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Abstract

Early diagnosis and treatment of giant cell arteritis (GCA) is crucial for preventing ischemic complications. Multiple serological
markers have been identified; however, there is a distinct lack of predicting markers for GCA relapse and complications. Our
main objective was to identify serological parameters in a large cohort of treatment-naive GCA patients, which could support
clinicians in evaluating the course of the disease. Clinical data was gathered, along with analyte detection using Luminex
technology, ELISA, and nephelometry, among others. Unsupervised hierarchical clustering and principal component analysis
of analyte profiles were performed to determine delineation of GCA patients and healthy blood donors (HBDs). Highest,
significantly elevated analytes in GCA patients were SAA (83-fold > HBDs median values), IL-23 (58-fold), and IL-6 (11-fold).
Importantly, we show for the first time significantly changed levels of MARCO, alpha-fetoprotein, protein C, resistin, TNC, TNF
RI, M-CSF, IL-18, and IL-31 in GCA versus HBDs. Changes in levels of SAA, CRP, haptoglobin, ESR, MMP-1 and MMP-2,
and TNF-alpha were found associated with relapse and visual disturbances. aCL IgG was associated with limb artery involve-
ment, even following adjustment for multiple testing. Principal component analysis revealed clear delineation between HBDs
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and GCA patients. Our study reveals biomarker clusters in a large cohort of patients with GCA and emphasizes the importance of
using groups of serological biomarkers, such as acute phase proteins, MMPs, and cytokines (e.g. TNF-alpha) that could provide
crucial insight into GCA complications and progression, leading to a more personalized disease management.

Keywords Biomarkers - Clustering - Complications - Giant cell arteritis - Prognosis - Relapse

Introduction

Giant cell arteritis (GCA) is characterized by general symp-
toms, such as fatigue and weight loss, and ischemic symptoms,
such as severe headaches, vision disturbances, and jaw claudi-
cation [1]. The five 1990 ACR classification criteria for GCA
include age over 50 (at disease presentation), newly experi-
enced headache, temporal artery abnormality, elevated erythro-
cyte sedimentation rate (ESR) and positive artery biopsy.
Presence of at least three criteria yields a diagnostic sensitivity
0f' 93% and a specificity of 91% for GCA [2]. Temporal artery
biopsy (TAB) represented until recently a gold standard for
GCA confirmation; nonetheless, a negative biopsy cannot ex-
clude the diagnosis. Presently, clinicians are relying more on
ultrasound results of cranial and extracranial arteries, showing
better sensitivity in comparison to TAB [3]. The most urgent
conditions in GCA are visual disturbances, which could be, as a
consequence of ischemic optic neuropathy, transient or perma-
nent and may lead to partial or even complete vision loss. GCA
remains one of the main causes of blindness in elderly people in
Western countries [4]. Permanent visual loss can be prevented if
GCA is treated promptly with glucocorticoids [5—7]. However,
high doses of glucocorticoids may exhibit a variety of side
effects and even though a slow tapering regiment (treatment
duration usually over 2 years) is applied, relapses often occur
[5]- The clinical course of GCA is highly variable from patient
to patient, although generally, there is improvement with an
overall disease resolution following treatment. The number of
patients diagnosed with GCA by 2050 is projected to be over 3
million in Europe, North America, and Oceania, representing a
significant clinical and financial challenge [8]. Several previous
reports have described potential serological markers for GCA
[9-18], among them cytokines, chemokines, growth factors,
cell adhesion molecules, and matrix metalloproteinases
(MMPs). In 2000, Weyand et al. emphasized that interleukin
(IL)-6 may act as a biological marker of GCA activity in un-
treated and treated GCA patients [19]. Cid et al. reported that
presence of a strong acute phase response defined a subgroup of
patients with very low risk of developing visual loss and cranial
ischemic complications in GCA [20]. In line with this report,
Hocevar et al. confirmed the negative association between high
levels of acute phase proteins and visual loss and exposed a
novel positive association between acute phase proteins and
relapse in GCA patients [5]. A current comprehensive review
on serological markers in GCA [21] highlights and confirms
IL-6, as significantly and prevalently elevated in sera of GCA
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patients, and acute phase parameters (e.g., C-reactive protein
(CRP), erythrocyte sedimentation rate (ESR), serum amyloid
A (SAA), haptoglobin and fibrinogen) as an added value for
distinguishing subgroups of GCA patients with visual distur-
bances and predicting relapses. Elevated IL-6, along with acute
phase proteins, may help preserve luminal patency or have a
compensatory role by inducing angiogenesis in vasculopathies,
such as GCA [22]. On the other hand, indicators of an enhanced
systemic inflammatory response may lead to an earlier diagno-
sis and timely treatment, thus preventing ischemic complica-
tions [23]. There have been reports indicating the usefulness of
serological acute phase (ESR and CRP) and inflammatory
markers (IL-6) for the course during therapy of GCA [17, 19,
24]. However, there is still a paucity of valid serological
markers strongly needed for monitoring GCA relapse and com-
plications [21, 24-26]. Therefore, we set out to measure and
analyze serological analytes in a large cohort of clinically well-
characterized untreated GCA patients that could help clinicians
evaluate the course of the disease, including relapse/
complications.

