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Objective: Proteome analyses in patients with newly diagnosed, untreated giant
cell arteritis (GCA) have not been reported previously, nor are changes of protein
expression upon treatment with glucocorticoids (GC) and/or tocilizumab (TCZ)
known. The GUSTO trial allows to address these questions, provides the
opportunity to learn about the differential effects of GC and TCZ on
proteomics and may help to identify serum proteins to monitor disease activity.

Methods: Serum samples obtained from 16 patients with new-onset GCA
at different time points (day O, 3, 10, and week 4, 24, 52) during the GUSTO
trial (NCT03745586) were examined for 1436 differentially expressed proteins
(DEPs) based on proximity extension assay technology. The patients received
500 mg methylprednisolone intravenously for 3 consecutive days followed
by TCZ monotherapy.

Results: When comparing day O (before the first GC infusion) with week 52
(lasting remission), 434 DEPs (2131, 221]) were identified. In response to
treatment, the majority of changes occurred within 10 days. GC inversely
regulated 25 proteins compared to remission. No difference was observed
between weeks 24 and 52 during established remission and ongoing TCZ
treatment. Expression of CCL7, MMP12, and CXCL9 was not regulated by IL6.

Conclusion: Disease-regulated serum proteins improved within 10 days and
were normalized within 24 weeks, showing a kinetic corresponding to the
gradual achievement of clinical remission. The proteins inversely requlated by
GC and TCZ shed light on the differential effects of the two drugs. CCL7, CXCL9,
and MMP12 are biomarkers that reflect disease activity despite normalized
C-reactive protein levels.
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Introduction

Giant cell arteritis (GCA) is the most common systemic
vasculitis in elderly adults. It is characterized by invading of
immune cells through the adventitial vasa vasorum network in
the immune-privileged three-layered vessel wall (1). Upon
activation of T cells, activated macrophages and T cells form
granulomatous lesions and release a variety of chemokines,
inflammatory cytokines, growth factors, and enzymes.
Chemokines such as CCL19 and CCL21 attract other immune
cells, whereas cytokines like interferon-gamma (IFNYy), tumor
necrosis factor-alpha (TNFa), interleukin (IL)1b, IL2, IL6, IL17,
IL21, and IL22 are responsible for a local and systemic
inflammatory response. Growth and proangiogenic factors
including platelet-derived growth factor (PDGF) and vascular
endothelial growth factor (VEGF) lead to lumen-narrowing
intimal hyperplasia with neovascularization. Enzymes such as
matrix metalloprotease (MMP)-9 cause degeneration of the
extracellular matrix, which facilitates further immigration of
immune cells and leads to weakening of the vessel wall and
formation of aneurysms (1).

The current definition of disease activity in GCA is based on
symptoms, findings in imaging, as well as the inflammatory markers
C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR)
(2). Tocilizumab (TCZ), a monoclonal antibody targeting the IL6
receptor (IL6R), has proven efficacy in GCA treatment, but inhibits
the hepatic acute phase response. Hence, CRP and ESR are unreliable
for monitoring disease activity in TCZ-treated patients (3, 4).

Until now, most studies on serum proteins in GCA were
hypothesis-driven and used pre-specified panels of proteins, e.g.
cellular markers, cytokines and effector molecules. Several proteins,
like ANGPT2, CD163, CHI3L1, CXCL13, CXCL9, CXCL10, IL1B,
IL18, IL2RA, IL6, IL6R, MMP2, MMP3, PTX3, S100A9, SPP1, TEK,
TIMP1, TNC, TNFRSF1A, and VEGFA, were described as potential
markers of active GCA. Furthermore, most data were generated
using sera of patients pre-treated with glucocorticoids (GC) (5-12).
This precluded differentiation between changes induced by disease
versus changes induced by GCs.

A multiplex analysis bears the advantage of identifying
previously unrecognized molecules, while offering the opportunity
to confirm or reject hypotheses.

The goals of our study were (i) to describe the profile of serum
proteins in active, newly diagnosed naive GCA patients compared
to patients in lasting remission at week 52, (ii) to investigate and
compare the effects of pulsed GC treatment and ensuing long-term
TCZ monotherapy on changes in serum protein expression pattern,
and (iii) to identify serum proteins which are not under the control
of IL6 and, thus, may qualify as biomarkers of disease activity in
patients with GCA, especially in patients treated with TCZ.
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Patients and methods
Patients and samples

Patients with newly diagnosed GCA were enrolled in the GCA
treatment with ultra-short GCs and TCZ (GUSTO) trial and
received 500 mg/d methylprednisolone intravenously for 3
consecutive days (NCT03745586) (13). Thereafter, GC treatment
was discontinued, and a single dose of TCZ (8 mg/kg body weight)
was administered intravenously, followed by weekly subcutaneous
TCZ injections (162 mg) from day 10 until week 52. Serum samples
were collected according to standard operating procedures
(processed 30 minutes after venipuncture, centrifugation at 2730
r.p.m. for 10 min) prior to treatment or with the least prior GC
exposure (referred to as day 0), at day 3 (after GC treatment), and
during TCZ monotherapy at day 10 and weeks 4, 24, and 52
(Supplementary Figure 1). Samples were stored at —80°C until
further analysis.

