Weyand et al, 2013; 

Camporeale et al, 2012; Saravia et al, 2019). As a result, IL-6 exerts pro-inflammatory 

effects and, at the same time, inhibits the potential countermeasures of the immune system 

(Weyand et al, 2013). The Th-17 lymphocytes that result from this differentiation release 

various pro-inflammatory cytokines and chemokines (e.g., IL-17, IL-21, IL-22, CCL20), 

which stimulate hepatocytes to produce acute phase reactants and activate endothelial 

cells, macrophages, vascular smooth muscle cells and fibroblasts (Weyand et al, 2013; 

Rutz et al, 2013; Torchinsky et al, 2010). Notably, the Th-17 axis can be inhibited by 

treatment with glucocorticoids, which can suppress the production of IL-6, IL-1 and IL-

23, all cytokines essential for Th17 cell differentiation. Therefore, glucocorticoids can 

lead to suppression of IL-17 production both in inflamed arteries and in the peripheral 

circulation (Deng et al, 2010). 

The IFN-γ-IL-12 signature highlights the role of IL-12 derived from activated vascular 

DCs within GCA-affected arteries (Weyand et al, 2013; Nizzoli et al, 2013). Indeed, IL-

12 can stimulate naïve CD4+ T lymphocytes to polarise into the Th1 lineage by inducing 

the expression of Th1-related genes while suppressing Th2-specific genes (Saravia et al, 

2019). Activated Th1 cells in turn release IFN-γ, a potent pro-inflammatory molecule 
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typically associated with Th1 lymphocytes, DCs and macrophages. IFN-γ can exacerbate 

tissue damage by interacting with vascular smooth muscle cells and endothelial cells, but 

can also amplify the inflammatory cascade (Watanabe et al, 2020). Interestingly, IL-12-

IFN-γ cytokines and related Th-1 responses remain largely unaffected by conventional 

immunosuppressive drugs currently available for the treatment of GCA, highlighting the 

distinct regulatory landscape (Weyand et al, 2010). Finally, recent evidence of elevated 

plasma IFN-γ levels prior to clinical disease onset underscores the central role of this 

pathway in early disease mechanisms (Wadström et al, 2022). 

 

 

Trained immunity (TI): a pathogenic mechanism beyond autoimmune 
inflammatory disorders.  

 
The immune response of the vertebrates has been traditionally divided into adaptive and 

innate components. The former relies on the involvement of T and B lymphocytes that, 

upon encountering a pathogen, first orchestrate a response and then form a memory. In 

contrast, the latter have historically been based on systems that operate rapidly, lack 

specificity and, most importantly, do not form a memory, such as phagocyte activity and 

complement activation.  

However, an increasing amount of evidence substantiates the triggering of a memory-like 

reaction also within the innate immune system when exposed to pathogens (Barton et al, 

2010).  

Trained immunity (TI) was introduced to characterise the heightened innate immune 

reaction upon a subsequent encounter with the same or different pathogens (Netea et al, 

2011). This innate form of memory lacks specificity to antigens and, instead, relies on 

enhancing the innate response during subsequent encounters with microorganisms. This 

unique response does not fit neatly into the conventional categories of innate or adaptive, 

defining it as a distinct mechanism that emerges following a subsequent encounter (Netea 

et al, 2011). TI predominantly involves monocytes-macrophages, excluding the need for 

T and B lymphocytes, and is linked to metabolic and epigenetic alterations that influence 

gene expression. 
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Training mechanisms.  

 
In vertebrates, stimulation of innate cells by TLRs or other pattern recognition receptors 

(PRRs), induces permanent changes that affect epigenetics and cell metabolism 

(Domínguez-Andrés et al, 2018; Owen et al, 2021). PRRs engage with PAMPs and 

DAMPs and possess the capability to elicit sterile inflammation by identifying non-

damaging elements (Chen Gabriel et al., 2010). 

 

Metabolic modifications.  

At a metabolic level, quiescent cells exhibit a minimal biosynthetic demand, primarily 

metabolising glucose through glycolysis and oxidative phosphorylation (Pearce et al, 

2013). Conversely, activated cells elevate the use of glucose by employing oxidative 

phosphorylation and aerobic glycolysis and generating biosynthetic precursors 

(Lachmandas et al, 2016). Notably, β-glucans, prototype agonists inducing TI, redirect 

cellular metabolism to aerobic glycolysis in monocytes, amplifying metabolic activity 

and bolstering long-term innate immunity (Arts et al, 2016; Cheng et al, 2014). 

Metabolic processes, encompassing fatty acid metabolism and glycolysis, not only yield 

energy but also shape immune cell functionality (Jung et al, 2019). Metabolic 

reprogramming, in conjunction with other pivotal immunoregulatory events, assumes a 

central role in moulding immune activation. Cellular metabolic adaptability proves 

crucial for responding to environmental shifts and functional requirements, enabling cells 

to reconfigure their metabolism in reaction to alterations in nutrient availability or signals 

from PRRs, cytokine receptors, and antigen receptors (O’Neill et al, 2015). 

The transition towards aerobic glycolysis and fatty acid synthesis characterises activated 

macrophages, DCs, and diverse immune cells, influencing the modulation of immune 

activation or suppression (Tannahill et al, 2013). For instance, M1 macrophages exhibit 

a preference for aerobic glycolysis, whereas M2 macrophages favours oxidative 

phosphorylation and the Krebs cycle (Galván-Peña et al, 2014). Similarly, DCs undergo 

alterations in morphology, cytokine synthesis, antigen presentation, and heightened 

glycolysis upon stimulation by PRRs (Everts et al, 2014). 

 

Epigenetic modifications. 
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Importantly, the above metabolic changes do not occur in isolation within cellular 

networks but are closely linked to epigenetic changes that regulate innate immune 

memory. This link is partially due to the association of many epigenetic events with 

metabolic pathways, providing substrates and co-factors essential for enzymatic activities 

(Donohoe et al, 2012).  

Notably, epigenetic modifications are dependent on changes in cellular metabolism, and 

their prevention is observed when metabolic changes are bypassed (Arts et al, 2015). Cell 

activation induces shifts in intracellular metabolite levels that impact the activity of 

enzymes with a role in histones and DNA modification (Schvartzman et al, 2018). For 

instance, there is a perceived association between acetyl coenzyme A levels and histone 

acetylation (Netea et al, 2016). Furthermore, the accumulation of fumarate (derived from 

the Krebs cycle) inhibits demethylases and amplifies epigenetic alterations in histones, 

thus contributing to TI responses (Arts et al, 2016). 

Epigenetic regulation entails alterations in phenotype without changes in genotype, 

involving both transient and enduring structural modifications in chromatin that impact 

the expression of genes (Funes et al, 2021). Histones post-transcriptional modifications 

(e.g., methylation, acetylation), DNA chemical alterations, and non-coding RNAs 

regulation are integral to these mechanisms (Chen et al, 2019). Exposing monocytes to 

stimuli such as β-glucans leads to a sustained enhancement of signatures like lysine 

acetylation (H3K27ac) or methylation (H3K4me) on histone H3 in the promoters of pro-

inflammatory genes, thereby increasing their expression (Quintin et al, 2012). 

 

Effects of activated TI on myeloid cells. 

The impact on myeloid cells is contingent on the character of the stimulus (and the 

involved receptor) and the concentration during exposure. Consequently, the same 

component may elicit a subdued or intensified response when administered at different 

concentrations (Arts et al, 2016). Prominent microbial ligands for TLR and NLR have 

been assessed for their capacity to modulate the immune response in monocytes during a 

subsequent encounter. For instance, muramyl dipeptide (MDP) and flagellin have been 

identified as triggers of TI, with the significance of flagellin in the development of 

inflammatory bowel diseases (IBD) being particularly highlighted (Ifrim et al, 2014). 