Material and methods
Subjects’ diagnosis, symptoms and comorbidities

The diagnosis of GCA was based on the 1990 ACR classifi-
cation criteria, and a positive TAB or the presence of the halo
sign on TA color Doppler sonography (CDS). In cases of
suspected large vessel GCA (IvGCA), CDS of the large arter-
ies (carotid, vertebral, subclavian, axillary, and brachial arter-
ies) or PET/CT or both were performed [1]. Ninety-eight treat-
ment-naive GCA patients were consecutively enrolled in the
study between the years 2011 and 2015. The recorded symp-
toms, signs, and comorbidities are included (Table 1). Only
complete patient cases (n =97) were used for further analysis
(one patient was omitted due to missing data).

Blood of healthy blood donors (HBDs, n = 53) was obtain-
ed from the National Blood Transfusion Center of Slovenia.
Six HBDs were excluded, as their SAA values measured over
6.4 ug/ml (n=47) and one HBD was omitted due to missing
data (n = 46). The cut-off reference value for SAA was set on a
population with normal CRP serum levels (95th percentile =
5.0 mg/L, n =483), with the 95th percentile for N Latex SAA
found to be 6.4 mg/L (N Latex SAA protocol data sheet,
Siemens, BN Prospec System).
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Sample processing

All routinely processed serum samples were measured immedi-
ately following blood collection and centrifugation 3000xg for
5 min. Specifically, 17 parameters (leukocytes, thrombocytes,
hemoglobin, albumin, anti-32 glycoprotein I (ap2GPI) IgG,
af32-GPI IgM, anti-cardiolipin antibodies (aCL) IgG, aCL IgM,
aPS/PT IgA, aPS/PT IgG, aPS/PT IgM, CRP, ESR, ferritin, fi-
brinogen, haptoglobin, and LA) were measured using standard
operational procedures, quality controls, and calibration curves.

All non-routinely measured serum samples were collected
following blood clotting and centrifugation 3000xg for 5 min,
aliquoted and stored at — 80 °C, until subjected to further
analysis. Forty-eight markers were determined in the same
series of measurements (same lot no. of reagents) using stan-
dard calibration curves.

Laboratory methodology for serological parameters

Overall, 65 laboratory parameters were assessed (Supplementary
Table I). The strategy for evaluating serological parameters is
provided (Supplemental Fig. 1). Seventeen analytes were mea-
sured routinely in up to 98 GCA patients. Out of the remaining
48 parameters, 4 were measured in a lower number of patients
and HBDs (alpha-1-acid glycoprotein (AGP), hemopexin,
BAFF, and MARCO), while 27 analytes were measured in the
main, complete cohort (97 GCA patients and 46 HBDs)
(Supplemental Fig. 1).

Specifically, the following parameters were measured:
complete blood count (Siemens Advia 120, including leuko-
cytes and thrombocytes), ESR (WesternGreen method, 1 h),
CRP and albumin (ADVIA 1800 CRP and albumin assay,
respectively), fibrinogen (Siemens BCS XP with reagent
Multifibren U), ferritin (ADVIA Centaur by direct
chemiluminometric technology), haptoglobin, AGP,
hemopexin, and serum amyloid A (SAA) were determined
using immunonephelometry (BN Prospec System, Siemens)
and immunoserology using in-house enzyme-linked immuno-
sorbent assay (ELISA) aCL IgG, IgM, a32GPI IgG, IgM, and
anti-phosphatidylserine-dependent prothrombin antibodies
(aPS/PT) IgG, IgM, and IgA). IL-6 serum protein levels were
measured by human IL-6 ELISA (Invitrogen, Belgium) fol-
lowing manufacturer’s instructions. Lupus anti-coagulant ac-
tivity was determined by the Siemens BCS XP LA clotting
test. In addition, macrophage receptor with collagenous struc-
ture (MARCO) and B cell activating factor (BAFF) were de-
tected using sandwich ELISAs (Invitrogen, UK).

