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ABSTRACT
Objectives Giant cell arteritis (GCA) is the most 
common primary vasculitis, preferentially affecting the 
aorta and its large- calibre branches. An imbalance 
between proinflammatory CD4+ T helper cell subsets 
and regulatory T cells (Tregs) is thought to be involved 
in the pathogenesis of GCA and Treg dysfunction has 
been associated with active disease. Our work aims to 
explore the aetiology of Treg dysfunction and the way 
it is affected by remission- inducing immunomodulatory 
regimens.
Methods A total of 41 GCA patients were classified 
into active disease (n=14) and disease in remission 
(n=27). GCA patients’ and healthy blood donors’ (HD) 
Tregs were sorted and subjected to transcriptome and 
phenotypic analysis.
Results Transcriptome analysis revealed 27 genes, 
which were differentially regulated between GCA- derived 
and HD- derived Tregs. Among those, we identified 
transcription factors, glycolytic enzymes and IL- 2 
signalling mediators. We confirmed the downregulation 
of forkhead box P3 (FOXP3) and interferon regulatory 
factor 4 (IRF4) at protein level and identified the 
ineffective induction of glycoprotein A repetitions 
predominant (GARP) and CD25 as well as the reduced T 
cell receptor (TCR)- induced calcium influx as correlates 
of Treg dysfunction in GCA. Inhibition of glycolysis in HD- 
derived Tregs recapitulated most identified dysfunctions 
of GCA Tregs, suggesting the central pathogenic role of 
the downregulation of the glycolytic enzymes. Separate 
analysis of the subgroup of tocilizumab- treated patients 
identified the recovery of the TCR- induced calcium influx 
and the Treg suppressive function to associate with 
disease remission.
Conclusions Our findings suggest that low glycolysis 
and calcium signalling account for Treg dysfunction and 
inflammation in GCA.

INTRODUCTION
Giant cell arteritis (GCA) is the most common form 
of systemic vasculitis, affecting the elderly, with a peak 
incidence at the age of 70–80 years.1 GCA typically 
involves the aorta and/or its large- calibre branches.2 
The localisation and type of affected arteries largely 
determines the clinical manifestations of GCA, which 
include cranial symptoms such as headache and masti-
catory claudication, polymyalgia and non- specific 
systemic symptoms, that is, fever, night sweat and 
unintended weight loss. The histological hallmark of 
GCA is focal granulomatous inflammation.3 Different 

studies suggested infectious agents, such as herpes 
simplex virus, varicella zoster virus, parvovirus B19 
and Chlamydia pneumoniae as likely disease trig-
gers.4–6 Such infectious agents or an alternative trigger 
have been suggested to cause abnormal maturation of 
dendritic cell in the adventitia and the consequent acti-
vation of CD4+ T cells.7–9 The Th1- interferon γ (IFNγ) 
axis and the IL- 6- Th17 axis are the main immune 
responses that dominate the GCA inflammation. While 
glucocorticoids or tocilizumab (TCZ), a monoclonal 
antibody against the IL- 6 receptor, effectively suppress 
the IL- 6- Th17 axis, the Th1 pathway appears to be less 
amenable to treatment.8 9

Various autoimmune diseases such as rheumatoid 
arthritis, multiple sclerosis, systemic lupus erythema-
tosus and systemic sclerosis have been associated with 
regulatory T cell (Treg) dysfunction.10–12 The forkhead 
box P3 (FOXP3) is indispensable for the development 
and function of Treg. Several studies have associated 
reduced expression of FOXP3 with the loss of immune 
tolerance and autoimmune inflammation.13–15 Besides 
FOXP3, the suppressive potential of Tregs critically 
depends on an array of molecules, which stabilise 
their polarisation and/or directly mediate their effector 

Key messages

What is already known about this subject?
 ► Tregs, displaying reduced suppressive function 
and increased expression of IL- 17, have been 
implicated in the pathogenesis of giant cell 
arteritis (GCA).

What does this study add?
 ► Comparative transcriptomic and protein 
expression analysis of GCA- derived and health 
blood- donor- derived Tregs identified aberrations 
of GCA Tregs such as downregulation of 
transcription factors, glycolytic enzymes as well 
as low activation- induced calcium signalling 
and induction of effector molecules.

How might this impact on clinical practice or 
future developments?

 ► We identify novel pathogenic correlates of GCA 
activity, which may be useful for monitoring 
disease activity, especially in tocilizumab- 
treated patients.

 ► Treg dysfunction may represent a new target for 
the treatment of GCA.
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functions. Notable examples include the interferon regulatory factor 
4 (IRF4), the α chain of the interleukin 2 receptor (IL- 2Rα/CD25), 
the cytotoxic T lymphocyte protein 4 and the glycoprotein A repe-
titions predominant (GARP).16–22 Genetic variants affecting the 
function or the expression of these molecules have been reported 
to underlie monogenic inborn errors of immunity, which cause 
immune dysregulation18–22 or to confer susceptibility for autoim-
mune diseases.23–25

An imbalance between proinflammatory CD4+ T helper (Th) 
cell subsets, that is, Th1 and Th17 cells, and Tregs is thought to 
be involved in the pathogenesis of GCA. There is scarce evidence 
regarding the role of regulatory T cells (Tregs) in GCA inflammation. 
In particular, two studies reported reduced Treg counts in peripheral 
circulation of patients with GCA, which, however, did not associate 
with the GCA activity.26 27 A more recent study identified increased 
Treg counts as a correlate of TCZ- induced remission of GCA.28 
Furthermore, Tregs in GCA were reported to display proinflamma-
tory Th17- like properties at the expense of their suppressive func-
tion.28 In this study, we aimed to delineate the dysfunction of Tregs in 
GCA. To this end, we integrated transcriptomic and proteomic data 
from Tregs, collected from patients with different disease activity and 
variable immunomodulatory regimens.

MATERIALS AND METHODS
Information on the study population and the experimental methods 
employed in the present work, including RNA- sequencing, the 
phenotypic and functional characterisation of regulatory T cells as 
well as the statistical analysis, is provided in the online supplemen-
tary text.

RESULTS
Study population
Studied subjects characteristics are summarised in table 1. Informa-
tion on GCA patients’ disease activity status and treatments at blood 
sampling is provided in online supplemental table 1.

Transcriptomic profiling of GCA Tregs
First, we performed differential transcriptome analysis 
between Tregs from patients with GCA (n=12; active disease, 
n=6, in remission, n=6; see online supplemental table 2 for 
patients’ characteristics) and healthy blood donors (HD, n=6). 

Pairwise comparison of active GCA versus HD- derived Tregs, 
using adjusted p value <0.05 and cut- off fold change >1.47 
(log2FC=0.56), identified 27 differentially expressed genes 
(DEGs) (figure 1A). Among DEGs, we highlighted an enrich-
ment for genes related to three molecular classes: Treg tran-
scription factors (FOXP3, IRF4 and IKZF4), glycolytic enzymes 
(ENO1, PFKP, LDHA) and molecules downstream to IL- 2 
signalling (CISH, SOCS2). Furthermore, relative quantifica-
tion showed an overall lower expression of these transcripts 
in GCA Tregs, especially in the active cases, as compared with 
healthy Tregs (figure 1B). To evaluate the influence of gluco-
corticoids on the observed differences in transcript expression, 
we reanalysed transcriptome data after classifying patients with 
GCA (both active and inactive) into glucocorticoid- receiving 
(n=7) and those without glucocorticoid treatment (n=5). This 
identified no significant differences (CISH: p value=0.5025; 
ENO1: p value=0.3308; FOXP3: p value=0.9773; IKZF4: p 
value=0.7096; IRF4: p value=0.7096; LDHA: p value=0.6010; 
PFKP: p value=0.7424; SOCS2: p value=0.7096), suggesting 
that differential transcript expression by GCA Tregs was inde-
pendent of the treatment with glucocorticoids.

Differential expression of FOXP3 and IRF4 at the level of 
transcript was evaluated at protein level by flow cytometry 
(figure 2). In line with the transcriptome data, both FOXP3 and 
IRF4 levels were lower in GCA Tregs than HD Tregs. Lower 
expression levels of FOXP3 in GCA Tregs did not associate 
with significant differences in FOXP3- positivity within CD4+ 
CD25hiCD127lo Tregs (online supplemental figure 1). Treg 
from patients in remission and those with active GCA displayed 
similar expression levels of FOXP3 and IRF4. On the other 
hand, TIGIT, whose transcript levels were reduced in most GCA 
samples, displayed similar expression among different groups of 
patients and HD.