A total of 18 patients were included in the GUSTO study and
13/18 patients completed the 52-week treatment course. 16/18
patients contributed samples for this study. In 13/16 patients, the
first sample was obtained prior to any GC treatment, 3/16 patients
had a median of 3 days (1, 3, and 7 days respectively) of prior oral
GC treatment (daily dose: 20-60 mg prednisolone). Samples from
all 13 patients completing the study were analyzed (6 time points/
patient). Additionally, two samples (day 0, week 4) from one patient
who discontinued the study due to diverticulitis after achieving
remission, and six samples (day 0, 3, and 10, each) from two
patients who discontinued the study after day 10 due to persistent
cranial symptoms were included. In total, 86 samples were assessed.
Baseline characteristics are displayed in the Supplementary Table 1.

Measurements and statistics

Serum samples were analyzed on Olink Explore 1536 (Uppsala,
Sweden), a proximity extension assays (PEA) multiplex
immunoassay platform capturing 1463 proteins (14).

Normalized protein expression values (NPX) were used for
analysis. Principal component analysis (PCA) and sample-wise
NPX-distribution was evaluated for outliers. Samples identified as
outliers were excluded from downstream analysis along with those
with quality control (QC)-warning status.

Protein-wise t-tests compared NPX-values between the two
groups (threshold, adjusted p-value < 0.05) and results were
adjusted for multiple testing (Benjamini-Hochberg) to identify
differentially expressed proteins (DEPs). In the first step, we
investigated whether there was a difference in day 0 samples of
those patients with as compared to without prior GC treatment. In
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case of a difference due to previous GC treatment, we intended to
analyze both groups separately. In a second step, we compared
samples between day 0 versus day 3 (referred to as GC treatment),
week 4 versus week 52 (referred to as TCZ treatment), day 0 versus
week 52 (referred to as remission), day 3 versus week 4 (weaning
effect of GC and evolving effect of TCZ treatment), and week 4
(comparison based on remission status).

Protein-wise ANOVA compared NPX-values between groups
(day 0, day 3, day 10, week 4, week 24, and week 52) and results
were adjusted for multiple testing using the Benjamini-Hochberg
method. Significant differences were determined by post-hoc
analysis (Tukey’s test).

Analyses were performed on Olink Insights Stat Analysis. Venn
diagrams were created using the online tool InteractiVenn (15).
Corresponding protein and gene names are listed in the
Supplementary Table 2.

Results

Day 0 versus week 52: active disease
versus remission

Compared to week 52 (stable remission for more than six months),
213 proteins were up-regulated, and 221 proteins were down-regulated
at day 0 (active disease prior to administration of GC pulse therapy).

The ten most significant DEPs included: IL6R, PRTG, ITGAV (all
three up-regulated), LBP, ITIH3, PLA2G2A, LRIGI, TNFSF14, TNC,
and FURIN (all seven down-regulated, Supplementary Figure 2).

Most changes occurred within 10 days after treatment started
(Figure 1). No difference was observed between weeks 24 and 52
during stable remission. No protein expression was continuously
increased or decreased from day 3 to week 52. However, four proteins
(CDON, IL6R, SIGLECS6, and ERBB2) were found continuously up-

DayO0 vs Day3
(219)

Week24 vs Week
0)

FIGURE 1
Kinetics of differential expressed proteins over the six time points.
Displayed are the total number of differentially expressed proteins.
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and two proteins (AREG and ILIR2) continuously down-regulated
from day 3 to week 4. Two proteins (LBP, PLA2G2A) were
continuously down-regulated from day 0 to day 10 and five
proteins (IL6, MMP12, CXCL10, CCL7, CDCP1) were down-
regulated from day 0 to day 3 and again from week 4 to week 24.
One protein (IL6R) continuously increased from day 0 to week 4.

Comparison of patients with and without
prior GC treatment

Day 0 samples from patients with previous GC treatment (n=3)
were compared to day 0 samples from patients without prior GC
treatment (n=13). Only one protein, namely CLPP (down-regulated
upon GC treatment), exhibited differential expression between the
two groups (Supplementary Figure 3). As only one DEP was revealed,
analysis in this study was performed for both groups combined.

In contrast, analysis of the two patients with > 1 day of prior
oral GC treatment (3 and 7 days, respectively) as compared to
patients without prior oral GC treatment revealed 36 DEPs. The ten
most significant included MMP12, TNC, ANGPTL1, CHRDLI,
GALNT3, CLPP, IL20RA, PREB (down-regulated upon GC
treatment), and MMP3, CTSF (up-regulated upon GC treatment).