Moreover, exposure to Candida albicans induces enduring epigenetic alterations, 
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specifically H3K4me, leading to the activation of inducible genes (Quintin et al, 2012). 

Human monocytes, when stimulated with β-glucans, exhibit both H3K27ac and 

H3K4me3 after one week, aligning with the induction of the glycolysis pathway (Cheng 

et al, 2014). 

TI can be stimulated also by vaccines, which can confer non-specific protective effects 

against unrelated pathogens. Notably, the Bacillus Calmette-Guérin (BCG) vaccine can 

induce in monocytes epigenetic and metabolic modification both in vivo and in vitro (Soto 

et al, 2022). Indeed, monocytes exposure to the BCG vaccine results in an augmented 

cross-response (with heightened cytokine production) upon subsequent exposure to a 

different pathogen after one week (Kleinnijenhuis et al, 2014). 

 

Trained immunity in autoimmune diseases.  
 

The promotion of TI may prove detrimental to individuals predisposed to autoimmune 

disease. For example, a TI signature has been suggested in mice and patients affected by 

systemic lupus erythematosus (SLE). This signature involves a reprogramming of 

haematopoietic stem cells towards the myeloid lineage and seems to contribute not only 

to SLE-related flares but also to a tendency to heightened immune responses (Grigoriou 

et al, 2019). Therefore, the inflammatory milieu in SLE may induce a memory of immune 

training in bone marrow progenitors, similar to the identified b-glucan signature of 

haematopoietic stem cells (Mitroulis et al, 2018). Furthermore, administration as an 

adjuvant of Candida albicans b-glucan in a murine model of arthritis (collagen-induced 

arthritis, CIA) is able to increase the severity of joint inflammation (Hida et al, 2005). 

Conversely, an Aureobasidium pullulans b-glucan administered to the CIA murine model 

can reduce significantly signs of arthritis (Kim et al, 2012).  

Hence, interactions with elements able to induce TI may not necessarily be detrimental 

to autoimmune processes. For instance, BCG vaccination primes cells and enhances their 

response to secondary pathogen stimulation without an increased cytokine production 

upon the second stimulation (Kleinnijenhuis et al, 2013). In line with this, some Authors 

have reported a beneficial impact of BCG vaccination on autoimmunity. Specifically, the 

inoculation of non-obese diabetic (NOD) mice with components of Mycobacterium 

tuberculosis was able to prevent type 1 diabetes and to reverse early stages of the disease 
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(Shehadeh et al, 1994; Ryu et al, 2001). This effect was associated with selective 

destruction of autoreactive T lymphocytes, TNF production, and facilitation of pancreatic 

renewal (Ryu et al, 2001).  

In a model of systemic sclerosis, BCG-treated macrophages have been shown to adopt a 

pro-inflammatory phenotype and exacerbate inflammation (Jeljeli et al., 2019). 

Conversely, macrophages from the same systemic sclerosis models exposed to low doses 

of lipopolysaccharide (LPS) showed higher expression of iCOS ligand, indicative of a 

mixed M1/M2 phenotype (Jeljeli et al, 2019). 

As said previously, TI depends on epigenetic and metabolic changes (Netea et al, 2020). 

Certain components derived from pathogens, such as helminths, have demonstrated the 

ability to cause epigenetic changes in stem cells. These changes tend to support an 

augmented anti-inflammatory activation over a pro-inflammatory one in subsequent 

encounters. (Quinn et al, 2019). Notably, compounds from helminths, like Fasciola 

hepatica total extract, have been reported to induce an attenuated form of TI. This form 

is characterised by an anti-inflammatory profile that provides protection against the 

development of experimental autoimmune encephalomyelitis, a murine model of multiple 

sclerosis (Quinn et al., 2019). Furthermore, products secreted by F. hepatica prompted an 

anti-inflammatory profile in hematopoietic stem cells by augmenting the proliferation of 

Lys6Clow monocytes, resulting in an increased proportion of M2 macrophages. These 

events mitigated and delayed the onset of murine experimental autoimmune 

encephalomyelitis for at least 8 months. 

Therefore, despite the uncertainties surrounding the mechanisms of training during 

autoimmunity, comprehending the processes that promote inflammation may open 

avenues for innovative strategies based on epigenetic and metabolic modifications. 

 

GCA as a candidate disease model for the study of TI.  
 

GCA emerges as a prime candidate for exploring the role of TI based on several clinical 

observations:  

(i) histological studies consistently identify activated macrophages as the predominant 

players in GCA lesions;  
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(ii) macrophages within GCA arterial lesions display evident signs which indicate 

metabolic activation (as evidenced by increased uptake FDG in FDG-PET scans); 

(iii) the disease is characterised by heightened production of pro-inflammatory cytokines 

(e.g., IL-6);  

iv) the disease is characterised by a chronic and relapsing-remitting course.  
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AIMS OF THE WORK.  
 
The apparently unprovoked nature of the onset of GCA and subsequent flares, as well as 

the frequent recurrences after discontinuation of treatment, suggest that patients with 

GCA are predisposed to develop excessive and uncontrolled inflammatory responses.  

 

The main research hypothesis of this study is that a maladaptive activation of TI may 

contribute to this predisposition and the first aim of this study is therefore to determine 

the role of TI in the development of GCA.  

 

In addition, we would like to explore a possible correlation between different clinical 

disease phenotypes of GCA and different degrees of TI activation.  

 

Finally, we will evaluate the prognostic impact of different clinical phenotypes of GCA 

on different clinical outcomes. This evaluation will be performed both in a small 

prospective monocentric cohort and in a larger retrospective cohort.   
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RESULTS 
 

Prospective study cohort. 
 
Peripheral monocytes were isolated from a cohort comprising 20 individuals diagnosed 

with GCA and 20 healthy donors (HD), age- and sex-matched. All GCA patients satisfied 

the “2022 ACR/EULAR classification criteria for GCA” (Ponte et al, 2023). In all patients 

with GCA, clinical diagnosis was corroborated by either vascular ultrasound or FDG-

PET. Detailed clinical and demographic characteristics of GCA patients and HDs are 

presented in Table 1.  

 
Table 1. Patients with GCA and healthy donors from the OSR prospective cohort: baseline 
features. 
 

 GCA patients (n = 20) Healthy donors (n = 20) 

Male sex 
Number (%) 6 (30) 6 (30) 

Age at sample collection 
Years, mean ± SD 72 ± 7.6 71 ± 6.8 

Smoking 
Number (%) 2 (10) 1 (5) 

Hyperlipidaemia 
Number (%) 3 (15) 4 (20) 

Arterial hypertension 
Number (%) 12 (60) 10 (50) 

Diabetes mellitus 
Number (%) 1 (5) 2 (10) 

Ischaemic heart disease 
Number (%) 1 (5) 0 

Obesity  
Number (%) 3 (15) 2 (10) 

History of stroke 
Number (%) 0 1 (5) 

History of cancer 
Number (%) 1 (5) 1 (5) 

Dementia 
Number (%) 0 0  

Osteoporosis 
Number (%) 2 (10) 1 (5) 
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Cytokine production. 
 
First, to probe the activation of TI programs, we performed polyfunctional assessments 

on monocytes, initiating with cytokine production assays. Cytokine production was 

evaluated in both HDs and GCA patients.  

We assessed baseline and stimulated production of cytokines by monocytes from HDs 

and GCA patients using Enzyme-Linked Immunosorbent Assays (ELISA), specifically 

focusing on IL-1b, IL-6, and TNFa.  

At baseline, we observed that GCA and HD monocytes exhibited comparable cytokine 

levels (Figure 1 A-C).  