Treg dysfunction in GCA
Despite the fact that patients with GCA and HD displayed similar 
CD4+ CD25hiCD127lo Treg counts (figure 3A), we identified 
several qualitative abnormalities with respect to the expression 
of effector molecules by GCA Tregs. GARP is involved in TGF-β 
maturation and the suppressive potential of Tregs both in vitro 
and in vivo depends on its expression.19 29 After 18 hours of 

Table 1 Characteristics of studied subjects at blood sampling

HD (n=28) Active GCA (n=14) Inactive GCA (n=27) P†

Age (years)—median (IQR) 61.8 (58.9–76.8) 68.3 (63.3–77.7) 69.3 (61.5–77.1) 0.3548 (ns)

Sex, female—no (%) 15 (53.6) 8 (57.1) 16 (59.2) 0.9122 (ns)

N.European ethnicity—no (%) 27 (96.4) 13 (92.3) 23 (85.2) 0.3260 (ns)

Disease duration (years)—median (IQR) – 1.1 (0.1–4.1) 3.5 (0.8–6.2) 0.1446 (ns)

CRP (mg/L)—median (IQR) – 30.9 (11.1–60.6) 1 (0.5–2.6) <0.001‡

ESR 1 hour (mm)—median (IQR) – 45 (33–80.5) 8 (5–22) <0.001‡

Relapsed cases—no (%) – 8 (57.1) – –

TCZ—no (%) – – 12 (44.4) –

Duration of TCZ treatment, median (years)—median (IQR) – – 1 (0.4–2.8) –

Corticosteroids as monotherapy—no (%) – 3 (21.4) 8 (29.6) 0.7186 (ns)

Prednisolone or prednisolone equivalent dose (mg)—median (IQR) – 0 (0–5) 2.5 (0–5) 0.2040 (ns)

MTX—no (%) – – 7 (25.9) –

LFN—no (%) – 1 (7.1) 1 (3.7) –

*P<0.05.
†P<0.001.
‡ns, non- significant.
CRP, C reactive protein; GCA, giant cell arteritis; HD, healthy blood donor; LFN, leflunomide; MTX, methotrexate; ns, non- significant; TCZ, tocilizumab.
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CD3/CD28 stimulation with Dynabeads, GCA Tregs expressed 
significantly lower levels of GARP than HD Tregs (figure 3B). 
The suppressive function of Tregs critically depends on CD25, 
whose reduced expression by Tregs has been linked to diverse 
autoimmune diseases.30 31 Similar to GARP, GCA Tregs displayed 
impaired induction of CD25 after CD3/CD28 stimulation 
(figure 3C). However, we observed no difference in GARP or 
CD25 expression between Tregs from active and inactive GCA. 
TCR- induced calcium signalling has been linked to both Treg 
development and suppressive function.32 Here, we identified 
a marked reduction in immediate TCR- induced calcium influx 
in GCA Tregs, especially in those from patients with active 
disease (figure 3D,E). In contrast, the difference in calcium flux 
between GCA Tregs in remission and healthy Tregs was not 
statistically significant (p value=0.1936). It has been demon-
strated that the exon 2 of FOXP3 physically binds RORγT to 
prevent Th17 polarisation, and that patients with GCA display 
a higher frequency of IL- 17 producing and FOXP3- exon 2 defi-
cient (FOXP3∆2) Tregs, which could play a pathogenic role in 

GCA.28 We were able to recapitulate these observations in our 
cohort (figure 3G–I). In addition, we observed that at single cell 
level, FOXP3∆2 Tregs expressed less CD25, as compared with 
their FOXP3 exon 2- expressing counterparts. To evaluate the 
relevance of identified phenotypic abnormalities of GCA Tregs, 
we performed a suppression assay evaluating the proliferation 
of conventional T cells (CD4+ CD25loCD127hi) in the presence 
or absence of CD4+ CD25hiCD127lo Tregs (figure 3H). The 
results show significantly reduced suppressive potential of GCA 
Tregs. Furthermore, the fact that the suppressive potential of 
Tregs from active patients was significantly lower to the one of 
patients in remission, suggests the association of Treg dysfunc-
tion with disease activity. Differences in differentiation state of 
Tregs could account for Treg dysfunction in GCA. To evaluate 
this, we measured the frequencies of activated Tregs and resting 
Tregs, as those were defined by Miyara et al.33 In line with 
previous reports,27 28 the latter revealed comparable propor-
tions of activated to resting Tregs between GCA patients and 
HD (online supplemental figure 2), suggesting the occurrence 

Figure 1 Transcriptional, metabolic, and signalling disturbances in GCA Tregs. (A) Volcano plot showing differentially expressed genes between 
active GCA Tregs vs healthy Tregs (adjusted p value<0.05, log2(fold change)>0.56). (B) Heatmap analysis showing differential expression of selected 
genes encoding transcription factors, glycolytic molecules, and IL- 2/STAT- 5 signalling pathway, in Tregs from different groups (active GCA cases, GCA 
in remission, healthy donors). Treatment of each studied patient is indicated: CS, corticosteroids; csDMARDs, conventional synthetic disease- modifying 
antirheumatic drug; GCA, giant cell arteritis; TCZ, tocilizumab.

Figure 2 Reduced expression of FOXP3 and IRF4 by GCA Tregs, measured by flow cytometry as MFI. Bars represent the means±SDs. GCA, giant cell 
arteritis; HD, healthy blood donor; MFI, median fluorescence intensity.
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of Treg dysfunction in the presence of normal Treg population 
dynamics.

Glycolysis inhibition recapitulates dysfunction of GCA Tregs
As presented above, transcriptome analysis revealed lower 
expression of glycolytic enzymes, such as phosphofructoki-
nase (PFKP) and enolase 1 (ENO1), in GCA Tregs (figure 1B). 
Despite several controversies regarding Treg metabolism, recent 
studies have shown that glycolysis promotes FOXP3 expres-
sion, and under certain circumstances, the suppressive func-
tion of human Tregs.34 35 Therefore, to evaluate the likely role 
of reduced glycolysis in human Treg dysfunction, we evaluated 
the effect of glycolysis inhibition on Treg phenotypes, using 
2- deoxyglucose (2- DG). Glycolysis inhibition in healthy Tregs 
led to failure of GARP and CD25 upregulation after 18 hours 
of TCR stimulation (figure 4A,B). Furthermore, TCR- induced 
calcium influx was effectively abolished by glycolysis inhibition 
(figure 4C,D). These findings suggests a direct link between 
glycolysis and calcium signalling in human ex vivo Tregs. On the 
other hand, glycolysis inhibition in GCA Tregs had no signifi-
cant additive effect on reduced upregulation of GARP or CD25 
(online supplemental figure 3A,B). Similar was the case with 

TCR- induced calcium influx in Tregs from patients with active 
GCA (online supplemental figure 3C). Finally, as glycolysis has 
also been linked to alternative splicing of FOXP3 in human 
iTregs,36 we tested whether glycolysis inhibition in healthy Tregs 
could lead to higher frequencies of FOXP3∆2 Tregs, which was 
the case (figure 4E). Similar to ex vivo GCA Tregs, FOXP3∆2 
cells expressed less CD25 than FOXP3 exon 2- expressing Tregs 
(figure 4F).

TCZ partially normalises GCA Treg dysfunction
As TCZ has been shown to enhance the suppressive function of 
Treg in GCA,28 we evaluated the previously identified pheno-
typical changes in GCA Tregs in the subgroup of TCZ- treated 
patients, which all were in remission. As shown in figure 5A,B, 
TCZ treatment appears to enhance IRF4 but not FOXP3 expres-
sion in Tregs. Furthermore, the induction of GARP and CD25 
remained impaired, also in Tregs from TCZ- treated patients 
(online supplemental figure 4). Similar to the rest of patients 
in remission, treatment with TCZ appears to normalise TCR- 
induced calcium influx in Tregs (figure 5C). Finally, we were 
able to recapitulate the previously described reduction in the 
frequency of FOXP3∆2 Tregs in TCZ- treated patient with CGA 

Figure 3 Treg dysfunction in GCA. (A) Frequencies of Tregs (CD4+CD25hiCD127lo) in different groups (active GCA, GCA in remission, healthy 
donors). (B) Protein expression of GARP after 18 hours of CD3/CD28 stimulation. (C) Protein expression of CD25 at rest and after 18 hours of CD3/
CD28 stimulation. (D) Representative calcium flux tracing (GCA patients vs healthy donors). At 60 s, anti- CD3 (clone: OKT3) was added (5 µg/mL). At 
180 s, CaCl2 was added (7 mM). At 330 s, ionomycin was added (14 µg/mL). (E) Calcium flux in Tregs (normalised to baseline) after CaCl2 addition. (F) 
Representative gating strategy to quantify FOXP3Δ2 cells, using anti- FOXP3 clone 236A/E (total FOXP3) and clone 150D (measuring only exon 2). (G) 
Frequencies of FOXP3Δ2 cells (% Tregs). (H) Single- cell expression level of CD25 in FOXP3Δ2 Tregs versus FOXP3 exon 2- expressing Tregs at the basal 
state. (I) Frequencies of IL- 17 producing Tregs (IL- 17A+) (% Tregs, CD4 +CD25 hi CD127lo). (J) Treg suppression assay, conventional T cell proliferation 
in the presence of autologous Tregs: representative plots from patients with GCA (active and in remission) and a HD are shown. (K) Summary of cell 
proliferation normalised to the positive control of each sample (without Tregs) in patients with GCA (GCA- active: n=5, GCA- remission: n=10) and HD 
(n=5). GCA, giant cell arteritis; HD, healthy blood donor; MFI, median fluorescence intensity.
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(figure 5D).28 Partial reversion of Treg dysfunction by TCZ, 
is suggested by the improved suppressive potential of Tregs in 
the context of the suppression assay (figure 5E). Altogether, 
these findings demonstrate that IL- 6 receptor blockade seems 
to improve calcium signalling and the suppressive function of 
Tregs in GCA. Most evaluated Treg parameters, especially TCR- 
induced calcium influx and the suppressive function, whose 
recovery correlates with remission, were comparable in GCA 
remission with or without TCZ (figure 5B–E). This together 
with the similar results after performing a subanalysis of patients 
in remission with or without methotrexate (online supplemental 
figure 5), suggest that improved function of Tregs is rather the 
consequence of effective immunomodulation in GCA and not a 
medication- specific effect.