Day 0 versus day 3: effect of pulsed
GC treatment

In response to GC-pulse therapy for 3 days, the NPX-value of 208
proteins changed. In total, 94 proteins were up- and 114 down-
regulated. The ten most significant DEPs included ANGPTL?7,
AREG, IL1RL1, MATN3, MMP3, SPARCLI (up-regulated) and
IL12A, TL12B, KLK10, SIGLEC6 (down-regulated) (Figure 2). Out
of these ten proteins, only ANGPTL7 displayed the same trend upon
remission (day 0 versus week 52). KLK10 displayed an opposite trend
upon remission (increased levels at week 52 compared to day 0).

Twenty-five proteins were down- and 24 up-regulated with GC
treatment and upon remission. On the other hand, we identified 19
DEPs that were down-regulated at day 3 and up-regulated at week
52 as compared to day 0, and 6 proteins (PROK1, TGFA, VSIG4,
SMOCI, PTX3, TNC) that were up-regulated at day 3 and down-
regulated at week 52 compared to day 0.

Upon GC-pulse therapy, many proteins showed impressive
changes, which (almost) returned to pre-treatment levels, allowing an
estimation of the kinetics and lasting effect of GC-pulse therapy.
Further, we investigated the kinetics after day 3 of the 159/208 DEPs
related to GC treatment that did not mirror disease activity to estimate
the duration of the GC effect on serum proteins. We assessed the time
to return to the day O levels for those proteins. 70/159 were up-
regulated, and 89/159 were down-regulated upon day 3. After removal
of those proteins (6 and 19, respectively) that displayed an opposite
regulation upon GC treatment and remission, 64/70 proteins were up-,
and 70/89 down-regulated on day 3. Most of those proteins returned to
the day 0 level at day 10 (46/64 and 64/70). However, some proteins
changed later, namely at week 4 (11/64 and 1/70), week 24 (4/64 and 4/
70), and even at week 52 (3/64 and 1/70).
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Comparison day O versus day 3. (A), Volcano plot of the results from t-tests. The dots are colored based on the corresponding protein adjusted p-

value. The dotted line represents a nominal p-value = 0.05. (B), Boxplots

of the 10 most significant differentially expressed proteins. Displayed are

normalized protein expression (NPX) values. The box fill color indicates the sampling day. For all comparisons the significance is p < 0.0001.

Day 3 to week 4: weaning effect of GC and
evolving effect of TCZ treatment

The interval between day 3 and week 4 reflects the weaning GC
effect and the evolving TCZ effect. We identified a total of 497 DEPs
between day 3 and week 4. The ten most significant DEPs included
IL6R, CDON, IL12A, IL12B, CD83, TNFRSF4, ADAM?23, IL6,
FLT3LG, and SIGLEC6 (all up-regulated). IL6R, CDON, CD83,
ADAM23, IL6, and FLT3LG displayed the same trend upon
remission (higher level at week 52 as compared to day 0). IL12A,
IL12B, TNFRSF4, and SIGLEC6 displayed no significant changes
upon remission (week 52 as compared to day 0). In total, 303/497
proteins were up- and 194/497 down-regulated.

Frontiers in Immunology

Week 4 versus week 52: effect of TCZ

Based on the results above the changes measured between week 4
and week 52 are to an increasing extent induced by TCZ. Eleven
DEPs (CDCP1, SOD2, CCL7, CXCL10, IL6, MMP12, CXCL9,
CDON, TNFRSF8, TNC, and CLEC5A) were identified. All eleven
DEPs were down-regulated at week 52 as compared to week 4. Five/
11 DEPs displayed the same trend upon remission (CCL7, MMP12,
CXCL9, TNC, CLEC5A). TNC, however, was up-regulated upon GC
treatment (day 0 versus day 3), and CLEC5A displayed a slow kinetic
- yet mirroring disease activity — with no changes between day 0
versus day 3, day 10, and week 4 but with down-regulation on day 0
versus week 24 and 52, respectively. On the other hand, 2/11 DEPs
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(IL6, CDON) displayed the opposite trend upon TCZ treatment
(down-regulated) and remission (up-regulated).

Results of concomitant ultrasound analysis have been reported
previously (16). There was an increasing wall thickness after day 3
on ultrasound as a possible expression of returning disease activity
after stopping GC treatment. To investigate protein-expression that
mirrors this disease activity-evolution, we identified DEPs with an
opposite regulation upon remission, GC and TCZ treatment
compared to day 3 versus week 4 or day 3 versus day 10. We
identified 3 DEPs (CCL7, CXCL9, and MMP12).

At week 4 there was only one protein, IL4R, that was different

between patients in remission (n=4) and patients not in remission

CCL18

10.3389/fimmu.2023.1165758

(n=10). Patients in remission displayed lower levels of IL4R as
compared to patients not in remission.

Boxplots of selected proteins of interest (CCL7, CCL18,
CHI3L1, CSF1, CXCL9, CXCL10, IL6, IL6R, MMP9, MMP12,
SPP1, and TNFRSF1A) are displayed in Figure 3.