 

 
Figure 1. Production of IL-6 (A), IL-1b (B) and TNF (C) at baseline (Cantoni et al, 2023). 
ns = not statistically significant. 
 
 

 
 

 

 

However, upon stimulation with LPS, a mimic of pathogen encounter, monocytes from 

GCA patients demonstrated a significant increase in IL-6 production compared to 

monocytes from HDs (Figure 2A). On the other hand, differences in IL-1b and TNFa 

production were less pronounced and not statistically significant (Figures 2B and 2C). 

This elevation in IL-6 production after LPS stimulation, absent at baseline, aligns with TI 

activation in monocytes from GCA patients. 
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Figure 2. Production of IL-6 (A), IL-1b (B) and TNF (C) after LPS stimulation (Cantoni et al, 
2023). 
ns = not statistically significant; **** = p < 0.0001 
 

 
 

Intracellular metabolomics.  
 
We further explored whether the immunometabolic changes classically associated with 

TI (i.e., increased glycolysis and increased glutaminolysis) sustained the heightened 

inflammatory activation of monocytes from patients with GCA.  

First, principal component analysis showed that monocytes from patients with GCA and 

from HDs exhibited a distinct metabolic profile (Figure 3). This result is indicative of 

deep metabolic rewiring 

 
Figure 3. Principal component analysis of metabolomics (Cantoni et al, 2023). 
HDs are represented as blue dots; GCA patients are represented as red dots. 
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Specifically, global changes in individual metabolites reflected the activation of TI 

pathways, characterised by an increase in intermediates and end-products associated with 

glycolysis and tricarboxylic acid cycle (Figure 4).  

 
Figure 4. Metabolites involved in the activation of TI pathways: hierarchical clustering 
analysis (Cantoni et al, 2023).  
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Notably, we observed many differentially regulated metabolites, all in line with the 

activation of TI in monocytes obtained from GCA patients. These metabolites included 

tricarboxylic acid cycle intermediate, such as malate, succinate, and citrate, and 

glycolysis end-products, such as lactate (Figure 5). 

 
Figure 5. Scatter plots showing differential metabolite expression (Cantoni et al, 2023). 
The relative abundance of each metabolite is reported in the y-axis. 
 

 
Tracing metabolomics.  
 
To corroborate the activation TI, we performed tracing experiments in monocytes from 

patients with GCA using either 13C6-glucose or 13C5-glutamine. These experiments 

enabled the assessment of the integration of these metabolites into particular 

intermediates. 

We specifically found reduced intracellular levels of glucose paralleled by increased 

levels of lactate, both indicators of heightened glycolysis (Figure 6). On the other hand, 

we also observed increased incorporation of 13C5-glutamine-derived carbons into the 

tricarboxylic acid cycle, an indirect sign of increased tricarboxylic acid cycle activity 

(Figure 7). Both these findings provide robust evidence that GCA monocytes exhibit the 

TI classic metabolic features.  
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Figure 6. Tracing experiments (with 13C6-glucose) (Cantoni et al, 2023). 
 

 
 
Figure 7. Tracing experiments (with 13C5-glutamine) (Cantoni et al, 2023). 
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Epigenetic and global gene expression.  
 
TI is characterised by the triggering of chromatin-modifying enzymes induced by 

immunometabolic changes, which results in epigenetic changes (i.e., chromatin 

modifications) and consequent increased transcription of genes associated with cytokine 

production. When we performed epigenetic studies, including Assay for Transposase 

Accessible Chromatin Sequencing (ATAC) sequencing, we observed substantial 

differences in chromatin accessibility between GCA monocytes and HD (Figure 8). 

 
Figure 8. Chromatin accessibility: principal component analysis (Cantoni et al, 2023).  
HDs are represented as red dots; GCA patients are represented as blue dots. 
 
 

 
 

Notably, we observed that increased chromatin accessibility in GCA monocytes affected 

the regions of the DNA linked to the induction of pro-inflammatory responses, a 

modification consistent with activated TI (Figure 9).  
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Figure 9. Gene signatures affected by epigenetic changes. (Cantoni et al, 2023). 
The bars length represents the normalised enrichment score (NES); colours represent the 
(adjusted) P value. 
 

 
 

Due to the known pathogenetic role of the cytokine IL-6, we then specifically focused on 

the IL6 gene, and we observed chromatin remodelling. Specifically, chromatin 

immunoprecipitation-quantitative polymerase chain reaction (qPCR) highlighted a 

typical epigenetic modification of TI, named histone 3 lysine 27 acetylation (H3K27Ac), 

at the distal enhancer of the IL6 gene (Figure 10). This alteration enhances chromatin 

accessibility, facilitates transcription, and leads to heightened cytokine production upon 

stimulation (as previously described). 

 
Figure 10. H3K27ac modifications within the IL6 gene (Cantoni et al, 2023). 
** = P < 0.01 
 

 HD GCA
0.0

0.2

0.4

0.6

0.8

1.0

%
 in

pu
t

IL-6 H3K27Ac

✱✱



 34 

To comprehensively explore the pragmatic effects of epigenetic modification on immune 

functions, we also performed RNA-sequencing on monocytes from GCA patients and 

controls. These experiments were conducted both at baseline and after stimulation with 

LPS. Principal component analysis (Figure 11) and hierarchical clustering (Figures 12 
A-B) revealed distinct clustering of the transcriptome of monocytes from patients with 

GCA, particularly pronounced after stimulation with LPS.  

 

 

 
Figure 11. Principal component analysis of the transcriptional profile (Cantoni et al, 2023). 
Analyses were performed at baseline and after LPS-induced stimulation. 
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Figure 12. Heatmap of differentially expressed genes (Cantoni et al, 2023). 
Unsupervised clustering was performed to samples (columns) and genes (rows).   
 

 

 
 

 

  

Notably, monocytes from patients with GCA exhibited 1290 differentially expressed 

genes (DEGs), with significant enrichment in categories associated with inflammatory 

responses (Figure 13).  
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Figure 13. Volcano plots showing significant upregulated (red) and downregulated (green) 
genes in monocytes from GCA patients and HD (Cantoni et al, 2023). 
 

 
 

The upregulation of genes involved in immune activation, angiogenesis, chemotaxis, 

lymphocyte activation, and cytokine production is in line with the established 

immunopathogenesis of GCA (Weyand et al, 2013). 

These findings collectively affirm the activation of TI in GCA monocytes, providing 

insights into the intricate interplay between immunometabolism, epigenetics, and gene 

expression underlying the hyper-inflammatory phenotype observed in GCA 

 

Histological and confocal microscopy analyses. 
 
Observations from FDG-PET imaging suggest an increased glycolysis in GCA lesions. 

To corroborate these observations, we performed histological and confocal microscopy 
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analyses of biopsy samples from temporal arteries of a patient with GCA (a patient not 

included in the original prospective cohort). These analyses confirmed enhanced 

glycolysis in CD68+ macrophages, the predominant inflammatory cell type in arterial 

samples from GCA patients, as demonstrated by a heightened expression of the glucose 

transporter GLUT-1 (Figure 14). Indeed, this increased expression of Glut-1 is indicative 

of a metabolic shift towards glycolysis, supporting the propensity of these cells for 

enhanced glucose uptake and utilisation in the inflammatory milieu associated with GCA. 

 

Figure 14. Confocal microscopy which demonstrates a co-localization of GLUT-1 (red) and 
the macrophage marker CD68 (light green) (Cantoni et al, 2023).  
Bars = 15 mm  
 

 
 

Interfering with glycolysis reduces inflammatory activation of GCA 

monocytes.  
 