Luminex xMAP technology
For the measurement of 42 serum analyte levels, an AtheNa

Multi-Lyte analyzer was used (Luminex xMAP Technology,
Luminex Inc., Austin, TX, USA). The calibration curve for

Table 1
patients

Demographics, clinical and routine laboratory data of GCA

All patients (n=98)

Demographic data
Number of patients 98
Median age in years (Q25-Q75) 74.1 (67.3-78.8)
Number of women (%) 66 (67)
Median duration of symptoms in days 30 (20-90)
(Q25-Q75)
Symptoms and signs n (%)
General symptoms 75 (77)
Fever 26 27)
Loss of weight 61 (62)

Body mass index in kg/m2 (Q25-Q75) 24.7 (22.8-27.3)

PMR 18 (18)

Newly formed headaches 66 (67)

Claudication 39 (40)

Concurrent infection 10 (10)

Visual disturbances 28 (29)

Permanent visual loss 6 (6)

Malignoma 15 (15)

Future relapse® 35 (41)

Painful scalp 21 (21)

Cerebrovascular event (TIA) 2()

Dry cough 24 (24)

Clinically changed temporal artery 62 (63)

Limb artery involvement 11 (11)
Comorbidities n (%)

Smokers (previous and current) 37 (38)

Diabetes 14 (14)

Hypertension 52 (53)
Laboratory values Median (Q25-Q75)

ESR (mm/h) 87 (64-109.3)

CRP (mg/ml) 67 (41.8-124.5)

Leukocytes (10°/ul) 9.2 (7.2-11.0)

Hemoglobin (mg/ml) 117.5 (104-127)

Thrombocytes (109/1) 377.5 (302.3-476.5)

 As determined after 1-year follow-up

each molecule was analyzed with a five-parameter logistic
curve (Milliplex Analyst, Merck).

Data preprocessing and statistical analysis

The analysis of the data generated by Luminex xMAP
Technology, ELISA, and nephelometry was performed in
R version 3.2.3 [27]. Differences in the analyte levels,
between the two groups, were calculated using the non-
parametric Mann-Whitney U test and the resulting p
values were adjusted for multiple testing with the
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Benjamini-Hochberg method [28]. p values <0.05 were
considered as statistically significant. Heatmaps and the
biplot (PCA analysis) were performed on log, transformed
and scaled data and generated with the R packages gplots,
corrplot, and ggbiplot, respectively. Hierarchical clustering
with Euclidean distance and Ward linkage was performed
and visualized as a heatmap. The correlation matrix was
generated with Spearman’s correlation using the pairwise
complete method and visualized as a heatmap with hierar-
chical clustering order using the R package corrplot.
Principal component analysis (PCA) was performed and
the first two principal components were visualized as a
biplot. The database of known and predicted protein inter-
actions STRING 10.5 [29] was used for analysis of inter-
actions between all the proteins tested in the unsupervised
hierarchical clustering, and the connecting line thickness
between nodes specifies the strength of data support for
interaction of proteins (data used were from experimentally
determined and predicted interactions). Additional
STRING analysis was performed separately for the three
clusters resulting from unsupervised hierarchical clustering
and analytes associated with assigned Gene Ontology
(GO) annotations. Associations of the 48 measured param-
eters and age, with the 8 clinical complications, were cal-
culated using the non-parametric Mann-Whitney U test,
and the resulting p values were adjusted for multiple test-
ing with the Benjamini-Hochberg method [28]. By apply-
ing binomial logistic regression using generalized linear
models in R, we assessed the association of various com-
binations of five autoantibodies with evaluated visual
disturbances.

Ethical approval and consent to participate

Ethical approval no. 99/04/15 for the Giant Cell Arteritis study
was obtained from the Slovenian National Medical Ethics
Committee. All patients provided written informed consent
to participate in the study. We confirm that all experiments
were performed in accordance with relevant guidelines and
regulations.

Results
Patient characteristics

The demographic, clinical, and routine laboratory parameters,
and comorbidities of GCA patients (n=98) are provided in
Table 1. There were 67% females and the median (Q25-Q75)
patient age was 74.1 (67.3—78.8). HBDs comprised of 27 fe-
males (58.7%) and 19 males (41.3%) with median (Q25-Q75)
age of 50.8 (35.5-55.1). Thirty-eight percent of GCA patients
were smokers, 14% had diabetes, and 53% of GCA patients
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had hypertension. Patients were included in the study after a
median (Q25-Q75) duration of symptoms of 30 days (20-90),
and most common clinical signs were general symptoms (fa-
tigue, sweating, fever, or loss of weight; 77%), new headache
onset (66%), and clinically changed temporal artery (63%).
Eighty-two percent of patients (n =79/98) fulfilled ACR clas-
sification criteria [1], including 31 out of 44 patients with
IvGCA. Eleven patients did not fulfill ACR classification
criteria; their diagnosis was based on the result of the CDS of
large arteries (n = 10/11) and/or PET/CT (n = 1/11). All patients
underwent an ultrasound examination and the halo sign was
found in 78% (76/98). Temporal artery biopsy (performed in
81/98) was positive in 64 (79%) GCA patients examined.
Ultrasound of branches of the aortic arch (including subclavian,
axillary, vertebral, and carotid arteries) was performed in 76%
(74/98) GCA patients (with 42% confirmed with extracranial
involvement). At suspicion of large extracranial vessel involve-
ment, PET/CT was performed, in addition to ultrasound in 16/
98 cases (16%). Among these, 75% (12/16) showed enhanced
vascular 18-FDG uptake consistent with vasculitis.