Discussion

Compared to patients in remission, newly diagnosed, active
GCA patients showed 434/1463 differentially regulated proteins.
208/1463 proteins were regulated by pulsed GC treatment and 11/
1463 by subsequent TCZ monotherapy. To our knowledge, this is
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the first study to report an in-depth analysis of serum proteins in
new-onset GCA. The study design allowed for the comparative
analysis of the effects of GC and TCZ treatment on the protein
serum signature in GCA.

A three-day course of methylprednisolone resulted in the
change of 14% of proteins assessed (208/1463, 14%). The high
number reflects the combined genomic and non-genomic effects
(17). In addition to remission-inducing, anti-inflammatory, and
immune-suppressive effects, the data illustrate metabolic effects,
demonstrating the central function of GC as a stress hormone. In
line, we observed that most protein changes induced by GC
treatment (159/208, 76%) were not congruent with remission.
Similar data were recently reported in a transcriptome study of
peripheral monocytes of GCA patients in remission (on < 10 mg/d
prednisone for a minimum of 1 month versus oft GC treatment):
3550 genes were differentially expressed in GC-treated patients (18).
Remarkably, most of the 159/208 DEPs of our study had returned to
initial levels at week 4. This finding argues for a limited duration of
pulsed GCs, presumably between 10 days and 4 weeks.

Remission had a broader impact on serum protein expression in
patients with GCA compared to pulse GC treatment and changed
every third protein (434/1436, 30%). This profound impact of disease
activity on serum proteomics in GCA is a novel finding.
Longitudinally monitoring of protein expression revealed that these
changes occurred early on. They were already seen within 10 days
after initiation of treatment and concluded by week 24. Data
published in 2018 on rheumatoid arthritis demonstrated a 24-week
treatment with TCZ to result in broader proteomic changes toward
healthy controls compared to infliximab or methotrexate. Of note,
most of these changes occurred within 4 weeks (19). This is in line
with our data depicting most changes within the same timeframe. In
the GUSTO trial, 14/18 patients achieved clinical remission after a
mean of 11.1 (8.3-13.9) weeks. This clinical profile is consistent with
our proteomic data demonstrating that most changes in serum
proteomics occurred during active disease, whereas no differences
were observed during stable remission, i.e., after week 24. Median
CRP levels were within the normal range from day 10 throughout the
study to week 52, a known effect of TCZ treatment, and were
therefore not helpful in assessing disease activity. Notably, a cross-
sectional analysis conducted at week 4, which was based on remission
status, revealed only one DEP as compared to the longitudinal
analysis based on remission status. It is important to note that at
week 4, the definition of remission was based solely on subjective
findings such as symptoms. However, this approach remains a
challenge in clinical practice as mild symptoms such as headaches
are common and typically do not require treatment interventions.
Additionally, this subjective definition of remission was not
accompanied by significant differences at the protein level.

Based on the kinetics of GC-induced changes, any regulation of
protein expression after week 4 is likely related to TCZ treatment.
Between weeks 4 and 52, 11 DEPs were identified, and 5/11 (CCL7,
MMP12, CXCL9, TNC, CLEC5A) proteins displayed the same
trend upon TCZ treatment and during remission. Of these, TNC,
associated with active AAV, was found to be up-regulated upon GC
treatment and, therefore, might not be a reliable marker in
conventional co-medication of GC plus TCZ (20). The serum
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levels of the four proteins CCL7, CXCL9, MMP12, and CLEC5A
gradually declined towards remission, arguing for a potential role in
monitoring GCA disease activity during TCZ-induced clinical
remission and normalized CRP. Out of these, CLEC5A displayed
a slow kinetic and might not be able to capture dynamic changes
related to disease activity. Interestingly, these biomarkers cover
different aspects of GCA pathobiology. CCL7 is involved in the
recruitment of monocytes and has been identified previously as
being overexpressed in monocytes of patients with active GCA (18).
CXCL9 is linked to INFy-related effects and B-cell trafficking in
GCA, and up to now, TCZ treatment was not thought to interfere
with INFy-related signaling (21, 22). However, we observed
decreased CXCL9 levels related to remission, GC, and
importantly TCZ treatment. MMP12 participates in degrading
elastic layers and basement membrane and is linked to GCA (23).