Finally, to assess the relevance of glycolysis to inflammation in GCA, we 

pharmacologically inhibited GCA monocytes with 2-deoxyglucose (2-DG), an analogue 

of glucose. 2-DG has the ability to enter cells via Glut-1, but upon entry is phosphorylated 

by 2-DG hexokinase, resulting in the formation of 2-deoxyglucose-6-phosphate (2DG-

P). 2DG-P is non-metabolizable and therefore acts as a potent inhibitor, effectively 

preventing glycolytic processes within monocytes from patients with GCA. We therefore 

stimulated monocytes from patients with GCA with LPS, but this time we exposed them 

to LPS both in presence and in absence of 2DG. Notably, after 24h, IL-6 production was 
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significantly reduced in monocytes treated with 2-DG, to levels comparable to monocytes 

from HDs (Figure 15).  

 
Figure 15. 2-DG attenuates IL-6 production (Cantoni et al, 2023). 
* = p < 0.05 

 

 

 
 

Correlation between TI and baseline features of GCA patients.  
 

Clinical, laboratory and imaging features at disease onset of the 20 patients with GCA, 

according to the items included in the "2022 ACR/EULAR classification criteria for 

GCA" (Ponte et al, 2022), are reported in Table 2.  

Notably, 9 patients had signs of aortitis disclosed on FDG-PET at disease onset, and 8 

patients had cranial ischaemic manifestations (i.e., at least one between visual loss and 

jaw/tongue claudication).  
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Table 2. Patients with GCA from the OSR prospective cohort: baseline features according to 
the "2022 ACR/EULAR classification criteria”. 
 

Visual loss 2 (10%) 

Morning stiffness in shoulders or neck 11 (55%) 

New temporal headache 17 (85%) 

Jaw and/or tongue claudication 6 (30%) 

Scalp tenderness 14 (70%) 

Abnormality of temporal arteries 14 (70%) 

ESR ≥ 50 mm/h or CRP ≥ 10 mg/L 18 (90%) 

Aortitis on FDG-PET  9 (45%) 

Axillary involvement 7 (35%) 

Halo sign on temporal artery ultrasound 16 (80%) 

 
 

When comparing functional aspects of TI between patients with and patients without 

aortitis at baseline, we found that the patients with aortitis produced significantly higher 

concentrations of IL-6 upon stimulation with LPS (Figure 16A). Accordingly, when 

comparing immunometabolic features, patients tended to show higher activation of 

glycolysis and tricarboxylic acid cycle, but without reaching statistical significance.  

Conversely, when segregating patients according to the presence of cranial ischaemic 

manifestations, patients with such manifestations produced lower concentrations of IL-6 

upon stimulation with LPS (Figure 16B). Also in this case, no significant 

immunometabolic differences were observed between patients from the two groups. 

There was no significant correlation with age at disease onset or sex. 
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Figure 16. IL-6 production according to the clinical phenotype at baseline  
(A) presence vs absence of aortitis on FDG-PET; (B) presence vs absence of cranial ischaemic 
symptoms. 
 

 
 

Prospective study cohort: outcome 
 
During the 24 months of follow-up, 11 patients (55%) had a disease flare while still on 

glucocorticoid therapy, after a mean of 6.7 ± 2.8 months. All flares were mild and were 

managed with an increase in glucocorticoid therapy and the addition of a steroid-sparing 

agent (tocilizumab, n=10; methotrexate, n=1). In the remaining 9 patients, 

glucocorticoids were stopped after a mean of 12.8 ± 1.1 months. However, 3 of these 

patients had a flare at a mean of 5.7 ± 0.7 weeks after stopping therapy. In all 3 cases, the 

flares were mild and managed with tocilizumab start.  

Of the 14 patients who had a flare (11 on glucocorticoids and 3 after stopping therapy), 8 

had aortitis on FDG-PET at baseline. However, the risk of flare was not significantly 

increased in this group (p=0.1203). Conversely, only 1 of the 8 patients with cranial 

ischaemic manifestations had a flare.  

Only 1 patient developed ascending aortic aneurysm; notably, this patient showed 

increased uptake over the ascending aorta on FDG-PET at baseline. 

No patient died during the 24-month follow up.  
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Retrospective study cohort: baseline features.  
 
In order to corroborate the previous clinical findings, data from a total of 1048 patients 

with a clinical diagnosis of GCA who were followed up at 21 centres in 18 different 

Italian cities (from 1 January 1989 to 19 May 2023) were reviewed. Patients with 

complete clinical and laboratory data (Group 1) were 1027 at baseline, with a mean age 

at diagnosis of 72.3 ± 8.5 years. Female patients were 725 (71%). Detailed clinical 

features of these patients according to the “2022 ACR/EULAR classification criteria” are 

reported in Table 3. 

 
Table 3. GCA patients from Group 1 of the multicentre retrospective cohort: baseline features 
according to the "2022 ACR/EULAR classification criteria" 
 

Visual loss 197 (19%) 

Morning stiffness in shoulders or neck 444 (43%) 

Temporal headache 720 (70%) 

Jaw and/or tongue claudication 381 (37%) 

Scalp tenderness 339 (33%) 

Abnormality of temporal arteries 484 (47%) 

ESR ≥ 50 mm/h or CRP ≥ 10 mg/L 986 (96%) 

 

 

Patients with not only complete clinical and laboratory data but also imaging data (Group 

2) were 290 at baseline, with a mean age at diagnosis of 70.2 ± 8.9 years. Female patients 

were 204 (70%). Detailed clinical features of these patients according to the “2022 

ACR/EULAR criteria” are reported in Table 4. 

 

 

 

 

 

 



 42 

Table 4. GCA patients from Group 2 of the multicentre retrospective cohort: baseline features 
according to the "2022 ACR/EULAR classification criteria". 
 

Sudden visual loss 44 (15%) 

Morning stiffness in shoulders or neck 106 (37%) 

Temporal headache 185 (64%) 

Jaw and/or tongue claudication 95 (33%) 

Scalp tenderness 102 (35%) 

Abnormality of temporal arteries 125 (43%) 

ESR ≥ 50 mm/h or CRP ≥ 10 mg/L 276 (90%) 

Halo sign on temporal ultrasound 188 (65%) 

Aortitis on FDG-PET  153 (53%) 

Axillary involvement 78 (27%) 

 
Disease-related outcomes at disease onset.  
 
In Group 1, 197 patients suffered from acute visual loss at disease onset (19%). At 

multivariable analysis, morning stiffness in shoulders or neck was protective for this 

outcome, while jaw and/or tongue claudication and abnormalities in the examination of 

the temporal artery were both risk factors (Table 5).  
 
Table 5. Baseline features associated with acute visual loss at disease onset in Group 1.  
Results of the multivariable logistic regression analysis. 
 

Baseline features OR CI 95% p-value 

Morning stiffness in shoulders or neck 0.618 0.445-0.857 0.0040 

Jaw and/or tongue claudication 1.727 1.225-2.434 0.0018 

Abnormality of temporal arteries  1.650 1.163-2.342 0.0050 

 

In Group 2, 44 patients suffered from acute visual loss at disease onset (15%). At 

multivariable analysis, jaw and/or tongue claudication and morning stiffness in shoulders 
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or neck were confirmed to be, respectively, risk and protective factors for this outcome. 

In addition, aortitis on FDG-PET emerged to be a protective factor (Table 6).  
 
Table 6. Baseline features associated with acute visual loss at disease onset in Group 2.  
Results of the multivariable logistic regression analysis.  
 

Baseline features OR CI 95% p-value 

Morning stiffness in shoulders or neck 0.723 0.517-0.981 0.0345 

Jaw and/or tongue claudication 1.727 1.225-2.434 0.0158 

Aortitis on FDG-PET  0.109 0.024-0.493 0.0040 

 

 

Disease-related outcomes at 12 months.  
 

In Group 1, data on clinical outcome were available for 950 patients (93%) at 12 months. 