Patients that were followed up for at least 1 year after di-
agnosis (n=385) were included in evaluation of relapses.
Among the group, 41% (35 patients) experienced relapse.

Analysis of biomarker profiles

Out of 48 laboratory parameters tested in GCA patients and
HBDs (Supplemental Fig. 1), 17 parameters did not show
significant differences: ICAM-1, IP-10, IL-1 alpha, IL-1 R,
IL-4, IL-12p70, 1L-22, 1L-33, L-selectin, leptin, LIF, MMP3,
MMP-12, MCP-1, MIG, uPA, and uPAR. Out of the selected
31 analytes (Table 2), 27 showed significant changes between
the groups. Analytes found to be statistically significantly in-
creased in GCA patients were CHI3L1, IFN-gamma, IL-1
beta, IL-6, IL-8, IL-10, IL-18, IL-23, IL-27, IL-31, M-CSF,
MMP-1, MMP-9, protein C, resistin, SAA, tenascin C (TNC),
TNF R1, VCAM-1, and VEGF. The highest increases in se-
rum median levels of GCA patients vs. HBDs were observed
for SAA (83-fold change), IL-23 (58-fold), IL-6 (11-fold), and
IL-8 (8-fold). Three analytes, alpha-fetoprotein, IL-13, and
MMP-2, were found to be decreased in sera of GCA patients
as compared to HBDs. Some analytes, such as IFN-gamma,
IL-1 beta, IL-10, and IL-31, were found at very low levels
(and still showed significant changes between GCA vs.
HBDs), while IL-2, IL-9, IL-17A, and TNF-alpha did not
show significant changes. Four analytes (hemopexin, AGP,
BAFF, and MARCO) were measured in a lower number of
GCA patients and HBDs but exhibited significantly increased
levels in GCA vs. HBDs (Table 2).

In order to investigate the relationship between the individ-
ual analytes, correlations were calculated for 97 GCA patients
and 46 HBDs, separately (Fig. 1). The analytes exhibited a
higher relationship with each other in the HBDs than in GCA



Clin Rheumatol (2019) 38:317-329 321

Table2  Analyte levels in GCA serum samples vs. HBDs

Alphz;f:/t;%mtem 0.6 0.1-1.4 1.3 0.5-2.0 0.0020 il 4
CHI3LI (ng/ml) 87.1 46.8-167.8 20.4 14.8-24.1 <0.0001 Sl |
IFI:p’gg/ﬁ;na 1.6 1.6-6.4 1.6 1.6-1.6 <0.0001 CN
IL-1 beta (pg/ml) | 0.2 0.2-0.6 0.2 0.2-0.2 0.0030 * A
IL-2 (pg/ml) 10.0 10.0-13.6 10.0 10.0-95.3 0.1651 -
IL-6 (pg/ml) 22.0 9.0-42.0 2.0 1.0-6.0 <0.0001 Sl \
IL-8 (pg/ml) 329.7 49.1-763.3 43.6 11.0-217.9 <0.0001 R \
IL-9 (pg/ml) 20.0 20.0-20.0 20.0 20.0-20.0 0.0523 -
IL-10 (pg/ml) 1.7 1.0-2.7 1.0 0.8-2.8 0.0356 * A
IL-13 (pg/ml) 440.5 191.8-745.2 665.2 384.8-1691.0 0.0026 i 4
IL-17A (pg/ml) 0.0 0.0-0.0 0.0 0.0-0.0 0.0941 -
IL-18 (pg/ml) 208.4 170.1-294.2 130.2 106.5-179.4 <0.0001 Ll |
IL-23 (pg/ml) 116.7 2.0-212.1 2.0 2.0-82.9 <0.0001 Sl ¢
IL-27 (pg/ml) 480.8 382.8-609.7 330.6 219.9-673.9 0.0353 * A
IL-31 (pg/ml) 6.0 6.0-6.0 6.0 6.0-6.0 0.0181 ~ A
M-CSF (pg/ml) | 4253 341.6-588.4 353.6 315.1-480.9 0.0374 * A
MMP-1 (ng/ml) 18.0 9.5-28.1 6.9 42-8.6 <0.0001 e 4
MMP-2 (ng/ml) | 466.7 386.3-544.9 550.4 458.2-592.5 0.0026 Sl 4
MMP-9 (ng/ml) | 507.3 338.0-751.1 270.0 176.5-441.4 <0.0001 SN
Protein C (ng/ml) | 65.5 25.1-130.8 31.6 16.4-53.2 <0.0001 Sl |
Resistin (ng/ml) 155 9.3-22.8 9.6 6.8-12.9 0.0004 e &
SAA (ug/ml) 229.0 95.1-504.0 28 1.8-3.9 <0.0001 il ¢
TNC (ng/ml) 12.9 11.2-15.4 8.9 8.2-10.2 <0.0001 i AN
TNF-alpha 5.7 3.1:9.2 4.4 0.8-16.2 0.5810 -
(pg/ml)
TNF R1 (ng/ml) 8.6 7.4-10.9 4.2 3.7-4.8 <0.0001 LN
VCAM-1 (ng/ml) | 952.6 711.8-12644 | 6389 531.8-805.4 <0.0001 Al
VEGF (pg/ml) 220.4 139.3-324.9 77.2 51.5-103.5 <0.0001 ok A
AGP (mg/ml) 1.8 1.4-2.5 0.8 0.7-0.9 <0.0001 S \
Hf;‘;ifgin 1.3 1.1-1.5 0.9 0.8-1.0 <0.0001 Ll |