DISCUSSION
Here we explored the aetiology of Treg dysfunction in GCA 
and identified for the first time the downregulation of IRF4 

and FOXP3, which are critical transcription factors for both the 
polarisation and suppressive functions of Tregs, the reduction 
of TCR- induced calcium signalling as well as the insufficient 
upregulation of effector molecules as causes of Treg pathoge-
nicity in GCA. Further, using transcriptome analysis we identify 
a marked downregulation of glycolytic enzymes in GCA Tregs, 
which may play a central role in the aetiology of most identified 
Treg dysfunctions.

Imbalances in the expression of FOXP3 isoforms have been 
reported in various autoimmune diseases, including rheuma-
toid arthritis and autoimmune thyroiditis.37 Among FOXP3 
isoforms, expression of the exon 2 containing FOXP3 appears 
critical for the suppressive function of human iTregs.36 The 
fact that patients with FOXP3 variants selectively affecting 
the expression of exon 2 develop IPEX, provides additional 
evidence on its in vivo regulatory function.38 Mechanistically, 
based on murine Treg findings, it has been suggested that the 
regulatory role of the exon 2 of FOXP3 can be explained by the 

Figure 4 Glycolysis inhibition of healthy Tregs. (A) Protein expression of GARP after 18 hours of CD3/CD28 stimulation, following 48 hours of pre- 
incubation with 2- deoxyglucose (2- DG) (2 mM). (B) Protein expression of CD25 at rest and after 18 hours of CD3/CD28 stimulation, following 48 
hours of 2- DG (2 mM). (C) Representative calcium flux tracing. Sorted Tregs were analysed in the presence or absence of 2- DG (50 mM). Anti- CD3, 
CaCl2, and ionomycin were added at timepoints as described for figure 3D. (D) Calcium flux in Tregs (normalised to baseline) after CaCl2 addition. Two 
concentrations of 2- DG were used for glycolysis inhibition (50 mM and 2 mM). (E) Frequencies of FOXP3Δ2 cells (% Tregs). (F) Single- cell expression 
level of CD25 in FOXP3Δ2 Tregs versus FOXP3 exon 2- expressing Tregs at the basal state, with and without 2- DG (2 mM). GARP, glycoprotein A 
repetitions predominan; MFI, median fluorescence intensity.
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fact that it physically antagonises RORγT, and exon 2- skipping 
increases the propensity of Tregs to produce IL- 17, which poten-
tially exacerbates inflammation.39 40 The finding by Miyabe et al 
that GCA patients display higher frequencies of FOXP3∆2 Tregs, 
which we confirmed, proved evidence on the pathogenicity of 

alternative FOXP3 splicing and especially reduced expression of 
the exon 2 of FOXP3 in GCA.28

TCR- induced calcium signalling largely depends on the 
pathway of store- operated calcium entry (SOCE).41 Conditional 
deletion of SOCE mediators in murine Tregs and the consequent 

Figure 5 Tocilizumab normalised IRF4, FOXP3Δ2, and calcium flux. (A) Protein level of IRF4 in Tregs. (B) Protein level of FOXP3 in Tregs. (C) 
Frequencies of FOXP3Δ2 (% Tregs). (D) Calcium flux in Tregs (normalised to baseline) after CaCl2 addition. (E) Treg suppression assay, conventional T 
cell proliferation in the presence of autologous Tregs: summary of cell proliferation normalised to the positive control of each sample (without Tregs) 
in patients with GCA (GCA- active: n=5, GCA- remission- TCZ: n=5, GCA- remission- TCZ: n=5) and HD (n=5). GCA, giant cell arteritis; HD, healthy blood 
donor; TCZ, tocilizumab.
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loss of TCR- induced calcium influx, affected both their polar-
isation and effector differentiation, resulting in systemic auto-
immunity.32 Human STIM1 deficiency abrogates TCR- induced 
calcium influx and besides immunodeficiency causes autoim-
munity,42 which given the role of SOCE in murine Tregs could 
be explained by Treg dysfunction. Here we identify reduced 
TCR- induced calcium influx in GCA Tregs, which appeared to 
normalise in Tregs from TCZ- treated and the rest of patients in 
remission, suggesting the direct correlation of this finding with 
GCA inflammation.

Despite the longstanding belief that Tregs are not glycolytic 
but rather rely on the oxidative pathway of glucose metabo-
lism,43 35 several recent studies have identified various aspects of 
human Treg biology, including FOXP3 alternative splicing, cell 
migration, proliferation and IL- 2 signalling, which all depend on 
glycolysis.35 36 43–46Likewise, reduced glycolysis and the conse-
quently compromised suppressive potential of Tregs has been 
implicated in pathogenesis of autoimmune diseases, such as 
multiple sclerosis and type 1 diabetes mellitus.36 47 Mechanisti-
cally, de Rosa et al have shown that glycolysis controls FOXP3 
splicing and enhances the expression of exon 2- containing 
FOXP3, which is involved in the suppressive activity of Tregs.36 
Furthermore, a murine T cell study reported that the glyco-
lytic metabolite phosphoenolpyruvate enhances TCR- induced 
calcium influx and that calcium mobilisation in T cells was 
reduced after 2- DG- mediated inhibition of glycolysis.48 In this 
study, side- by- side characterisation of GCA Tregs and in vitro 
glycolysis- inhibited Tregs demonstrate that GCA- associated Treg 
abnormalities, such as the increased frequency of FOXP3∆2 
Tregs and the reduced TCR- induced calcium influx, can be reca-
pitulated by glycolysis inhibition in healthy Tregs. Considering 
the central role of exon 2- expressing FOXP3 and the direct link 
between glycolysis and calcium signalling in Tregs, which we 
identify in the present study, our findings suggest that the down-
regulation of glycolytic enzymes in GCA Tregs is a central event 
in the aetiology of Treg dysfunction in GCA.

Longer term follow- up of GiACTA trial revealed that a 
minority of treated patients, that is, 42%, maintained clinical 
remission after stopping treatment with TCZ.49 The require-
ment of long- term treatment together with the limited reliability 
of acute phase reactants under TCZ treatment can render the 
monitoring of disease activity expensive, necessitating vascular 
imaging such as PET.50 Therefore, laboratory biomarkers 
reflecting disease activity independently of the acute phase 
response may be useful for evaluating disease activity in TCZ- 
treated patients. Our findings suggest the TCR- calcium response 
and the expression of IRF4 by Tregs as markers of GCA remis-
sion in TCZ- treated patients.

Apart from the above- mentioned correlates of remission, GCA 
Tregs – even from TCZ- treated patients – still display a largely 
dysfunctional phenotype, including lower activation- induced 
expression of CD25 and GARP. This suggests the need for novel 
therapeutic approaches with a broader effect on Treg dysfunc-
tion. On the other hand, the fact that TCZ or csDMARD- 
induced remission associated with normalised calcium influx 
only, highlights the central pathogenic role of compromised 
calcium signalling in GCA Tregs. The lack of steroid- sparing 
effect of the calcineurin inhibitor cyclosporine in GCA51 may 
stem from the critical role of calcium signalling for Treg function 
and comes in line with the aforementioned finding.