At this time-point, 46 patients (5%) developed aortic aneurysms. At multivariable 

analysis, both jaw and/or tongue claudication and visual loss were protective factors for 

this outcome (Table 7).  

 
Table 7. Baseline features associated with aortic aneurysm at 12 months in Group 1. 
Results of the multivariable logistic regression analysis.  
 

Baseline features OR CI 95% p-value 

Visual loss 0.780 0.627-0.897 0.0276 

Jaw and/or tongue claudication 0.313 0.127-0.772 0.0117 

 

In addition, 243 patients (26%) had a clinical relapse over 12 months of follow up. At 

multivariable analysis, morning stiffness in shoulders or neck was a risk factor for this 

outcome (Table 8).  
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Table 8. Baseline features associated with clinical relapse over 12 months in Group 1 
Results of the multivariable logistic regression analysis.  
 

Baseline feature OR CI 95% p-value 

Morning stiffness in shoulders or neck 1.431 1.066-1.919 0.0169 

 

In Group 2, data on clinical outcome were available for 262 patients (90%) at 12 months. 

At this time-point, 18 patients (7%) developed aortic aneurysms at 12 months. At 

multivariable analysis, jaw and/or tongue claudication was a protective factor, whereas 

aortitis on FDG-PET was a risk factor for this outcome (Table 9).  

 
Table 9. Baseline features associated with aortic aneurysm at 12 months in Group 2  
Results of the multivariable logistic regression analysis.  
 

Baseline features OR CI 95% p-value 

Jaw and/or tongue claudication 0.116 0.015-0.889 0.0381 

Aortitis on FDG-PET  1.129 1.035-1.239 0.0377 

 

In addition, 66 patients (25%) had a relapse over 12 months of follow up. At multivariable 

analysis, morning stiffness in shoulders or neck and aortitis on FDG-PET were associated 

with this outcome (Table 10).  

 
Table 10. Baseline features associated with clinical relapse over 12 months in Group 2  
Results of the multivariable logistic regression analysis.  
 

Baseline feature OR CI 95% p-value 

Morning stiffness in shoulders or neck 1.234 1.019-1.345 0.0034 

Aortitis on FDG-PET  1.176 1.045-1.218 0.0272 

 

Finally, we divided the patients in Group 2 into two subgroups according to the clinical 

phenotype at onset. Specifically, we distinguished patients with (n=137, 52%) and 

without (n=125, 48%) the presence of aortitis on FDG-PET at baseline. Notably, patients 

in the former group had a significantly lower relapse-free survival (p=0.0408) (Figure 
17). 
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Figure 17. Relapse-free survival at 12 months in patients with GCA with and without aortitis. 
Dotted line: patients with aortitis (n = 465, 49%); solid line: patients without aortitis (n= 485, 
51%). Logistic regression analysis; p-value = 0.0408. 
 

 
 

Disease-related outcomes at 60 months.  
 

In Group 1, data on clinical outcome were available for 494 patients (48%) at 60 months. 

At this time-point, 30 patients (6%) developed aortic aneurysms at 60 months. At 

multivariable analysis, visual loss was a protective factor for this outcome (Table 11).  

 
Table 11. Baseline features associated with aortic aneurysm at 60 months in Group 1 
Results of the multivariable logistic regression analysis.  
 

Baseline feature OR CI 95% p-value 

Visual loss 0.456 0.210-0.991 0.0474 

 

In addition, 245 patients (50%) had a clinical relapse over 60 months of follow up. At 

multivariable analysis, morning stiffness in shoulders or neck was a risk factor for this 

outcome (Table 12).  
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Table 12. Baseline features associated with clinical relapse over 60 months in Group 1. 
Results of the multivariable logistic regression analysis.  
 

Baseline features OR CI 95% p-value 

Morning stiffness in shoulders or neck 1.859 1.300-2.657 <0.001 

 

In Group 2, data on clinical outcome were available for 113 patients (39%) at 60 months. 

At this time-point, 12 patients (11%) developed aortic aneurysms at 60 months. At 

multivariable analysis, no variable was significantly associated with this outcome.  

In addition, 60 patients (53%) had a relapse over 60 months of follow up. At multivariable 

analysis, morning stiffness in shoulders or neck and aortitis on FDG-PET were both risk 

factors for this outcome (Table 13).  

 
 
Table 13. Baseline features associated with clinical relapse over 60 months in Group 2. 
Results of the multivariable logistic regression analysis).  
 

 

Baseline features OR CI 95% p-value 

Morning stiffness in shoulders or neck 1.239 1.116-1.265 0.0388 

Aortitis on FDG-PET  1.301 1.235-1.339 0.0221 

 

 

Finally, we divided the patients in Group 2 into two subgroups according to the clinical 

phenotype at baseline: presence (n=57, 50%) or absence (n=56, 50%) of aortitis on FDG-

PET. Also at this timepoint, patients with aortitis had a significantly lower relapse-free 

survival (Figure 18) (p=0.0154).  
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Figure 18. Figure 17. Relapse-free survival at 12 months in patients with GCA with and without 
aortitis. 
Dotted line: patients with aortitis (n = 57, 50%); solid line: patients without aortitis (n= 56, 
50%). Logistic regression analysis; p-value = 0.0154. 
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DISCUSSION.  

 
In the first part of our study, we have demonstrated the activation of TI programs in 

myelomonocytic cells from patients with new-onset GCA (Cantoni et al, 2023). This 

unveils a novel mechanism underpinning the rampant inflammatory activation and the 

excessive cytokine (mainly, IL-6) production characteristic of this disease.  

In physiological conditions, TI functions as a memory programme intrinsic to cells of the 

innate immune system (i.e., neutrophils and especially monocyte-macrophages) and has 

evolved to provide defence against recurrent encounters with external pathogens. The 

induction of TI is therefore contingent upon the recognition of diverse micro-organisms 

(bacteria, fungi, parasites) and is grounded on 1) alterations in cellular metabolism, in 

particular with enhanced activation of glycolysis and glutaminolysis through the 

tricarboxylic acid cycle (Arts et al, 2016; Cheng et al, 2014); 2) epigenetic changes 

typically localised near to regions that promote genes encoding pro-inflammatory 

cytokines (e.g., IL-6), such as H3K27ac (Fanucchi et al, 2020). Notably, these 

modifications do not impact baseline production of these pro-inflammatory cytokines, a 

characteristic distinguishing TI from conventional chronic or prolonged immune 

responses. Instead, such modifications facilitate an augmented production of cytokines 

only after appropriate stimulation. Specifically, epigenetic modifications allow an 

increased transcription of genes involved in the inflammatory response, whereas 

metabolic alterations supply the essential energy and substrates to trigger and sustain this 

response (Arts et al, 2016; Cheng et al, 2014).  

In our study, the observation of all these mechanisms, including a baseline physiological 

production of pro-inflammatory cytokines counterbalanced by a heightened 

responsiveness after appropriate stimuli (in this case, with LPS), was evident in 

monocytes obtained from patients with a new diagnosis of GCA. Notably, these 

monocytes also showed enhanced glycolysis and glutaminolysis through the tricarboxylic 

acid cycle and epigenetic modifications involving pro-inflammatory genes. All these 

features are consistent with a maladaptive activation of TI (Netea et al, 2020).  

In physiological conditions, TI manifests through immunometabolic and epigenetic 

reprogramming of myeloid precursors within the bone marrow, providing sustained 

protection against infections lasting longer than the lifespan of circulating immune cells.  
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In physiological conditions, it is primarily the myeloid precursors located in the bone 

marrow that undergo the immunometabolic and epigenetic reprogramming typical of TI 

to provide long-lasting protection against infection (Bekkering et al, 2021; Cirovic et al, 

2020). Consequently, in our study, monocytes served essentially as a surrogate for 

alterations involving primarily myeloid precursors; however, this approach is line with 

the standard of human studies on TI (Netea et al, 2020). Monocytes, recognised as pivotal 

entities in GCA pathogenesis, were deliberately chosen. 