MARCO (ng/ml)

All measurements were performed using Luminex, except BAFF, IL-6, MARCO (ELISA) and SAA, hemopexin, AGP (immunonephelometry). Median
values and interquartile intervals (Q25-Q75) of the analytes are reported together with the p value of the Mann-Whitney U test. p values are adjusted for
multiple testing with BH method over the (sub)cohort; *** < 0.001, **<0.01, * <0.05
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Fig. 1 Serum biomarker correlations for GCA (27 analytes, bottom
panel) and HBD (25 analytes, top panel). Individual cytokines are listed
on the axes with boxes indicating selected groups of highly correlated
cytokines. Spearman’s correlation was applied to calculate associations
between serum biomarkers. The color indicates the type of correlation
(red—positive, blue—negative), and its shade reflects the strength of

patients. Correlation values were clustered, thereby identifying
smaller groups of closely correlated analytes. In HBDs, two
positively correlated clusters (G1 and G2) and one negatively
correlated cluster (G3) were observed, while in GCA patients,
only one positively correlated cluster (G4) remained, resem-
bling to some extent, the second positively correlated cluster in
the HBD. Mainly weak positive correlations were observed in
the GCA patients. The highest positively correlated analytes in
HBDs were IL-8 with IL-6, IL-27 with IL-13, as well as IL-27,
protein C, and IL-13 with alpha-fetoprotein (Spearman’s cor-
relation coefficient>0.8). In the GCA patients, two of these
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correlation between pairs of cytokines, irrespective of absolute serum
levels. IL-9 and IL-17A had to be excluded from the HBD analysis
because they did not exhibit any variation. Two clusters of positive
correlations (G1 and G2) and one cluster of negative correlations (G3)
were noted primarily in HBDs (n=46), among the analytes. GCA
patients (7 =97) exhibit only a cluster of positive correlations (G4)

positive correlations held up (IL-27 and protein C with alpha-
fetoprotein) with a Spearman’s correlation coefficient > 0.65.
Negative correlations were profoundly less pronounced in
both, HDBs and GCA, with the two most closely negatively
correlated markers in HBDs (IL-6 and IL-23) having a
Spearman’s correlation coefficient of —0.56.

To further explore the biomarker dataset, we performed
hierarchical clustering of subjects and analytes. The 27
analytes clearly delineate GCA patients from HBDs, as
reflected in the heatmap (Fig. 2a). Only two GCA patients fall
into the cluster of HBDs (G47 and G54). Furthermore, analytes
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are clustered into three groups (C1, C2, and C3) comprising
(C1) MMP-9, MMP-2, protein C, MMP-1, CHI3L1, VEGEF,
TNC, resistin, VCAM-1, TNF R1, and SAA; (C2) TNF-alpha,
IL-8, IL-1 beta, [FN-gamma, IL-31, IL-17A, IL-9, IL-23, IL-18,
and IL-6; and (C3) IL-10, IL-27, IL-2, IL-13, M-CSF, alpha-
fetoprotein. IL-1 beta, IL-9, IL-17A, and IL-31 present in the
second cluster all measured around their limit of detection
(LoD), with only few patients showing elevated levels.
Analytes generally had higher values in GCA patients than
HBDs, except for alpha-fetoprotein and IL-13, which both fall
into the third cluster, as well as MMP-2, which falls into the first
cluster, along with MMP-1 and MMP-9.