Due to their potential deleterious role in the destruction of the
arterial vessel wall and formation of aneurysm, MMPs merit a special
attention. In line with a previous study on RNA microarray analysis
in temporal artery biopsies of GCA patients, we identified MMP12
and MMP9, which enable the trafficking of inflammatory cells to the
vessel wall, as markers of disease activity in GCA (23). Of the eight
MMPs assessed in our study (MMP1, 3,7, 8, 9, 10, 12, and 13), four
MMPs (MMP], 8, 9, and 12) were down-regulated upon remission,
and one out of these four (MMPI12) upon GC treatment. MMP3
displayed no change upon remission but an increase upon GC
treatment. In our phase-II RCT about TCZ to treat GCA, we
reported high levels of MMP3 in clinical and serological full
remission (6). Based on our current findings, the elevated levels of
MMP3 in the RCT were most likely induced by the concomitant GC
treatment and not as a reflection of disease activity. This is in line with
another study in GCA that found MMP9 and MMP12 but not
MMP3 levels to mirror disease activity (24). IL6 is known to induce
the expression of the tissue inhibitor of metalloproteinases (TIMP)
(25). Therefore, by blocking the IL6 pathway, TCZ blocks the natural
inhibitor of tissue-destructive MMPs. The induction of MMP3 by
GC, together with inhibition of TIMP by TCZ, explains the high risk
of intestinal perforation but also the reported weakening of arterial
wall with the development of aortal aneurysms. Taken together, the
data strongly argue for a rapid reduction of concomitant GC.

As expected, there was an increase of the soluble IL6R related to
TCZ treatment over time, achieving stable values after week 4. IL6,
biologically not active under TCZ treatment, displayed peak levels
at day 10 and a decline from day 10 to week 24, with stable values
between week 24 and 52. This decline was not expected as IL6 levels
did not decrease during TCZ treatment in the first RCT about TCZ
to treat GCA (6). Another study demonstrated an early peak of IL6
levels approximately 14 days after initiation of TCZ with disease-
specific differences (26). In a recent report, a decline of IL6 levels in
13/26 patients receiving TCZ treatment was associated with a low
risk for early relapse (27). Collectively, the data are in line with the
very low numbers of relapse in the GUSTO trial.

CSF1, a marker of active GCA that stimulates IL6 and GM-CSF
production, decreased during the study (7, 28). Furthermore, we
confirmed a significant decline of osteopontin (SPP1) (p=0.44) (6).
Osteopontin has been proposed as a candidate to quantify disease
activity in TCZ-treated patients and in chronic periaortitis (11, 29).
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Similar findings were reported in a study about biomarkers in
systemic sclerosis (30). It showed a decrease in CCL18 and
osteopontin levels under TCZ treatment. The authors postulated
that IL6 and CSF1 stimulate monocytes to differentiate to
macrophages secreting osteopontin and CCL18 (30). In GCA, a
GM-CSF skewed MMP9" macrophage subset produces CHI3L1,
which may facilitate tissue destruction and angiogenesis (31). We
observed decreased levels of CHI3L1 and MMP9 upon TCZ-
treatment but no change upon GC-treatment. This is in line with
prior findings indicating that CHI3L1 levels are elevated during
active GCA and fail to normalize after GC-treatment (31).

In line with a previous study that assessed serum proteins of
treatment-naive GCA patients as compared to healthy controls, we
found elevated levels in active disease as compared to remission for
TNC, TNFRSF1A, CSF1, MMP1, MMP9 and no change in LIF,
MMP3, and IL33, IL1A protein levels (7).

A limitation of this study is the small number of patients.
Furthermore, due to the statistical approach of a proof-of-concept
trial with a Simon’s two stage design, there is no control population.
Strengths are the homogeneous study population of new-onset GCA,
most with histologically proven GCA, without any GC medication
prior to study entry and the unbiased large protein profile.

One-third of the measured proteins covering wide biological
functions changed in response to pulsed GC treatment, followed by
TCZ monotherapy with most of the changes occurring within 10
days after treatment started. Several proteins were inversely induced
by GC or TCZ. The data improve our understanding of the
pathobiology of GCA and identify biomarkers, which detect
subclinical disease activity beyond acute phase proteins such as
C-reactive protein. They may qualify to monitor disease activity
independent of treatment modality, e.g., IL6 blockade by TCZ.
CCL7, CXCL9, and MMP12 should be further explored as
biomarkers of disease activity in TCZ-treated GCA patients.

Data availability statement

The original contributions presented in the study are publicly
available. This data can be found here: https://osf.io/rqmtg/?
view_only=c4cd2d9bf3b24b4283d9e62571930a8b.

Ethics statement

The studies involving human participants were reviewed and
approved by local ethics committee (Kantonale Ethikkommission
Bern). The patients/participants provided their written informed
consent to participate in this study.

Author contributions

LC and PV initiated the study. AG, FB, FK, LC, PV, SR, and TG
were involved in the study conception, design and implementation
and data interpretation. AG, LC and PV drafted the manuscript.
It was finalized by AG, FB, FK, LC, PV, SR, and TG. AG, LC, and

Frontiers in Immunology

10.3389/fimmu.2023.1165758

PV had full access to all the data in the study, and accessed and
verified the data. All authors contributed to the article and approved
the submitted version.

Funding

The study was funded 50% by the Research Funds of the
Department of Rheumatology, Immunology and Allergology,
University Hospital and University of Bern, Bern, Switzerland, and
50% by F Hoffmann-La Roche. The funder F Hoffmann-La Roche
was not involved in the study design, collection, analysis,
interpretation of data, the writing of this article, or the decision to
submit it for publication. Open access funding by University Of Bern.