Maladaptive TI activation does not invariably characterise all autoimmune and 

inflammatory diseases. For instance, peripheral monocytes collected from naïve patients 

affected by rheumatoid arthritis lack the characteristic functional and metabolic features 

of TI (Messemaker et al, 2017). In the context of GCA, TI activation elucidates two 

noteworthy clinical features. First, the augmented glycolysis, as evidenced in FDG-PET 

imaging studies (Tomelleri et al, 2023); second, the increased IL-6 production, which 

correlates with disease activity (Roche et al, 1993), instigates a robust acute phase 

response (Weyand et al, 2013), and is clinically targeted through the IL-6 receptor 

inhibitor tocilizumab (Stone et al, 2017). Moreover, the identification of TI in GCA 

presents the potential for innovative therapeutic avenues. Current pharmacological 

strategies for GCA management remain suboptimal (Stone et al 2021; Tomelleri et al 

2023), particularly given the significant toxicity compromising the clinical efficacy of 

glucocorticoids (Matteson et al, 2016), and the limited accessibility and potential disease 

relapse associated with IL-6 inhibition using tocilizumab (Stone et al 2021; Hellmich et 

al 2019).  

Drugs with the potential of inhibiting excessive activation of TI are now being tested in 

clinical trials (Mulder et al, 2019), with GCA emerging as a robust candidate for such 

investigations. Notably, blocking TI offers a theoretical advantage compared to existing 

therapeutic strategies in GCA. Indeed, such an approach would target an inherent cellular 

pathway that is causative and has the potential to resolve the enhanced inflammatory 

response of myeloid cells, thereby addressing the altered inflammation observed in 

patients with GCA. 

 

In the second part of the study, we evaluated a possible role of different grades of TI 

activation in defining different disease phenotypes (Dejaco et al, 2017; Hellmich et al, 
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2019). Specifically, we focused on two main phenotypes: one characterised by evidence 

of inflammation over the aorta as detected by FDG-PET (extracranial phenotype); the 

other characterised by signs/symptoms of ischaemic involvement of cranial arterial 

districts (cranial/ischaemic phenotype) (Tomelleri et al, 2023). These two phenotypes 

were chosen based on the data available in the previous literature, which recognise in the 

former a tendency towards increased systemic inflammation at presentation, associated 

with a more chronic disease course and a greater risk of relapse over time, and in the latter 

a more favourable long-term prognosis, accompanied by a lower increase in inflammatory 

indices at presentation (Tomelleri et al, 2023). Indeed, in the clinical part of our study, 

which prospectively included 20 patients diagnosed with GCA, these observations were 

confirmed. Specifically, we assisted to a high incidence of disease flares in patients with 

aortitis on FDG-PET (8/9, 89%) over an observation period of 24 months. Although the 

difference from patients without aortitis (who had a relapse in 55% of cases) did not reach 

statistical significance, probably due to the small size of the cohort, this observation still 

retains clinical value as it shows that obtaining complete clinical remission in GCA 

patients with aortitis with glucocorticoid monotherapy is an almost impossible task. On 

the other hand, we observed a better long-term prognosis in patients with an 

ischaemic/cranial phenotype, as demonstrated by the fact that only 1 of the 7 patients with 

such a feature had a flare.  

We therefore tried to assess whether these clinical observations were also accompanied 

by a different degree of activation of TI, focusing on functional and metabolomic studies. 

From a functional point of view, when we segregated patients according to the absence 

or presence of aortitis, we did indeed observe a higher production of IL-6 in the first group 

after stimulation with LPS. This could suggest, also in the light of the data presented in 

the first part of the study, that in the monocytes of patients with GCA, IL-6 activation 

plays a more pronounced role as a pathogenetic mechanism and contributes more largely 

to their clinical profile and prognosis. Similarly, LPS-induced IL-6 production was 

significantly reduced in patients with a cranial/ischaemic phenotype. On the other hand, 

it should also be pointed out that the metabolomic studies that accompanied these 

functional studies did not confirm these observations, showing no significant differences 

between the different groups (aortitis vs. non-aortitis; cranial/ischaemic vs. non-

cranial/ischaemic). This observation therefore does not allow us to draw definitive 
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conclusions on the possible quantitative role of TI in defining different clinical 

phenotypes, but on the other hand it could be invalidated by the small sample size. 

Certainly, future studies including a larger number of patients will be necessary to better 

define these preliminary observations. 

 

Finally, in the third part of the study, we further evaluated previous clinical observations 

in a larger population of patients with GCA. To do this, we drew from an Italian national 

database containing detailed clinical data on more than 1000 patients, one of the largest 

such case series published to date (Monti et al, 2023). This analysis allowed us to confirm 

some of the observations made in the second part of the study and to add new ones.  

First, we confirmed a strong association between the presence of jaw and/or tongue 

claudication and the risk of developing visual loss. This association is important because 

it reinforces the idea that patients with these symptoms should be considered de facto as 

patients with ischaemic complications and should therefore probably be treated 

aggressively even before ischaemic damage occurs. In fact, the ischaemic complications 

of GCA, once present, are in most cases irreversible, unless therapy is started very quickly 

(i.e., within 24-48 hours) (González-Gay et al, 1998); therefore, intervening on the 

sentinel symptoms, such as jaw and/or tongue claudication, could facilitate their 

prevention. We also observed that the presence of claudication was a protective factor for 

the development of aneurysms of the aorta at 12 months (but not at 60 months, probably 

due to the smaller sample size). This finding is interesting because it supports the idea 

that this subgroup of patients has a disease phenotype that is more cranially localised (thus 

sparing extracranial arterial structures such as the aorta and the large arteries that originate 

directly from it) and that balances greater immediate aggressiveness with a lower 

tendency to cause long-term damage. Patients with these characteristics therefore might 

deserve more attention at the onset of the disease but can be probably followed less 

frequently during disease course. 

Also the preliminary observations regarding the role of aortitis on FDG-PET as an 

element capable of strongly influencing the short- and long-term prognosis of patients 

with GCA were confirmed. Specifically, the presence of aortitis was confirmed as a risk 

factor for experiencing disease flares (both at 12 and 60 months), but also for the 

development of aneurysms of the aorta (only at 12 months). This latter finding is 
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consistent with data available in the literature, but most importantly confirms the results 

of a recently published large prospective study (Moreel et al, 2023). Furthermore, while 

confirming that patients with aortic involvement have a different disease phenotype from 

those with cranial/ischaemic disease, the presence of aortitis on FDG-PET proved to be a 

protective factor for visual ischaemic complications. This finding is also in line with 

previous publications (Muratore et al, 2015; Tomelleri et al, 2021).  

Importantly, it should be noted that it is not possible to obtain an FDG-PET at baseline in 

all patients, given the high cost of this method and the fact that it should be performed no 

later than 10 days after the start of glucocorticoids (Nielsen et al, 2018). In this context, 

the identification of an appropriate clinical surrogate for such an imaging finding is very 

useful. In our study, we identified how such a clinical surrogate may be represented, at 

least partially, by the presence of symptoms of PMR at the onset of the disease. Indeed, 

patients with GCA and PMR symptoms were more likely to have aortic involvement on 

FDG-PET (when this examination was performed) than patients without this clinical 

manifestation. Consistently, when only the clinical finding (presence of PMR) was 

considered, it was associated with a reduced risk of vision loss and an increased risk of 

disease flare, similar to what was observed in patients with positive FDG-PET. However, 

this association between PMR symptoms and aortitis on FDG-PET is only valid for 

patients with an established GCA diagnosis. 