Using STRING analysis (Fig. 2b—¢), we found that the
strongest GO term assigned to analytes from cluster C2 was
positive regulation of cytokine production (false discovery
rate [FDR]: 4.8 x 1077), T cell proliferation (FDR 8.6 x 10™7)
(Fig. 2d), while weaker associations were found for C1 with
leukocyte migration (FDR 1.1 x 1075) (Fig. 2¢) and C3 with
mononuclear cell proliferation (Fig. 2e).

Finally, we investigated the variation patterns in the bio-
marker dataset using principal component analysis (PCA) and
visualized principal components 1 and 2, which explain 21
and 13.4% of the total variance, respectively (Fig. 3). PC1
and PC2 clearly separate the GCA patients from the HBDs

Alpha-fetoprotein

i Protein C

I Leukocyte migration FDR 1.1*10°5

[l Localization of cell FDR 2.3*10°
Extracelular matrix organization FDR
2.1*10°3
Collagen catabolic process FDR 1.2*102

Ll Cluster C2 'Sl Cluster C3

=

N

Alpha-fetoprotein

. Posit. regulation of cytokine production
FDR 4.8*107

M rosit. regulation of T cell proliferation
FDR 8.6*107
Positive regulation of inflammatory

[ Regulation of mononuclear cell
proliferation FDR 5.1%10*

. Regualtion of immunoglobulin
productionFDR 8.5%10*
Regulation of B cell proliferation FDR

response FDR 1.3*10 1.2*10°3
Posit. regulation of leukocyte Posit. regulation JAK-STAT cascade FDR
differentiation FDR 2.7*10¢ 1.6*10°

Fig. 2 Heatmap and STRING analysis of serum levels for 27 analytes. a
Hierarchical clustering of biomarkers and patients in cytokine dataset.
Analytes (n =27) are represented by shades of blue to red in the heatmap,
with lowest values in dark blue and the highest in red. In this unsupervised
cluster analysis, healthy subjects (n=46) are indicated in light gray and
GCA patients (n =97) in dark gray, with only two patients found within the
HBD group, and all analytes are clustered in three subgroups C1, C2, and

C3. GCA (n=97, prefix G), HBDs (n =46, prefix H). b—e STRING
network analysis for the 27 analytes. b All analytes used for hierarchical
clustering of GCA and HBD were examined for existing interactions with
thickness of connecting line indicating the strength of data support. c—e
Evaluation of GO annotations of analytes in each cluster was gathered
from experimental data unsupervised hierarchical clustering with
associations with specific GO terms. FDR, false discovery rate

@ Springer



324

Clin Rheumatol (2019) 38:317-329

c
T
S
&
4 s
&
<
o
<
N
N
HSPss .  F
- H48 "\ i
g 2- »
el
(3]
<
E \
o
x
(O]
X
<
™
= 07 H31
N
O
o
2=

-3 0

PC1 (21.0% explained var.)

Fig. 3 Principal component analysis for GCA and HBDs using 27
analytes. Principal component analysis (PCA) was used to evaluate the
delineation of the GCA patients (in light blue) and HBDs (in black) based
on 27 analytes. GCA patients and HBDs can be well separated by
principal components 1 and 2, which explain 21.0 and 13.4% of the

with PC1 mainly contributing to the separation; however, GCA
patients G2 and G47 represent exceptions, which exhibit ana-
lyte profiles more similar to those of HBDs. TNF R1, CHI3L1,
TNC, IL-1 beta, IL-18, and MMP-2 were the main contributors
to the separation, as they exhibited the highest correlation with
PC1. Higher levels of MMP-2, IL-13, and alpha-fetoprotein
were characteristic for HBDs, with MMP-2 opposing the rest
of the analytes and strongly pointing towards HBDs. Patient G2
was a different patient outlier in the PCA analysis (Fig. 3), as
compared to hierarchical clustering (Fig. 2a), although patient
G47 appeared as an outlier in both analyses.

Associations of measured parameters with clinical
complications

To identify specific parameters associated with clinical compli-
cations, we tested 48 serological parameters and age, with 8
clinical symptoms or complications. The 48 serological param-
eters were alpha-fetoprotein, CHI3L1, IFN-gamma, IL-1beta,
IL-2, IL-6, IL-8, IL-9, 1L-10, IL-13, IL-17A, 1L-18, IL-23, IL-
27, 1L-31, M-CSF, MMP-1, MMP-2, MMP-9, protein C,