The strengths of our study include the analysis of CD4+ 
CD25hiCD127lo cells as this gating strategy reliably distin-
guishes ex vivo Tregs,52 53 and the phenotypic analysis of ex vivo 
unprimed Tregs, which better reflects the in vivo setting. The 

use of RNA- Seq for transcriptomic profiling has been suitable 
to enumerate pathologies in GCA Tregs, which we validated at 
protein level and experimentally with in vitro analysis of healthy 
Tregs. Our patient cohort was representative of GCA, including 
patients in remission and active cases as well as treatment naïve 
patients. Weaknesses of the study include the small number of 
tested patients, especially for the transcriptome analysis, where 
a bigger number of patients could potentially have led to the 
detection of more DEGs. Study of a larger number of patients 
with GCA, including pretreatment samples as well as samples 
from patients with same disease activity status, receiving similar 
treatment, may have aided evaluation of the possible differential 
effects of the immunomodulatory agents on the Treg phenotype. 
On the other hand, small sample size can have underpowered 
the detection of differences between TCZ- treated patients and 
HD and may also account for the identification of normal Treg 
frequency in GCA, in the present study, which deviates from the 
reported reduced Treg counts in some of the previous studies 
on GCA Tregs.26 27 In addition, we have not demonstrated the 
metabolic disturbance directly with a metabolic assay, most well- 
established of which is the Seahorse metabolic flux assay, due 
to limitations both regarding the assay sensitivity and the cell 
availability.54 Another point that requires further research is the 
characterisation of Tregs from inflamed arteries, whose study 
would necessitate fresh samples and/or the development staining 
protocols reliably identifying Tregs and the expression levels of 
key tolerogenic molecules.

In summary, we present novel abnormalities of Treg function 
in GCA, suggesting the pathogenic role of low glycolysis and 
calcium signalling in GCA Tregs. Our findings may aid the devel-
opment of therapeutic approaches targeting Treg dysfunction in 
GCA and provide new correlates of disease remission, which 
may be useful for monitoring disease activity, especially in case 
of TCZ- treated patients.
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SUPPLEMENTAL MATERIAL  

 

Supplementary text 

Materials and Methods 

Study population 

Forty-one GCA patients and 28 healthy blood donors (HD) were recruited for this cross-sectional study. All 

patients fulfilled the American College of Rheumatology (ACR) 1990 classification criteria for GCA. In all 

cases addition, the diagnosis of GCA was additionally based on either positive temporal artery biopsy (n=3) 

or vascular imaging demonstrating changes compatible with large vessel vasculitis (n=38). Vascular imaging 

included magnetic resonance angiography (n=4) or positron emission tomography (n=31). GCA patients 

were classified into active (n=14) and cases in remission (n=27). In addition to the ACR 1990 classification 

criteria, the diagnosis of GCA was based on either positive temporal artery biopsy (TAB) or vascular imaging. 

Imaging changes confirming the diagnosis of GCA included increased arterial wall thickness, mural contrast 

enhancement or increased uptake of 18-fluorodeoxyglucose by the aorta and/or its main branches. Studied 

patients were classified based on disease activity: active cases (n=14) and in remission (n=27). Active disease 

was defined on the basis of symptoms and/or clinical signs including new-onset headache, jaw/tongue 

claudication, scalp tenderness, diplopia, symptoms of polymyalgia rheumatica, scotomas, amaurosis fugax, 

ischemic optic neuropathy and/or otherwise unexplained systemic symptoms such as fever and night sweat, 

with or without concomitant elevation of acute-phase reactants, i.e. erythrocyte sedimentation rate (ESR) 

and/or C-reactive protein (CRP). Disease remission was defined as the absence of symptoms/clinical signs 

of GCA and normal ESR (<20 mm/1st hour) and CRP (<5 mg/l) at time of blood sampling. Recruited patients 

were treated according to the guidelines of the German Society for Rheumatology.i Characteristics of 

studied subjects and the assays for which their samples were used are shown in Suppl. Table 1. Healthy 

blood donors (HD) included anonymously recruited blood donors from the blood donation service, Institute 

for Transfusion Medicine and Transplant Engineering, Hannover Medical School and donors from the Clinic 

of Rheumatology and Immunology, Hannover Medical School.  
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PBMC isolation, FACS sorting 

Whole blood was collected in EDTA tubes. PBMC isolation was performed at the same day of blood 

sampling, by layering whole blood (diluted 1:3 v/v in sterile phosphate buffered saline (PBS), Lonza) over 

density gradient medium (Pancoll human 1.077 g/ml; PAN-Biotech), and centrifuged at room temperature. 

PBMCs were collected, washed once in complete RPMI medium (Roswell Park Memorial Institute 1640 

medium (Thermo Fisher), supplemented with 10% v/v heat-inactivated fetal calf serum (FCS) (PAN-Biotech), 

1% v/v Penicillin-Streptomycin (Gibco), 1% v/v L-glutamine (Gibco), 1% v/v sodium pyruvate (Gibco)) and 

cryopreserved in freezing medium (heat-inactivated FCS, 10% v/v dimethyl sulfoxide) until use. Upon cell 

thawing, PBMCs were rested overnight in complete RPMI medium (at 37C, 5% CO2) for recovery, and 

collected in the morning for further processing. After washing once in FACS buffer (PBS, 5% v/v FCS), the 

cells were stained with antibodies in the presence of Octagam 10% (Octapharma). PBMCs were stained with 

CD4-BV421 (clone RPA-T4, BD Biosciences), CD25-BV510 (clone 2A3, BD Biosciences-OptiBuild), CD127-PE 

(clone A019D5, BioLegend) antibodies, and Fixable Viability Dye eFluor780 (Thermo Fisher). Tregs were 

gated as live CD4+CD25hiCD127lo (Suppl. Figure 1) sorted under aseptic condition in BD FACSAria Fusion 

cell sorter (Becton-Dickinson). Cell sorting typically yielded high enrichment (>90%) of Tregs. 

 

RNA-Sequencing and raw data processing 

PBMC isolation and Treg sorting were performed at the same day of blood sampling as described above. 

Sorted Tregs were washed once in sterile, ice-cold PBS. Total RNA was extracted using RNeasy Micro Kit 

(Qiagen), according to the protocol. A minimum of 350 pg of total RNA were used for library preparation 

with the ‘SMARTer Stranded Total RNA-Seq Kit v2 – Pico Input Mammalian’ (#634413; Takara/Clontech) 

according to conditions recommended in user manual #063017. Generated libraries were barcoded by dual 

indexing approach and were finally amplified with 13 cycles of PCR. Sequencing was performed on an 

Illumina NextSeq 550 sequencer using a High Output Flowcell for single reads (20024906; Illumina). 

Generated libraries were amplified with 13 cycles of PCR. Fragment length distribution was monitored using 
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‘Bioanalyzer High Sensitivity DNA Assay’ (5067-4626; Agilent Technologies). Quantification of libraries was 

performed by use of the ‘Qubit® dsDNA HS Assay Kit’ (Q32854; ThermoFisher Scientific). Equal molar 

amounts of the libraries were pooled for a common sequencing run. The library pool was denatured with 

NaOH and was finally diluted to 2pM according to the Denature and Dilute Libraries Guide (Document # 

15048776 v02; Illumina). 1.3 ml of denatured pool was loaded on an Illumina NextSeq 550 sequencer using 

a High Output Flowcell for single reads (20024906; Illumina). Sequencing was performed with the following 

settings: Sequence reads 1 and 2 with 38 bases each; Index reads 1 and 2 with 8 bases each.  

BCL files were converted to FASTQ files using bcl2fastq Conversion Software version v2.20.0.422 (Illumina). 

Raw data processing was conducted by use of nfcore/rnaseq (version 1.4.2) which is a bioinformatics best-

practice analysis pipeline used for RNA sequencing data at the National Genomics Infrastructure at 

SciLifeLab Stockholm, Sweden. The pipeline uses Nextflow, a bioinformatics workflow tool. It pre-processes 

raw data from FastQ inputs, aligns the reads and performs extensive quality-control on the results. The 

genome reference and annotation data were taken from GENCODE.org (Homo sapiens; GRCh38.p13; 

release 34). Normalization and differential expression analysis was performed with DESeq2 (Galaxy Tool 

Version 2.11.40.2) with default settings except for “Output normalized counts table”, “Turn off outliers 

filtering”, and “Turn off independent filtering”, all of which were set to “True”. Volcano plot was prepared 

with ggplot2 package on R (v.4.0.5). Heatmaps of selected genes were prepared in Excel file. Output from 

Galaxy was log2-transformed, median of log2-transformed values was calculated for each row, and then 

baseline normalization to the median was performed. Coloring was applied with conditional formatting 

tool, with red and blue colors indicating highest and lowest expression for each gene, respectively.  

 

Flow cytometry - Phenotypic characterization of Tregs 

Surface staining was performed in the presence of Octagam 10% (Octapharma) for Fc receptor blocking. 

GARP-PerCP-Cy5.5 (BioLegend, clone 7B11), CD45RA-APC (BioLegend, clone HI100) and TIGIT-Alexa Fluor 

647 (BioLegend, clone A15153G) were used for surface staining at 4C, in the dark, for 30 minutes. For 
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intracellular staining, True-Nuclear Transcription Factor staining buffer set (BioLegend) was used according 

to the protocol. FOXP3-PerCP-Cy5.5 (BD Biosciences, clone 236A/E), FOXP3-Alexa Fluor 488 (BioLegend, 

clone 150D), human IL17A-PE/Cy7 (BioLegend, clone BL168) and IRF4-PE-Cy7 (BioLegend, clone IRF4.3E4) 

were used. Acquisition of the data by FACSCanto II (Becton-Dickinson). Analysis by FlowJo v.X.0.7 (Tree 

Star). Median fluorescence intensity (MFI) was determined in the sorted Tregs population, or cell frequencies 

(%parent) were determined, using fluorescence-minus-one (FMO) controls as appropriate. 