It is necessary to emphasise that the different disease phenotypes in GCA are not mutually 

exclusive and that there is a spectrum of disease, with the extremes being a purely 

extracranial disease, with little or no risk of cranial ischaemic complications, but with a 

more chronic course, and a purely intracranial/ischaemic disease, with a greater risk of 

acute complications (i.e., vision loss), but which tends to go into remission more easily 

in a long-term period (Tomelleri et al, 2023; Dejaco et al, 2017). It is therefore plausible 

to hypothesise, also in the light of the preliminary results shown in the second part of the 

study, that in patients in the first group, the pathogenetic role of TI is more dominant and, 

due to its "immunogenic memory" nature, represents one of the factors involved in the 

chronicisation of the disease. In the near future, diagnostic algorithms could be developed 

to profile each patient and modify the therapeutic strategy based on the predicted risk of 

developing predefined outcomes. 
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While this study provides valuable insights, it has certain limitations. Regarding the first 

two parts of the study, we were not able to perform epigenetic studies and RNA 

sequencing on all GCA patients and controls. Furthermore, it is likely that the study 

lacked sufficient statistical power to explore variations in TI activation based on the GCA 

phenotype. Finally, it should be noted that TI is primarily a mechanism within immune 

cells of the innate response, and while this study focused on myelomonocytic cells, a 

comprehensive evaluation of the interplay between TI and different cell subtypes that 

make up GCA lesions, including B and T lymphocytes and stromal and endothelial cells, 

was not performed. The third part has all the traditional limitations of a multicentre 

retrospective study. First, the management of patients was not homogeneous, as patients 

came from different centres and were followed up at different time periods. In particular, 

the variable access to steroid-sparing drugs such as tocilizumab should be taken into 

account. In addition, a patient selection bias cannot be excluded with regard to the 

monitoring of aortic aneurysm development, as patients with aortitis at baseline were 

probably monitored more closely. 

Among the strengths of this study, there is its innovative hypothesis and the use of 

different experimental methodologies that together encapsulate the complexity of the 

mechanisms beyond TI activation. In spite of the methodological diversity, the results 

converged to confirm the central role of monocyte-macrophages in the activation of TI 

programmes in the context of GCA. In addition, patients on whom the experiments were 

carried out were followed prospectively and homogeneously by the same physician. 

Finally, the retrospective cohort included is one of the largest cohorts with the most 

comprehensive short- and long-term follow-up data available in the literature to date.  

 

In conclusion, this study marks a pioneering demonstration of the involvement of TI 

activation in the GCA pathogenesis. In addition, it confirms on several levels that GCA 

is a multifaceted disease with different clinical phenotypes associated with various 

possible outcomes. This is a fundamental starting point for re-evaluating our clinical 

approach to patients with GCA, both in terms of monitoring and treatment. In the future, 

adequate baseline phenotyping of patients with GCA, both clinically and by imaging, will 

be required prior to initiating treatment, and clinical trials investigating new drugs will 

likely need to differentiate between the different disease phenotypes. 
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MATERIALS AND METHODS. 
 

Prospective study cohort: patient recruitment and sample acquisition. 
 
The prospective part of the study enrolled individuals with a new diagnosis of GCA from 

the Unit of Immunology and Rheumatology at San Raffaele Hospital, Milan (Italy). The 

diagnosis of GCA was first made by a rheumatologist, starting from clinical signs and 

symptoms, and further verified by vascular ultrasound and FDG-PET. Vascular 

ultrasound of the superficial temporal, parietal, frontal and axillary arteries was 

performed in all patients at the first visit. FDG-PET was performed in all patients no more 

than 10 days after glucocorticoid therapy was started. Age- and sex-matched HDs served 

as controls. After informed consent, peripheral blood samples were obtained by 

peripheral venipuncture using ethylenediaminetetraacetic acid (EDTA)-containing tubes. 

 

Vascular ultrasound.  
 

Ultrasound was performed at baseline on the superficial temporal arteries, parietal 

arteries, frontal arteries, and axillary arteries, bilaterally. The presence or absence of a 

halo sign (van der Geest et al, 2019) was used to identify GCA. Ultrasound equipment 

with high-frequency linear probes was used. Greyscale frequency was ≥ 22 MHz for 

superficial temporal, parietal and frontal arteries and 4-18 MHz for axillary arteries. 

Colour Doppler pulse repetition frequency was 2-3.5 kHz for superficial temporal, 

parietal and frontal arteries and 3-4 kHz for axillary arteries. Colour box had an angle 

correction < 60°. 

 

FDG-PET assessment. 
 
FDG-PET was used to evaluate in vivo glycolysis in affected vessels of patients with 

GCA. All patients had blood glucose levels below 10 mmol/L when FDG-PET was 

performed. Injection of FDG in the peripheral circulation preceded a whole-body scan 

(from the top of the head to the knees) using a Siemens CTI flow scanner with a scan 
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duration of 5 minutes. Simultaneously, patients underwent a non-contrast low dose 

computed tomography in order to obtain anatomical representation. 

 

Patient follow-up. 
 
Patients with GCA were clinically followed prospectively for 24 months. In all patients, 

glucocorticoid monotherapy (i.e., prednisone 1 mg/kg daily; no more than 60 mg daily) 

was initially started and then gradually tapered according to European recommendations 

(Hellmich et al, 2019). Patients underwent regular (i.e., every 2-4 months) follow-up 

visits where they were evaluated for i) disease status (remission vs. relapse), ii) 

development of therapy-related complications. Relapse was defined as a recurrence of 

symptoms (or signs) interpreted by the clinician as being associated with GCA which led 

to an increase (or re-start) of glucocorticoids or to the addition of a non-steroidal 

immunosuppressive drug (i.e., methotrexate or tocilizumab). 

 

Isolation of mononuclear cells and monocytes. 
 

Isolation of blood mononuclear cells involved dilution of blood in RPMI 1640 medium 

(GibcoTM) followed by differential centrifugation through LymphoprepTM solution 

(STEM-CELL Technologies). Monocytes were isolated from mononuclear cells through 

negative selection using magnetic beads (Miltenyi Biotech; Monocyte Isolation Kit). The 

isolated cells were washed thoroughly and resuspended in culture medium (RMPI 1620) 

supplemented with GlutaMAXM, 10% fetal bovine serum inactivated by heat 

(EuroClone; FBS) and 1% streptomycin/penicillin (GicboTM). 

 

Cytokine analysis  
 
For cytokine assays in cultured monocyte supernatants, monocytes (200’000/well) were 

plated in 96-well U-bottom plates and incubated with i) 250 μL pure culture medium; ii) 

250 μL culture medium containing 15 ng/ml of LPS derived from E. coli (strain O55:B). 

The supernatants were collected after 24 hours, placed at -75°C and stored there until 
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cytokine levels were measured. Concentrations of the cytokines IL-1β, IL-6 and TNFα 

were measured using ELISA (D&R Systems, Minneapolis, USA). 

 

Treatment with 2-Deoxyglucose.  
 

IL-6 production by monocytes from patients with GCA was evaluated also in the presence 

of 2-DG, a glycolysis inhibitor. To do this, monocytes were cultured at 37°C with 12 mM 

of 2-DG for 24 hours before supernatant collection. 

 

Metabolomics evaluation and tracing experiments.  
 