@ Springer

total variance, respectively. The labels reflect the scores of the subjects
and the red vectors the loadings of the analytes GCA patients G2 and G47
represent exceptions, which exhibit an analyte profile more similar to that
of HBDs. Samples of a group are enclosed by a concentration ellipse with
68% probability. GCA (n =97, prefix G), HBDs (n = 46, prefix H)

resistin, TNC, TNF-alpha, TNF RI, VCAM-1, VEGF, AGP,
hemopexin, MARCO, BAFF, ESR, CRP, SAA, leukocytes,
hemoglobin, thrombocytes, albumin, fibrinogen, ferritin, hap-
toglobin, aCL IgG in IgM, af32 GPI (IgG, 1gM, IgA), and aPS/
PT (IgG, IgM, IgA). Nineteen parameters showed statistically
significant association to a variety of GCA complications
(Table 3). Older age and decreased IFN-gamma serum levels
were found associated with general symptoms, while older age
and higher levels of MMP-1 were linked to PMR. For acute
visual disturbances, all acute phase parameters tested, such as
SAA, CRP, haptoglobin, ESR, and thrombocyte numbers, were
all found significantly decreased. In addition, MMP-1 was de-
creased in the GCA group with visual disturbances, while TNF-
alpha was increased. Of all tested parameters, age was the only
one that showed significant association to permanent visual
loss, with older patients being more frequently affected. SAA,
CRP, and ESR were all found to be positively associated with
relapse, while MMP-2 was found negatively associated.
Furthermore, serum levels of MARCO were significantly
higher in cases of jaw claudication and lower in limb artery
involvement. The only statistically significant marker after
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Table 3 Significant association between measured parameters and GCA symptoms and complications
Symptoms/ n+ n— Parameter + median (Q25-Q75) — median (Q25-Q75) pvalue  p value adjusted
complications
General symptoms 75 23 age 74.9 (67.8-79.0) 72.1 (66.7-74.6) 0.0498 0.6446
73 23 aPS/PT IgA 0.0 (0.0-7.0) 6.0 (0.0-10.5) 0.0333  0.6446
75 23 IFN-gamma 1.6 (1.6-3.2) 3.2 (1.6-10.4) 0.0100  0.4588
PMR 18 80 age 76.3 (73.7-79.5) 73.1 (66.4-78.5) 0.0307  0.7065
18 80 MMP-1 22.1 (13.2-43.9) 16.2 (8.6-22.4) 0.0261  0.7065
Jaw claudication 38 58 aPS/PT IgA 0.0 (0.0-6.0) 5.5 (0.0-9.0) 0.0103  0.1576
38 58 aPS/PT IgG 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.0030  0.1384
39 359 IL-18 191.5 (159.5-250.7) 237.0 (194.0-306.1) 0.0303  0.2784
29 46 MARCO 13.7 (8.8-17.1) 10.2 (6.8-12.8) 0.0174  0.2005
39 59 MMP-2 488 (432.9-581.1) 4448 (347.3-515.9) 0.0090  0.1576
Visual disturbances 28 70 CRP 51 (29.5-68.5) 74.5 (50.2-129.5) 0.0044  0.1338
28 70 ESR 70 (58.8-91.2) 92.5(70.2-116.0) 0.0068  0.1338
25 68 Haptoglobin 3.8(3.0-5.4) 5.0 3.6-6.2) 0.0283  0.2167
28 70 MMP-1 14.0 (6.0-19.5) 18.0 (10.6-29.3) 0.0466  0.3061
28 70 SAA 148.0 (54.5-290.2) 283.0 (132.5-628.0) 0.0121  0.1394
28 70 Thrombocytes 306.0 (258.2-421.8) 395.0 (343.0-488.5) 0.0087  0.1338
28 70 TNF-alpha 7.9 (5.5-12.1) 5.5(2.9-8.3) 0.0226  0.2078
New malignoma 6 91 aCL IgG 0.0 (0.0-3.8) 8.0 (0.0-19.5) 0.0472  0.6296
75 AGP 2.9(2.0-3.1) 1.8 (1.4-2.4) 0.0472  0.6296
92 VCAM-1 1254.3 (1138.8-1515.0) 938.3 (688.2-1231.1)  0.0238  0.6296
Relapse 35 47 CRP 82 (54.5-129.0) 57.0 (32.0-108.5) 0.0468  0.4341
35 47 ESR 94.0 (75.0-111.5) 77.0 (55.0-98.5) 0.0157  0.2412
35 47 MMP-2 403.8 (336.1-506.6) 482.9 (427.4-566.7) 0.0128  0.2412
35 47 SAA 315.0 (185.5-695.5) 163.0 (44.1-448.0) 0.0032  0.1492
Permanent visual loss 6 92 Age 80.2 (79.2-86.8) 73.7 (67.1-78.4) 0.0093 0.4279
Limb artery involvement 11~ 86 aCL IgG 22.0(17.0-31.0) 5.0 (0.0-15.8) 0.0002  0.0079
11 87 Alpha-fetoprotein 0.1 (0.1-0.5) 0.8 (0.1-1.5) 0.0419  0.3927
11 87 IL-27 425.1 (330.1-474.1) 509.9 (388.1-653.6) 0.0439  0.3927
8 67 MARCO 8.0 (6.2-9.8) 11.5 (8.4-15.0) 0.0347  0.3927
11 87 VCAM-1 711.8 (628.3-957.3) 1007.7 (774.0-1376.8) ~ 0.0307  0.3927