For phenotypic characterization of Tregs, sorted cells were washed once in ice-cold complete RPMI 

medium, and plated in U-bottom, 96-well plates (Corning) in complete RPMI medium at 37C, 5% CO2. For 

TCR stimulation, Dynabeads Human T-activator CD3/CD28 (Gibco) was used (bead-to-cell ratio of 1:1). For 

in vitro glycolysis inhibition, 2-deoxyglucose (Sigma) was prepared in cell culture grade water, sterile filtered 

(0.2 m) and resuspended in complete RPMI medium to the final concentration of 2 mM. Glycolysis 

inhibition was performed for 48 hours (37C, 5% CO2) prior to downstream assays (with or without TCR 

stimulation), except otherwise indicated.  

 

Calcium flux assay 

For clinical samples (GCA patients and HD), the whole PBMCs were stained with CD4-BV421, CD25-BV510, 

CD127-PE and loaded with Fluo-3 (10 μM) and Fura-Red (25 μM) as calcium indicators. For glycolysis 

inhibition experiment (with less constraint on sample availability), healthy Tregs were FACS-sorted 

(described above) before Fluo-3/Fura-Red loading. After Fluo-3/Fura-Red loading, cells were washed and 

resuspended in calcium-free Hank Balanced Salt Solution (HBSS) medium (supplemented with 0.5 mM 

EGTA). Data were acquired with FACSCanto II (Becton-Dickinson). 100 μl of loaded cells were diluted with 

100 μl calcium-free HBSS in a 5 ml FACS tube, and then the baseline calcium flux was recorded for the first 

60 seconds. Afterwards, anti-CD3 antibody (clone OKT3) was added to the final concentration of 5 μg/ml. 

Calcium flux was recorded for further 120 seconds. Then, calcium chloride (CaCl2) was added to the final 

concentration of 7 mM, and the flux was recorded for 150 seconds after calcium addition (so-called “SOCE 
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period”). Lastly, ionomycin (14 μg/ml) was added and the maximal calcium flux was recorded for 60 seconds. 

Each sample was measured twice. Analysis was performed with FlowJo v.X.0.7 (Tree Star). Time series were 

extracted, and Fluo-3 to Fura-Red ratios were calculated for the recorded timepoints. The values for calcium 

signaling quantification were based on median of the values during SOCE period (after CaCl2 addition), 

normalized to the baseline Fluo-3/Fura-Red ratios. For glycolysis inhibition experiment (48 hours of 2-

deoxyglucose), calcium flux was measured in the presence of 2-deoxyglucose in the HBSS medium (final 

concentration 2 mM). 

 

Treg suppression assay 

Tregs (live CD4+CD25hiCD127lo) and Tconvs (live CD4+CD25loCD127hi) were sorted aseptically with FACSAria 

Fusion as described above. Both cell subsets were resuspended in complete RPMI medium, rested in a 

37C, 5% CO2 incubator for 2 hours to allow recovery. Tregs were plated in a round-bottom 96-well plate 

(Greiner Bio One), whereas Tconvs were loaded with CFSE (BD Biosciences) at final concentration of 1 M 

as per the company’s instruction, then washed and plated in the presence or absence of autologous Tregs 

at 1:1 ratio. The cells were stimulated with Dynabeads CD3/CD28 (Thermo Fisher) at 1:10 ratio (bead:total 

cell) and were left in a 37C, 5% CO2 incubator for 72 hours before harvesting. Harvested cells were washed 

with FACS buffer, stained with eFluor 506 Fixable Viability Dye (Invitrogen), and the CFSE dilution was 

acquired with FACSCanto II. Gating of proliferating cells was determined by the negative control (without 

Dynabeads stimulation) from each individual. The percentage of proliferating cells has been calculated as 

the ratio of %-proliferating cells in presence of Tregs (experimental condition) to %-proliferating cells in 

absence of Tregs (positive control). 

 

Statistical analysis 

Data were tested for normal distribution, using D’Agostino-Pearson, Shapiro-Wilk, and Kolmogorov-

Smirnov tests. When normality was reached, two-group comparison was done with unpaired Student’s t-
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test. For glycolysis inhibition experiments, paired Student’s t-test was performed (uninhibited vs. 2-

deoxyglucose treatment for the same biological replicates). When normality was not reached, Mann-

Whitney test was performed. Comparison of more than two groups was performed with the Kruskal–Wallis 

test. Categorical variables were compared by the Fisher’s exact test. A value of 0.05 was set as the threshold 

for statistical significance, with 95% confidence level, two-sided (*); ** indicates p-value < 0.01, *** p-value 

< 0.001. All statistical tests were done with GraphPad Prism 6 (GraphPad Software Inc.). 

 

Supplemental Figures and Tables 

 

Supplemental Figure 1: 

 

Gating strategy for defining Tregs. Viable CD4+ cells were gated as Tregs bases on their expression of CD25 

and CD127. (A) Representative plots from patients with GCA (active and in remission) and a blood donor 

(HD) are depicted. (B) Percentage of FOXP3+ cells among Tregs sorted as CD4+CD25hiCD127lo cells.  

 

Supplemental Figure 2: 
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Comparable differentiation-activation status of Tregs in GCA patients and HD. (A) Gating strategy to define 

the differentiation states of Tregs as defined by Miyara et al. (see reference 33 of main text). (B) Ratios of 

active to resting Tregs as defined by Miyara et al. (see reference 33 of main text). (C) Percentage of CD45RA-

expressing cells in CD4+CD25hiCD127lo-gated Tregs. 

 

Supplemental Figure 3: 

 

Glycolysis inhibition with 2-deoxyglucose (2-DG), comparative analysis of Tregs from HDs and GCA patients. 

(A) Protein expression of GARP after 18 hours of CD3/CD28 stimulation, following 48 hours of pre-

incubation with or without (w/o) 2-DG. (B) Protein expression of CD25 after 18 hours of CD3/CD28 
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stimulation, following 48 hours of pre-incubation with or without (w/o) 2-DG. Unstimulated cells from HDs 

and GCA patients displayed similar levels of CD25 expression after pre-incubation with or without 2-DG 

(not shown).  (C) Anti-CD3 activated calcium flux in Tregs (normalized to baseline) after CaCl2 addition in 

cells pre-incubated with or without 2-DG.  

 

 

Supplemental Figure 4:  

  

 

Tocilizumab did not normalize CD25 and GARP induction after CD3/CD28 stimulation. Protein expression 

of GARP (left) and CD25 (right), both after 18 hours of CD3/CD28 stimulation, expressed as median 

fluorescence intensity (MFI). Statistics: unpaired Student’s t-tests (except GARP GCA active vs. HD: Mann-

Whitney test). 

 

Suppl. Figure 5 
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Subanalysis of GCA patients in remission with and without methotrexate (MTX)-containing regimens. Anti-

CD3 activated calcium flux in Tregs (normalized to baseline) after CaCl2 addition (left panel) and Treg 

suppression assay results, shown as %proliferation of conventional T cells in the presence of Treg 

(CD4+CD25hiCD127lo) normalized to the positive control of each sample (without Tregs). 

 

Suppl. Table 1: Characteristics of studied patients with GCA and sample recruitment for different assays 

ID disease 

status 

gender diagnosis  

confirmation 

CRP 

(mg/l) 

ESR 1 

hour 

(mm) 

Age disease 

duration 

prednisolon 

equivalent 

dose (mg) 

at test 

no 

treatment 

TCZ csDMARD Calcium  

Influx 

assay 

 

RNA-

Seq. 

FC 

Fig. 