Pellets of monocyte cells (approximately 2x106) were extracted in 700 µL of ice-cold 

solution (water:acetonitrile:methanol 2:3:5). After a vortex for 45 min at 3-5°C, insoluble 

material was removed by centrifugation at 20’000 g for 12 min at 3-5°C. The resulting 

supernatants were used for metabolomic analysis by UPHLC-MS. Analyses were 

performed using a Q-Exactive mass spectrometer (Thermo-Fisher, Bremen, Germany) 

coupled to a Vanquish UPHLC. Ten microliters of sample extracts were loaded onto a 

Kinetex XC-B18 column (2 x 150 mm i.d., 1.8 µm; Phenomenex). Samples were analysed 

using a 3-minute isocratic condition. MAVEN (Princeton, NJ, USA) was used for 

metabolite assignments, 13C5Glutamine and 13C6Glucose tracing experiments, correction 

for expected natural isotopes abundances, and iso-topologue distributions. Metabolite 

levels were then normalised to protein quantification. Statistical analyses (principal 

component analysis and hierarchical clustering analysis) were performed using 

MetaboAnalyst 4.0, GraphPad Prism 8.5 (GraphPad Inc, La Jolla, California, USA) and 

GENEE (Broad Inst., Cambridge, Massachusetts, USA).  

 

Confocal analysis. 
 

Confocal analysis of GCA biopsies obtained from temporal arteries of patients with GCA 

was conducted using antibodies anti-Glut-1 (clone ab15409; Abcam, Cambridge, UK) 

and anti-CD68 (Dakko, Glostrup, Denmark)  
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Assay for Transposase Accessible Chromatin Sequencing.  
 
Chromatin accessibility was assessed by ATAC-seq on permeabilised nuclei obtained 

from monocytes after their isolation. For on-plate ATAC-seq, 2x105 monocytes per 

sample were seeded onto a 96-well U-bottom plate. After 48 hours of incubation, the cells 

were washed with phosphate-buffered saline and permeabilized with buffer lysis (0.05% 

NP-40, 4 mM MgCl, 12 mM Tris-Cl pH 7.4, 12 mM NaCl) for 15 minutes. The 

subsequent reaction was incubated at 37°C for 40 minutes and followed by purification 

using a PCR Purification Kit (Qiagen MinElute). The transposed DNA was eluted and 

amplified using barcoded PCR primers. Quality assessment, alignment and peak calling 

were performed using FastQC, trimmomatic, BWA, Picard and MACS2 (FDR < 0.05). 

Peak normalisation and differential analysis were performed using Diff-Bind (false 

discovery rate < 0.05). Profiles of chromatin accessibility around transcription start sites 

of genes and heatmaps were made using DeepTools. 

 

Chromatin immunoprecipitation. 
 
Monocytes (2x105 per sample) were fixed with 0.5% methanol-free formaldehyde. Cell 

preparations were then sonicated for 10 cycles using a Diagenode Bioruptor UCD-200. 

35 µL of chromatin were incubated with 10 µL of protease inhibitor cocktail, 260 µL of 

dilution buffer, and 0.5 µL of an antibody recognizing H3K27ac (Diagenode). They were 

finally incubated with rotation overnight at 4°C. Protein A/G magnetic beads were 

washed in dilution buffer. After that, 0.1% SDS and 0.2% BSA were added to the 

chromatin/antibody mix and rotated for 1 hour at 4°C. Beads were then washed for 5 min 

at 4°C with five rounds with 600 µL buffer. After washing, chromatin was eluted using 

elution buffer for 30 min. Supernatant was recovered and collected, 8 µL NaCl and 2 µL 

K proteinase were added and samples were incubated at 60°C for 4 h. Finally, samples 

were purified using QAGEN Qaquick PCR purification Kit and eluted in 20 mL elution 

buffer.  

 

RNA sequencing. 
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ReliaPrep RNA Miniprep Systems (Promega Corporation) was used for RNA extraction 

from 1 x 105 cells. Quality assessment was made with the 4000 TapeStation (Agilent). 

RNA quantification was performed using the Qubit 2.5 Fluorometer (Thermo Fisher). 

The preparation of the library was performed using the SMART-Seq v5 Ultra Low Input 

RNA Kit (Takara Bio USA) and sequencing was performed on a NextSeq 500 (Illumina). 

Quality assessment and alignment of reads to the human reference genome 

(GCRh38/gh38) was performed using trimmomatic, FastQC, Subread featureCounts and 

STAR. Transcript counts were processed using edgeR and normalised for library size. P-

values were corrected using false discovery rate. Gene Set Enrichment Analysis was 

performed using clusterProfiler, considering different datasets (from KEGG Pathway 

Database, Molecular Signatures Database, Reactome Pathway Database and Gene 

Ontology).  

 

Retrospective study cohort. 
 
The second part of the study included patients with a clinical diagnosis of GCA who were 

followed for at least 6 months to confirm the diagnosis. The study period was from 1 

January 1988 to 19 April 2023 and included different centres affiliated to the Italian 

Society of Rheumatology Vasculitis Study Group. Patients' medical records were 

reviewed from the date of GCA diagnosis until the study endpoint, last visit, migration or 

death. 

 

Variables of interest. 
 

A comprehensive collection of baseline features at the time of diagnosis was categorised 

into clinical, laboratory and imaging features. Clinical features included morning 

shoulder and/or neck stiffness, sudden visual loss, jaw and/or tongue claudication, new-

onset temporal headache, scalp tenderness, and abnormalities on temporal artery 

examination. Laboratory features included erythrocyte sedimentation rate (ESR) ≥ 50 

mm/h and C-reactive protein (CRP) ≥ 10 mg/L. Imaging features included temporal artery 

vasculitis on ultrasound, axillary artery vasculitis on ultrasound and aortitis on FDG-PET. 

Data were collected using a standardised electronic data collection form. These clinical, 
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laboratory and imaging variables were chosen because they are included in the "2022 

ACR/EULAR classification criteria for GCA" (Ponte et al, 2022) (Table 14) and are 

therefore considered to be most representative of the disease. 
 
Table 14. 2022 ACR/EULAR classification criteria for giant cell arteritis (GCA).  
These criteria can only be used to classify a patient as having GCA. Before applying these 
criteria, a diagnosis of vasculitis must have been made and alternative diagnoses should have 
been excluded (adapted from Ponte et al, 2023) 
 

ABSOLUTE REQUIREMENT 

Age ≥ 50 years at diagnosis 

CLINICAL CRITERIA 

Jaw and/or tongue claudication +2 

Morning stiffness in shoulders or neck +2 

Visual loss +3 

Abnormal examination of temporal artery +2 

Scalp tenderness +2 

Temporal headache +2 

LABORATORY CRITERIA 

CRP ≥ 10 mg/L or ESR ≥ 50 mm/h +3 

BIOPSY/IMAGING CRITERIA 

Halo sign on temporal ultrasound or positive temporal artery biopsy   +5 

Aortitis on FDG-PET  +2 

Involvement of both axillary arteries +2 

A score 6 is required for giant cell arteritis classification  

 
 

Outcomes. 
 

Clinical outcomes of GCA patients were assessed at disease onset (for vision loss only), 

and at 12 and 60 months. Disease-related outcomes included sudden vision loss, 

development of aortic aneurysm or dissection, and disease flare. A flare was defined as a 
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recurrence of signs/symptoms of GCA leading to an increase in glucocorticoids or a 

change in immunosuppressive treatment. 

 

Statistical analysis. 
 
SAS Studio 9.4 and GraphPad Prism 9.1 were used for data analysis. A two-sided p-value 

< 0.05 was considered statistically significant. Descriptive statistics were used for 

continuous variables (median and quartiles; mean and standard deviation) and 

comparisons were performed with Kruskall-Wallis test. Categorical variables were 

described using counts and percentages (%) and comparisons were performed with 

Fisher’s exact test. Univariate logistic regression analysis with odds ratios (OR) and 95% 

confidence intervals (CI) were used to assess the correlation between each clinical, 

laboratory, and imaging features and disease-related and therapy-related clinical 

outcomes. Survival analysis included relapse-free survival.  
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