Acknowledgments

We thank Sabine Hasler, Andrea Ziorjen Kipfer, Barbara
Strehler, and Astrid Zbinden for their outstanding support in
conducting of the study. Statistical analysis was conducted with
the help of the Olink Statistical Services, we thank Boxi Zhang.

Conflict of interest

LC reports research/non-financial support, advisory fee and
stock ownership from Gilead Sciences, F. Hoffmann-La Roche,
Novartis, Pfizer, Bristol-Myers Squibb, and Sanofi. FB has
received consultancy fees, honoraria and travel expenses from
Abbvie, Galapagos, Novartis, Pfizer, Roche, and Sanofi, all
unrelated to this manuscript. FK is a shareholder of Roche, was a
consultant of Actelion, BMS, Boehringer-Ingelheim, and Pfizer, has
grant/research support from Gilead, Pfizer and Roche, and is
currently employed by Roche. PV has received consultancy fees,
honoraria and travel expenses from F. Hoffmann-La Roche, MSD,
Abbvie, Pfizer, Griinenthal, Amgen, Bristol-Myers Squibb,
and Janssen.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be constructed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1165758/
full#supplementary-material

frontiersin.org


https://osf.io/rqmtg/?view_only=c4cd2d9bf3b24b4283d9e62571930a8b
https://osf.io/rqmtg/?view_only=c4cd2d9bf3b24b4283d9e62571930a8b
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1165758/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1165758/full#supplementary-material
https://doi.org/10.3389/fimmu.2023.1165758
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Christ et al.

References

1. Weyand CM, Goronzy JJ. Immune mechanisms in medium and Large-vessel
vasculitis. Nat Rev Rheumatol (2013) 9(12):731-40. doi: 10.1038/nrrheum.2013.161

2. Hellmich B, Agueda A, Monti S, Buttgereit F, de Boysson H, Brouwer E, et al.
Update of the eular recommendations for the management of Large vessel vasculitis.
Ann rheumatic Dis (2018) 79(1):19-30. doi: 10.1136/annrheumdis-2019-215672

3. Villiger PM, Adler S, Kuchen S, Wermelinger F, Dan D, Fiege V, et al.
Tocilizumab for induction and maintenance of remission in giant cell arteritis: a
phase 2, randomised, double-blind, placebo-controlled trial. Lancet (2016) 387
(10031):1921-7. doi: 10.1016/S0140-6736(16)00560-2

4. Stone JH, Tuckwell K, Dimonaco S, Klearman M, Aringer M, Blockmans D, et al.
Trial of tocilizumab in giant-cell arteritis. N Engl ] Med (2017) 377(4):317-28.
doi: 10.1056/NEJMoal613849

5. Rodriguez-Pla A, Warner RL, Cuthbertson D, Carette S, Khalidi NA, Koening CL,
et al. Evaluation of potential serum biomarkers of disease activity in diverse forms of
vasculitis. ] Rheumatol (2020) 47(7):1001-10. doi: 10.3899/jrheum.190093

6. Gloor AD, Yerly D, Adler S, Reichenbach S, Kuchen S, Seitz M, et al. Immuno-
monitoring reveals an extended subclinical disease activity in tocilizumab-treated giant
cell arteritis. Rheumatol (Oxford) (2018) 57(10):1795-801. doi: 10.1093/rheumatology/
key158

7. Burja B, Feichtinger J, Lakota K, Thallinger GG, Sodin-Semrl S, Kuret T, et al.
Utility of serological biomarkers for giant cell arteritis in a Large cohort of
treatment-naive patients. Clin Rheumatol (2019) 38(2):317-29. doi: 10.1007/s10067-
018-4240-x

8. van der Geest KS, Abdulahad WH, Rutgers A, Horst G, Bijzet ], Arends S, et al.
Serum markers associated with disease activity in giant cell arteritis and polymyalgia
rheumatica. Rheumatol (Oxford) (2015) 54(8):1397-402. doi: 10.1093/rheumatology/
keu526

9. van Sleen Y, Sandovici M, Abdulahad WH, Bijzet J, van der Geest KSM, Boots
AMH, et al. Markers of angiogenesis and macrophage products for predicting disease
course and monitoring vascular inflammation in giant cell arteritis. Rheumatol
(Oxford) (2019) 58(8):1383-92. doi: 10.1093/rheumatology/kez034

10. Kuret T, Frank-Bertoncelj M, Lakota K, Zigon P, Thallinger GG, Kopitar AN,
et al. From active to non-active giant cell arteritis: longitudinal monitoring of patients
on glucocorticoid therapy in combination with leflunomide. Front Med (Lausanne)
(2021) 8:827095. doi: 10.3389/fmed.2021.827095

11. Prieto-Gonzalez S, Terrades-Garcia N, Corbera-Bellalta M, Planas-Rigol E,
Miyabe C, Alba MA, et al. Serum osteopontin: a biomarker of disease activity and
predictor of relapsing course in patients with giant cell arteritis. potential clinical
usefulness in tocilizumab-treated patients. RMD Open (2017) 3(2):e000570.
doi: 10.1136/rmdopen-2017-000570