2&3* 

FC 

(Treg 

differentiation 

& IL-17 

expression) 

FC 

2-DG 

assays 

Calcium  

influx 

assay 

with 

2-DG 

Suppression 

assay 

 

3 R F MRI 3.6 26 64.6 4.1 0 0 0 AZA 1 
      

4 R F PET 1.7 29 71 0.3 5 0 0 0 1 1 
     

5 R M PET 0.5 18 81.3 9.8 2.5 0 0 AZA 1 
      

6 R F PET 2.8 26 55.3 3.9 0 0 0 MTX 1 
      

8 R M PET 0.0 0.1 55.8 1.4 2 0 1 0 1 
  

1 
 

1 
 

9 R F PET 1.0 26 79.7 14.6 5 0 1 0 1 
 

1 1 
   

10 R F PET 0.3 11 66.5 1 0 0 1 MTX 1 
 

1 1 
 

1 1 

11 R M PET 1.7 16 76.7 9.9 5 0 0 0 1 
 

1 1 
   

14 R F PET 0.5 8 63.4 6.7 0 1 0 0 1 1 1 
 

1 1 1 

15 R M TAB 0.5 1 79.2 3.5 0 0 1 0 1 
 

1 
    

16 R M PET 1.9 5 69.3 4.7 5 0 0 0 1 
      

17 R M MRI 1 4 49.1 0.2 5 0 0 0 1 1 1 
    

18 R F PET 1.4 25 78 0.2 2.5 0 0 0 1 1 1 1 
   

22 R F TAB 0.6 5 81.1 0.3 15 0 1 0 
 

1 1 
    

23 R M PET 1.2 2 60.7 1 5 0 1 MTX 1 1 1 1 
   

25 R F PET 0.5 5 71.1 10.8 10 0 1 0 1 
 

1 1 
   

27 R F PET 2.4 14 61.1 6.2 0 0 0 MTX 1 
 

1 
    

29 R M PET 2.6 6 65.1 3.5 0 0 0 MTX 1 
 

1 
   

1 

30 R M PET 4.4 7.7 77.1 1.4 5 0 0 0 
  

1 
   

1 

33 R M PET 0.8 1 68.7 6.7 0 0 1 0 
  

1 
    

34 R F PET 8 22 72.2 3.6 0 0 0 MTX 
   

1 
 

1 1 

35 R F PET 0.5 2 77.4 0.6 0 0 1 0 
      

1 
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36 R F PET 0.5 1 60.3 4.8 2.5 0 1 0 
   

1 1 
 

1 

37 R F PET 5 11 76.2 3.1 0 0 0 MTX 
      

1 

38 R M PET 0.6 13 76.4 0.6 5 0 0 0 
   

1 
   

39 R F PET 1 5 61.5 1.2 7.5 0 1 LFN 
      

1 

40 R F PET 0.6 6 67.4 0.8 5 0 1 0 
      

1 

1 A F MRI 26.9 33 67.8 11.5 0 1 0 0 1 
      

2 A M PET 5.5 16 52.7 3.1 0 1 0 0 1 
      

7 A F PET 10 2 61.9 5.3 0 1 0 0 1 1 
     

12 A F MRI 14.9 47 68.7 8.7 10 0 0 LFN 1 1 1 
    

13 A F PET 59.4 33 55.1 1.4 15 0 0 MTX 1 1 1 
    

19 A M TAB 54.4 81 86.8 0 0 1 0 0 1 1 
     

20 A M US 11.2 45 80 1 5 0 0 0 
   

1 
   

21 A M PET 102 
 

81.4 0.2 0 1 0 0 1 1 1 
    

24 A F PET 44,8 86 64.1 0.1 0 1 0 0 1 
 

1 1 
 

1 1 

26 A M PET 64 80 76.9 0.1 0 1 0 0 1 1 1 1 1 
  

28 A F PET 10.8 33 63.7 3.7 5 0 0 0 1 
    

1 1 

31 A M PET 14.1 50 64 0.1 0 1 0 0 
  

1 1 1 1 1 

32 A F PET 79.4 112 72.1 1.1 0 1 0 0 
  

1 1 
 

1 1 

41 A F PET 34.9 39 74.3 0 0 1 0 0 
    

1 
 

1 

2-DG, 2-deoxyglucose; A, active; AZA, azathioprine; csDMARDs, conventional synthetic disease-modifying antirheumatic drugs; F, female; FC, flow cytometry; Fig., figure M, male; LFN, leflunomide; MTX, methotrexate; PET, positron emission 

tomography; R, in remission; Seq., sequencing; TAB, temporal artery biopsy; TCZ, tocilizumab; US, ultrasound; 

*except for the IL-17 expression analysis 

 

 

Suppl. Table 2: Characteristics of subjects included in the transcriptome analysis at blood sampling 

 HD 

(n=6) 

Active GCA 

(n=6) 

Inactive GCA 

(n=6) 

Age (years) – median (IQR) 69.3 (63.5–73.5) 72.8 (60.2–82.8) 67.1 (58.1–78.8) 

Sex, female – no (%) 3 (50) 3 (50) 2 (33.3) 

N. European ethnicity – no (%) 6 (100) 5 (83.3) 6 (100) 

Disease duration (years) – median (IQR) - 0.8 (0–6.1) 0.7 (0.1–2.5) 

CRP (mg/l) – median (IQR)  - 56.9 (13.7–68) 1.3 (0.5–1.8) 

ESR 1 hour (mm) – median (IQR) - 29 (23.8–50.5) 6.5 (4.3–18.5) 

Relapsed cases – no (%) - 1 (16.7) - 

TCZ – no (%) - - 2 (33.3) 

Corticosteroids as monotherapy – no (%) - 1 (16.7) 3 (50) 

Prednisolone or prednisolone equivalent 

dose (mg) – median (IQR) 

- 0 (0–11.3) 5 (1.9–7.5) 

csDMARD – no (%) - 1 (16.7) 1 (16.7) 

CRP, c-reactive protein; csDMARDs, conventional synthetic disease-modifying antirheumatic drugs; IQR, 

interquartile range; TCZ, tocilizumab 

 

 

Reference 
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SUPPLEMENTAL MATERIAL  

 

Supplementary text 

Materials and Methods 

Study population 

Forty-one GCA patients and 28 healthy blood donors (HD) were recruited for this cross-sectional study. All 

patients fulfilled the American College of Rheumatology (ACR) 1990 classification criteria for GCA. In all 

cases addition, the diagnosis of GCA was additionally based on either positive temporal artery biopsy (n=3) 

or vascular imaging demonstrating changes compatible with large vessel vasculitis (n=38). Vascular imaging 

included magnetic resonance angiography (n=4) or positron emission tomography (n=31). GCA patients 

were classified into active (n=14) and cases in remission (n=27). In addition to the ACR 1990 classification 

criteria, the diagnosis of GCA was based on either positive temporal artery biopsy (TAB) or vascular imaging. 

Imaging changes confirming the diagnosis of GCA included increased arterial wall thickness, mural contrast 

enhancement or increased uptake of 18-fluorodeoxyglucose by the aorta and/or its main branches. Studied 

patients were classified based on disease activity: active cases (n=14) and in remission (n=27). Active disease 

was defined on the basis of symptoms and/or clinical signs including new-onset headache, jaw/tongue 

claudication, scalp tenderness, diplopia, symptoms of polymyalgia rheumatica, scotomas, amaurosis fugax, 

ischemic optic neuropathy and/or otherwise unexplained systemic symptoms such as fever and night sweat, 

with or without concomitant elevation of acute-phase reactants, i.e. erythrocyte sedimentation rate (ESR) 

and/or C-reactive protein (CRP). Disease remission was defined as the absence of symptoms/clinical signs 

of GCA and normal ESR (<20 mm/1st hour) and CRP (<5 mg/l) at time of blood sampling. Recruited patients 

were treated according to the guidelines of the German Society for Rheumatology.i Characteristics of 

studied subjects and the assays for which their samples were used are shown in Suppl. Table 1. Healthy 

blood donors (HD) included anonymously recruited blood donors from the blood donation service, Institute 

for Transfusion Medicine and Transplant Engineering, Hannover Medical School and donors from the Clinic 

of Rheumatology and Immunology, Hannover Medical School.  
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PBMC isolation, FACS sorting 

Whole blood was collected in EDTA tubes. PBMC isolation was performed at the same day of blood 

sampling, by layering whole blood (diluted 1:3 v/v in sterile phosphate buffered saline (PBS), Lonza) over 

density gradient medium (Pancoll human 1.077 g/ml; PAN-Biotech), and centrifuged at room temperature. 

PBMCs were collected, washed once in complete RPMI medium (Roswell Park Memorial Institute 1640 

medium (Thermo Fisher), supplemented with 10% v/v heat-inactivated fetal calf serum (FCS) (PAN-Biotech), 

1% v/v Penicillin-Streptomycin (Gibco), 1% v/v L-glutamine (Gibco), 1% v/v sodium pyruvate (Gibco)) and 

cryopreserved in freezing medium (heat-inactivated FCS, 10% v/v dimethyl sulfoxide) until use. Upon cell 

thawing, PBMCs were rested overnight in complete RPMI medium (at 37C, 5% CO2) for recovery, and 

collected in the morning for further processing. After washing once in FACS buffer (PBS, 5% v/v FCS), the 

cells were stained with antibodies in the presence of Octagam 10% (Octapharma). PBMCs were stained with 

CD4-BV421 (clone RPA-T4, BD Biosciences), CD25-BV510 (clone 2A3, BD Biosciences-OptiBuild), CD127-PE 

(clone A019D5, BioLegend) antibodies, and Fixable Viability Dye eFluor780 (Thermo Fisher). Tregs were 

gated as live CD4+CD25hiCD127lo (Suppl. Figure 1) sorted under aseptic condition in BD FACSAria Fusion 

cell sorter (Becton-Dickinson). Cell sorting typically yielded high enrichment (>90%) of Tregs. 

 

RNA-Sequencing and raw data processing 

PBMC isolation and Treg sorting were performed at the same day of blood sampling as described above. 

Sorted Tregs were washed once in sterile, ice-cold PBS. Total RNA was extracted using RNeasy Micro Kit 

(Qiagen), according to the protocol. A minimum of 350 pg of total RNA were used for library preparation 

with the ‘SMARTer Stranded Total RNA-Seq Kit v2 – Pico Input Mammalian’ (#634413; Takara/Clontech) 

according to conditions recommended in user manual #063017. Generated libraries were barcoded by dual 

indexing approach and were finally amplified with 13 cycles of PCR. Sequencing was performed on an 

Illumina NextSeq 550 sequencer using a High Output Flowcell for single reads (20024906; Illumina). 

Generated libraries were amplified with 13 cycles of PCR. Fragment length distribution was monitored using 
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‘Bioanalyzer High Sensitivity DNA Assay’ (5067-4626; Agilent Technologies). Quantification of libraries was 

performed by use of the ‘Qubit® dsDNA HS Assay Kit’ (Q32854; ThermoFisher Scientific). Equal molar 

amounts of the libraries were pooled for a common sequencing run. The library pool was denatured with 

NaOH and was finally diluted to 2pM according to the Denature and Dilute Libraries Guide (Document # 

15048776 v02; Illumina). 1.3 ml of denatured pool was loaded on an Illumina NextSeq 550 sequencer using 

a High Output Flowcell for single reads (20024906; Illumina). Sequencing was performed with the following 

settings: Sequence reads 1 and 2 with 38 bases each; Index reads 1 and 2 with 8 bases each.  

BCL files were converted to FASTQ files using bcl2fastq Conversion Software version v2.20.0.422 (Illumina). 

Raw data processing was conducted by use of nfcore/rnaseq (version 1.4.2) which is a bioinformatics best-

practice analysis pipeline used for RNA sequencing data at the National Genomics Infrastructure at 

SciLifeLab Stockholm, Sweden. The pipeline uses Nextflow, a bioinformatics workflow tool. It pre-processes 

raw data from FastQ inputs, aligns the reads and performs extensive quality-control on the results. The 

genome reference and annotation data were taken from GENCODE.org (Homo sapiens; GRCh38.p13; 

release 34). Normalization and differential expression analysis was performed with DESeq2 (Galaxy Tool 

Version 2.11.40.2) with default settings except for “Output normalized counts table”, “Turn off outliers 

filtering”, and “Turn off independent filtering”, all of which were set to “True”. Volcano plot was prepared 

with ggplot2 package on R (v.4.0.5). Heatmaps of selected genes were prepared in Excel file. Output from 

Galaxy was log2-transformed, median of log2-transformed values was calculated for each row, and then 

baseline normalization to the median was performed. Coloring was applied with conditional formatting 

tool, with red and blue colors indicating highest and lowest expression for each gene, respectively.  

 

Flow cytometry - Phenotypic characterization of Tregs 

Surface staining was performed in the presence of Octagam 10% (Octapharma) for Fc receptor blocking. 

GARP-PerCP-Cy5.5 (BioLegend, clone 7B11), CD45RA-APC (BioLegend, clone HI100) and TIGIT-Alexa Fluor 

647 (BioLegend, clone A15153G) were used for surface staining at 4C, in the dark, for 30 minutes. For 
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intracellular staining, True-Nuclear Transcription Factor staining buffer set (BioLegend) was used according 

to the protocol. FOXP3-PerCP-Cy5.5 (BD Biosciences, clone 236A/E), FOXP3-Alexa Fluor 488 (BioLegend, 

clone 150D), human IL17A-PE/Cy7 (BioLegend, clone BL168) and IRF4-PE-Cy7 (BioLegend, clone IRF4.3E4) 

were used. Acquisition of the data by FACSCanto II (Becton-Dickinson). Analysis by FlowJo v.X.0.7 (Tree 

Star). Median fluorescence intensity (MFI) was determined in the sorted Tregs population, or cell frequencies 

(%parent) were determined, using fluorescence-minus-one (FMO) controls as appropriate. 

For phenotypic characterization of Tregs, sorted cells were washed once in ice-cold complete RPMI 

medium, and plated in U-bottom, 96-well plates (Corning) in complete RPMI medium at 37C, 5% CO2. For 

TCR stimulation, Dynabeads Human T-activator CD3/CD28 (Gibco) was used (bead-to-cell ratio of 1:1). For 

in vitro glycolysis inhibition, 2-deoxyglucose (Sigma) was prepared in cell culture grade water, sterile filtered 

(0.2 m) and resuspended in complete RPMI medium to the final concentration of 2 mM. Glycolysis 

inhibition was performed for 48 hours (37C, 5% CO2) prior to downstream assays (with or without TCR 

stimulation), except otherwise indicated.  

 

Calcium flux assay 

For clinical samples (GCA patients and HD), the whole PBMCs were stained with CD4-BV421, CD25-BV510, 

CD127-PE and loaded with Fluo-3 (10 μM) and Fura-Red (25 μM) as calcium indicators. For glycolysis 

inhibition experiment (with less constraint on sample availability), healthy Tregs were FACS-sorted 

(described above) before Fluo-3/Fura-Red loading. After Fluo-3/Fura-Red loading, cells were washed and 

resuspended in calcium-free Hank Balanced Salt Solution (HBSS) medium (supplemented with 0.5 mM 

EGTA). Data were acquired with FACSCanto II (Becton-Dickinson). 100 μl of loaded cells were diluted with 

100 μl calcium-free HBSS in a 5 ml FACS tube, and then the baseline calcium flux was recorded for the first 

60 seconds. Afterwards, anti-CD3 antibody (clone OKT3) was added to the final concentration of 5 μg/ml. 

Calcium flux was recorded for further 120 seconds. Then, calcium chloride (CaCl2) was added to the final 

concentration of 7 mM, and the flux was recorded for 150 seconds after calcium addition (so-called “SOCE 
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period”). Lastly, ionomycin (14 μg/ml) was added and the maximal calcium flux was recorded for 60 seconds. 

Each sample was measured twice. Analysis was performed with FlowJo v.X.0.7 (Tree Star). Time series were 

extracted, and Fluo-3 to Fura-Red ratios were calculated for the recorded timepoints. The values for calcium 

signaling quantification were based on median of the values during SOCE period (after CaCl2 addition), 

normalized to the baseline Fluo-3/Fura-Red ratios. For glycolysis inhibition experiment (48 hours of 2-

deoxyglucose), calcium flux was measured in the presence of 2-deoxyglucose in the HBSS medium (final 

concentration 2 mM). 

 

Treg suppression assay 

Tregs (live CD4+CD25hiCD127lo) and Tconvs (live CD4+CD25loCD127hi) were sorted aseptically with FACSAria 

Fusion as described above. Both cell subsets were resuspended in complete RPMI medium, rested in a 

37C, 5% CO2 incubator for 2 hours to allow recovery. Tregs were plated in a round-bottom 96-well plate 

(Greiner Bio One), whereas Tconvs were loaded with CFSE (BD Biosciences) at final concentration of 1 M 

as per the company’s instruction, then washed and plated in the presence or absence of autologous Tregs 

at 1:1 ratio. The cells were stimulated with Dynabeads CD3/CD28 (Thermo Fisher) at 1:10 ratio (bead:total 

cell) and were left in a 37C, 5% CO2 incubator for 72 hours before harvesting. Harvested cells were washed 

with FACS buffer, stained with eFluor 506 Fixable Viability Dye (Invitrogen), and the CFSE dilution was 

acquired with FACSCanto II. Gating of proliferating cells was determined by the negative control (without 

Dynabeads stimulation) from each individual. The percentage of proliferating cells has been calculated as 

the ratio of %-proliferating cells in presence of Tregs (experimental condition) to %-proliferating cells in 

absence of Tregs (positive control). 

 

Statistical analysis 

Data were tested for normal distribution, using D’Agostino-Pearson, Shapiro-Wilk, and Kolmogorov-

Smirnov tests. When normality was reached, two-group comparison was done with unpaired Student’s t-
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test. For glycolysis inhibition experiments, paired Student’s t-test was performed (uninhibited vs. 2-

deoxyglucose treatment for the same biological replicates). When normality was not reached, Mann-

Whitney test was performed. Comparison of more than two groups was performed with the Kruskal–Wallis 

test. Categorical variables were compared by the Fisher’s exact test. A value of 0.05 was set as the threshold 

for statistical significance, with 95% confidence level, two-sided (*); ** indicates p-value < 0.01, *** p-value 

< 0.001. All statistical tests were done with GraphPad Prism 6 (GraphPad Software Inc.). 