12. Visvanathan S, Rahman MU, Hoffman GS, Xu S, Garcia-Martinez A, Segarra M,
et al. Tissue and serum markers of inflammation during the follow-up of patients with
giant-cell arteritis—a prospective longitudinal study. Rheumatol (Oxford) (2011) 50
(11):2061-70. doi: 10.1093/rheumatology/ker163

13. Christ L, Seitz L, Scholz G, Sarbu A-C, Amsler J, Biitikofer L, et al. Tocilizumab
monotherapy after ultra-short glucocorticoid administration in giant cell arteritis: a
single-arm, open-label, proof-of-Concept study. Lancet Rheumatol (2021) 3(9):e619-
€26. doi: 10.1016/S2665-9913(21)00152-1

14. Assarsson E, Lundberg M, Holmquist G, Bjorkesten J, Thorsen SB, Ekman D,
et al. Homogenous 96-plex pea immunoassay exhibiting high sensitivity,
specificity, and excellent scalability. PloS One (2014) 9(4):¢95192. doi: 10.1371/
journal.pone.0095192

15. Heberle H, Meirelles GV, da Silva FR, Telles GP, Minghim R. Interactivenn: a
web-based tool for the analysis of sets through Venn diagrams. BMC Bioinf (2015)
16:169. doi: 10.1186/s12859-015-0611-3

16. Seitz L, Christ L, Lotscher F, Scholz G, Sarbu AC, Biitikofer L, et al. Quantitative
ultrasound to monitor the vascular response to tocilizumab in giant cell arteritis.
Rheumatol (Oxford) (2021) 60(11):5052-9. doi: 10.1093/rheumatology/keab484

Frontiers in Immunology

08

10.3389/fimmu.2023.1165758

17. Stahn C, Buttgereit F. Genomic and nongenomic effects of glucocorticoids. Nat
Clin Pract Rheumatol (2008) 4(10):525-33. doi: 10.1038/ncprheum0898

18. Estupinan-Moreno E, Ortiz-Fernandez L, Li T, Hernandez-Rodriguez J, Ciudad
L, Andreés-Leon E, et al. Methylome and transcriptome profiling of giant cell arteritis
monocytes reveals novel pathways involved in disease pathogenesis and molecular
response to glucocorticoids. Ann Rheum Dis (2022) 81(9):1290-300. doi: 10.1136/
annrheumdis-2022-222156

19. Tasaki S, Suzuki K, Kassai Y, Takeshita M, Murota A, Kondo Y, et al. Multi-
omics monitoring of drug response in rheumatoid arthritis in pursuit of molecular
remission. Nat Commun (2018) 9(1):2755. doi: 10.1038/s41467-018-05044-4

20. Ishizaki J, Takemori A, Suemori K, Matsumoto T, Akita Y, Sada KE, et al.
Targeted proteomics reveals promising biomarkers of disease activity and organ
involvement in antineutrophil cytoplasmic antibody-associated vasculitis. Arthritis
Res Ther (2017) 19(1):218. doi: 10.1186/s13075-017-1429-3

21. Corbera-Bellalta M, Planas-Rigol E, Lozano E, Terrades-Garcia N, Alba MA,
Prieto-Gonzalez S, et al. Blocking interferon I'" reduces expression of chemokines Cxcl9,
Cxcl10 and Cxcl11 and decreases macrophage infiltration in ex vivo cultured arteries
from patients with giant cell arteritis. Ann Rheum Dis (2016) 75(6):1177-86.
doi: 10.1136/annrheumdis-2015-208371

22. Graver JC, Abdulahad W, van der Geest KSM, Heeringa P, Boots AMH,
Brouwer E, et al. Association of the Cxcl9-Cxcr3 and Cxcl13-Cxcr5 axes with b-cell
trafficking in giant cell arteritis and polymyalgia rheumatica. J Autoimmun (2021)
123:102684. doi: 10.1016/j.jaut.2021.102684

23. Rodriguez-Pla A, Martinez-Murillo F, Savino PJ, Eagle RC, Seo P, Soloski MJ.
Mmp-12, a novel matrix metalloproteinase associated with giant cell arteritis.
Rheumatol (Oxford) (2009) 48(11):1460-1. doi: 10.1093/rheumatology/kep271

24. van Sleen Y, Therkildsen P, Nielsen BD, van der Geest KSM, Hansen I, Heeringa
P, et al. Angiopoietin-2/-1 ratios and mmp-3 levels as an early warning sign for the
presence of giant cell arteritis in patients with polymyalgia rheumatica. Arthritis Res
Ther (2022) 24(1):65. doi: 10.1186/s13075-022-02754-5

25. Lotz M, Guerne PA. Interleukin-6 induces the synthesis of tissue inhibitor of
metalloproteinases-1/Erythroid potentiating activity (Timp-1/Epa). ] Biol Chem (1991)
266(4):2017-20. doi: 10.1016/S0021-9258(18)52202-X