 

Supplemental Figures and Tables 

 

Supplemental Figure 1: 

 

Gating strategy for defining Tregs. Viable CD4+ cells were gated as Tregs bases on their expression of CD25 

and CD127. (A) Representative plots from patients with GCA (active and in remission) and a blood donor 

(HD) are depicted. (B) Percentage of FOXP3+ cells among Tregs sorted as CD4+CD25hiCD127lo cells.  

 

Supplemental Figure 2: 
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Comparable differentiation-activation status of Tregs in GCA patients and HD. (A) Gating strategy to define 

the differentiation states of Tregs as defined by Miyara et al. (see reference 33 of main text). (B) Ratios of 

active to resting Tregs as defined by Miyara et al. (see reference 33 of main text). (C) Percentage of CD45RA-

expressing cells in CD4+CD25hiCD127lo-gated Tregs. 

 

Supplemental Figure 3: 

 

Glycolysis inhibition with 2-deoxyglucose (2-DG), comparative analysis of Tregs from HDs and GCA patients. 

(A) Protein expression of GARP after 18 hours of CD3/CD28 stimulation, following 48 hours of pre-

incubation with or without (w/o) 2-DG. (B) Protein expression of CD25 after 18 hours of CD3/CD28 
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stimulation, following 48 hours of pre-incubation with or without (w/o) 2-DG. Unstimulated cells from HDs 

and GCA patients displayed similar levels of CD25 expression after pre-incubation with or without 2-DG 

(not shown).  (C) Anti-CD3 activated calcium flux in Tregs (normalized to baseline) after CaCl2 addition in 

cells pre-incubated with or without 2-DG.  

 

 

Supplemental Figure 4:  

  

 

Tocilizumab did not normalize CD25 and GARP induction after CD3/CD28 stimulation. Protein expression 

of GARP (left) and CD25 (right), both after 18 hours of CD3/CD28 stimulation, expressed as median 

fluorescence intensity (MFI). Statistics: unpaired Student’s t-tests (except GARP GCA active vs. HD: Mann-

Whitney test). 

 

Suppl. Figure 5 
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Subanalysis of GCA patients in remission with and without methotrexate (MTX)-containing regimens. Anti-

CD3 activated calcium flux in Tregs (normalized to baseline) after CaCl2 addition (left panel) and Treg 

suppression assay results, shown as %proliferation of conventional T cells in the presence of Treg 

(CD4+CD25hiCD127lo) normalized to the positive control of each sample (without Tregs). 

 

Suppl. Table 1: Characteristics of studied patients with GCA and sample recruitment for different assays 

ID disease 

status 

gender diagnosis  

confirmation 

CRP 

(mg/l) 

ESR 1 

hour 

(mm) 

Age disease 

duration 

prednisolon 

equivalent 

dose (mg) 

at test 

no 

treatment 

TCZ csDMARD Calcium  

Influx 

assay 

 

RNA-

Seq. 

FC 

Fig. 

2&3* 

FC 

(Treg 

differentiation 

& IL-17 

expression) 

FC 

2-DG 

assays 

Calcium  

influx 

assay 

with 

2-DG 

Suppression 

assay 

 

3 R F MRI 3.6 26 64.6 4.1 0 0 0 AZA 1 
      

4 R F PET 1.7 29 71 0.3 5 0 0 0 1 1 
     

5 R M PET 0.5 18 81.3 9.8 2.5 0 0 AZA 1 
      

6 R F PET 2.8 26 55.3 3.9 0 0 0 MTX 1 
      

8 R M PET 0.0 0.1 55.8 1.4 2 0 1 0 1 
  

1 
 

1 
 

9 R F PET 1.0 26 79.7 14.6 5 0 1 0 1 
 

1 1 
   

10 R F PET 0.3 11 66.5 1 0 0 1 MTX 1 
 

1 1 
 

1 1 

11 R M PET 1.7 16 76.7 9.9 5 0 0 0 1 
 

1 1 
   

14 R F PET 0.5 8 63.4 6.7 0 1 0 0 1 1 1 
 

1 1 1 

15 R M TAB 0.5 1 79.2 3.5 0 0 1 0 1 
 

1 
    

16 R M PET 1.9 5 69.3 4.7 5 0 0 0 1 
      

17 R M MRI 1 4 49.1 0.2 5 0 0 0 1 1 1 
    

18 R F PET 1.4 25 78 0.2 2.5 0 0 0 1 1 1 1 
   

22 R F TAB 0.6 5 81.1 0.3 15 0 1 0 
 

1 1 
    

23 R M PET 1.2 2 60.7 1 5 0 1 MTX 1 1 1 1 
   

25 R F PET 0.5 5 71.1 10.8 10 0 1 0 1 
 

1 1 
   

27 R F PET 2.4 14 61.1 6.2 0 0 0 MTX 1 
 

1 
    

29 R M PET 2.6 6 65.1 3.5 0 0 0 MTX 1 
 

1 
   

1 

30 R M PET 4.4 7.7 77.1 1.4 5 0 0 0 
  

1 
   

1 

33 R M PET 0.8 1 68.7 6.7 0 0 1 0 
  

1 
    

34 R F PET 8 22 72.2 3.6 0 0 0 MTX 
   

1 
 

1 1 

35 R F PET 0.5 2 77.4 0.6 0 0 1 0 
      

1 
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36 R F PET 0.5 1 60.3 4.8 2.5 0 1 0 
   

1 1 
 

1 

37 R F PET 5 11 76.2 3.1 0 0 0 MTX 
      

1 

38 R M PET 0.6 13 76.4 0.6 5 0 0 0 
   

1 
   

39 R F PET 1 5 61.5 1.2 7.5 0 1 LFN 
      

1 

40 R F PET 0.6 6 67.4 0.8 5 0 1 0 
      

1 

1 A F MRI 26.9 33 67.8 11.5 0 1 0 0 1 
      

2 A M PET 5.5 16 52.7 3.1 0 1 0 0 1 
      

7 A F PET 10 2 61.9 5.3 0 1 0 0 1 1 
     

12 A F MRI 14.9 47 68.7 8.7 10 0 0 LFN 1 1 1 
    

13 A F PET 59.4 33 55.1 1.4 15 0 0 MTX 1 1 1 
    

19 A M TAB 54.4 81 86.8 0 0 1 0 0 1 1 
     

20 A M US 11.2 45 80 1 5 0 0 0 
   

1 
   

21 A M PET 102 
 

81.4 0.2 0 1 0 0 1 1 1 
    

24 A F PET 44,8 86 64.1 0.1 0 1 0 0 1 
 

1 1 
 

1 1 

26 A M PET 64 80 76.9 0.1 0 1 0 0 1 1 1 1 1 
  

28 A F PET 10.8 33 63.7 3.7 5 0 0 0 1 
    

1 1 

31 A M PET 14.1 50 64 0.1 0 1 0 0 
  

1 1 1 1 1 

32 A F PET 79.4 112 72.1 1.1 0 1 0 0 
  

1 1 
 

1 1 

41 A F PET 34.9 39 74.3 0 0 1 0 0 
    

1 
 

1 

2-DG, 2-deoxyglucose; A, active; AZA, azathioprine; csDMARDs, conventional synthetic disease-modifying antirheumatic drugs; F, female; FC, flow cytometry; Fig., figure M, male; LFN, leflunomide; MTX, methotrexate; PET, positron emission 

tomography; R, in remission; Seq., sequencing; TAB, temporal artery biopsy; TCZ, tocilizumab; US, ultrasound; 

*except for the IL-17 expression analysis 

 

 

Suppl. Table 2: Characteristics of subjects included in the transcriptome analysis at blood sampling 

 HD 

(n=6) 

Active GCA 

(n=6) 

Inactive GCA 

(n=6) 

Age (years) – median (IQR) 69.3 (63.5–73.5) 72.8 (60.2–82.8) 67.1 (58.1–78.8) 

Sex, female – no (%) 3 (50) 3 (50) 2 (33.3) 

N. European ethnicity – no (%) 6 (100) 5 (83.3) 6 (100) 

Disease duration (years) – median (IQR) - 0.8 (0–6.1) 0.7 (0.1–2.5) 

CRP (mg/l) – median (IQR)  - 56.9 (13.7–68) 1.3 (0.5–1.8) 

ESR 1 hour (mm) – median (IQR) - 29 (23.8–50.5) 6.5 (4.3–18.5) 

Relapsed cases – no (%) - 1 (16.7) - 

TCZ – no (%) - - 2 (33.3) 

Corticosteroids as monotherapy – no (%) - 1 (16.7) 3 (50) 

Prednisolone or prednisolone equivalent 

dose (mg) – median (IQR) 

- 0 (0–11.3) 5 (1.9–7.5) 

csDMARD – no (%) - 1 (16.7) 1 (16.7) 

CRP, c-reactive protein; csDMARDs, conventional synthetic disease-modifying antirheumatic drugs; IQR, 

interquartile range; TCZ, tocilizumab 
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