26. Nishimoto N, Terao K, Mima T, Nakahara H, Takagi N, Kakehi T. Mechanisms
and pathologic significances in increase in serum interleukin-6 (I1-6) and soluble il-6
receptor after administration of an anti-Il-6 receptor antibody, tocilizumab, in patients
with rheumatoid arthritis and castleman disease. Blood (2008) 112(10):3959-64.
doi: 10.1182/blood-2008-05-155846

27. Berger CT, Rebholz-Chaves B, Recher M, Manigold T, Daikeler T. Serial il-6
measurements in patients with tocilizumab-treated Large-vessel vasculitis detect
infections and may predict early relapses. Ann rheumatic Dis (2019) 78(7):1012-4.
doi: 10.1136/annrheumdis-2018-214704

28. Jiemy WF, van Sleen Y, van der Geest KS, Ten Berge HA, Abdulahad WH,
Sandovici M, et al. Distinct macrophage phenotypes skewed by local granulocyte
macrophage colony-stimulating factor (Gm-csf) and macrophage colony-stimulating
factor (M-csf) are associated with tissue destruction and intimal hyperplasia in giant
cell arteritis. Clin Transl Immunol (2020) 9(9):e1164. doi: 10.1002/cti2.1164

29. Binder M, Christoph S, Sehnert B, Uhl M, Peter HH, Voll RE, et al. Elevated
serum osteopontin levels in idiopathic retroperitoneal fibrosis. Clin Exp Rheumatol
(2012) 30(5):772-5.

30. Gao X, Jia G, Guttman A, DePianto D], Morshead KB, Sun KH, et al.

Osteopontin links myeloid activation and disease progression in systemic sclerosis.
Cell Rep Med (2020) 1(8):100140. doi: 10.1016/j.xcrm.2020.100140

31. van Sleen Y, Jiemy WEF, Pringle S, van der Geest KSM, Abdulahad WH,
Sandovici M, et al. A distinct macrophage subset mediating tissue destruction and
neovascularization in giant cell arteritis: implication of the ykl-40/Interleukin-13
receptor Alpha2 axis. Arthritis Rheumatol (2021) 73(12):2327-37. doi: 10.1002/
art.41887

frontiersin.org


https://doi.org/10.1038/nrrheum.2013.161
https://doi.org/10.1136/annrheumdis-2019-215672
https://doi.org/10.1016/S0140-6736(16)00560-2
https://doi.org/10.1056/NEJMoa1613849
https://doi.org/10.3899/jrheum.190093
https://doi.org/10.1093/rheumatology/key158
https://doi.org/10.1093/rheumatology/key158
https://doi.org/10.1007/s10067-018-4240-x
https://doi.org/10.1007/s10067-018-4240-x
https://doi.org/10.1093/rheumatology/keu526
https://doi.org/10.1093/rheumatology/keu526
https://doi.org/10.1093/rheumatology/kez034
https://doi.org/10.3389/fmed.2021.827095
https://doi.org/10.1136/rmdopen-2017-000570
https://doi.org/10.1093/rheumatology/ker163
https://doi.org/10.1016/S2665-9913(21)00152-1
https://doi.org/10.1371/journal.pone.0095192
https://doi.org/10.1371/journal.pone.0095192
https://doi.org/10.1186/s12859-015-0611-3
https://doi.org/10.1093/rheumatology/keab484
https://doi.org/10.1038/ncprheum0898
https://doi.org/10.1136/annrheumdis-2022-222156
https://doi.org/10.1136/annrheumdis-2022-222156
https://doi.org/10.1038/s41467-018-05044-4
https://doi.org/10.1186/s13075-017-1429-3
https://doi.org/10.1136/annrheumdis-2015-208371
https://doi.org/10.1016/j.jaut.2021.102684
https://doi.org/10.1093/rheumatology/kep271
https://doi.org/10.1186/s13075-022-02754-5
https://doi.org/10.1016/S0021-9258(18)52202-X
https://doi.org/10.1182/blood-2008-05-155846
https://doi.org/10.1136/annrheumdis-2018-214704
https://doi.org/10.1002/cti2.1164
https://doi.org/10.1016/j.xcrm.2020.100140
https://doi.org/10.1002/art.41887
https://doi.org/10.1002/art.41887
https://doi.org/10.3389/fimmu.2023.1165758
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Serum proteomics in giant cell arteritis in response to a three-day pulse of glucocorticoid followed by tocilizumab monotherapy (the GUSTO trial)
	Introduction
	Patients and methods
	Patients and samples
	Measurements and statistics

	Results
	Day 0 versus week 52: active disease versus remission
	Comparison of patients with and without prior GC treatment
	Day 0 versus day 3: effect of pulsed GC treatment
	Day 3 to week 4: weaning effect of GC and evolving effect of TCZ treatment
	Week 4 versus week 52: effect of TCZ

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