New malignoma refers to active cases or those within 1 year from diagnosis

n+/n— the number of GCA patients who developed/or did not develop the specific clinical symptom/complication, along with measurements of the

indicated parameter

multiple testing was aCL IgG, found to be associated with limb
artery involvement (Table 3).

When autoantibody combinations of aCL IgG, IgM,
af32GPI IgG, IgM, and LA were analyzed using binomial
linear regression, we could not determine significant as-
sociations with any of the evaluated visual disturbances
(all visual disturbances, amaurosis fugax, and permanent
visual loss).

Discussion

In our study, we focused on providing the most optimal serum
analytes that would allow us to characterize treatment-naive
GCA patients and shed light on their different clinical mani-
festations. Importantly, we show for the first time significantly
changed levels of MARCO, alpha-fetoprotein, protein C,
resistin, TNC, TNF RI, M-CSF, IL-18, and IL-31 in GCA
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patients vs. HBDs. The three most highly elevated analytes
found in our GCA patients (SAA, 1L-23, and IL-6) already
represent good therapeutical targets. In fact, a recent anti-IL-6
receptor therapy trial has indicated tocilizumab as an effective
glucocorticoid sparing agent [30]. Tocilizumab monotherapy
was reported to result in normalization of immune-
inflammatory molecules, as defined by the healthy controls
[31]. Additionally, serum levels of osteopontin could repre-
sent a suitable disease activity biomarker in tocilizumab-
treated patients with GCA [32].

While a report from a 52-week trial indicated that anti-IL-23
ustekinumab may be effective for treatment of refractory GCA
[33], an interventional ustekinumab clinical trial is still in
progress (NCT02955147).

Current anti-SAA therapies are not yet available, even
though SAA is §3-fold changed in GCA above HBD. A recent
report on anti-SAA antibodies indicates that these naturally
occurring IgG autoantibodies could decrease IL-6 protein
levels released from SAA/SAAlw-treated peripheral blood
mononuclear cells [34].

Acute phase parameters (e.g., SAA, CRP, ESR) are impor-
tant in GCA [5], which is a highly inflammatory disease [22].
O’Neill et al. previously reported on comparable levels of
SAA in sera of 16 GCA patients [35]. Furthermore, studies
of acute phase proteins revealed that, in particular, when com-
paring GCA to their disease control patients (initially
suspected to have GCA, but later not confirmed), SAA,
CRP, and haptoglobin may serve as a distinguishing, signifi-
cantly upregulated group of analytes [36]. The current work
confirms our previous results [5] that reported negatively cor-
related SAA, CRP, ESR, and haptoglobin to visual distur-
bances and positively correlated SAA, CRP, and ESR with
relapse in untreated GCA patients (Table 3).

Predominant Th-1/Th-17 responses were reported in cells/
tissues of GCA patients [37-39]. Their distinct cytokines IL-1
beta, IL-17A, TNF-alpha, and IFN-gamma were however
found in low levels in sera of the GCA patients tested in the
current study (Table 2); therefore, their determination using
high-sensitivity assays could provide more information on
whether they could be relevant serum analytes to test in the
future. They could serve as markers for subgroups of patients
with certain symptoms or complications, as TNF-alpha was
found to be associated with visual disturbances. Other groups
reported on elevated IL-17; however, they utilized high-
sensitivity assays [37] or cell stimulation tests [40] to measure
IL-17 concentrations in sera and supernatants, respectively.

IL-12 and IL-23 are cytokines involved in Th-1 and Th-17
polarization [41]. IL-12, a described stimulator of Th-1 re-
sponse, is absent in sera of the GCA patients in the current
study, while IL-23, an activator of Th-17 response, is one of
the most highly elevated analytes. However, 29/97 patients
showed levels of IL-23 below LoD; thus, a more personalized
approach to interpreting serological data is advisable.
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Interestingly, both IL-12 and IL-23 share a common subunit
(p40), allowing ustekinumab to target both cytokines, and in
theory, disrupt the Th-1 and Th-17 responses [42]. Typical Th-2
cytokines, such as IL-4, IL-5, and IL-10, were consistently
below LoD in our assays.

Previous reports emphasized the importance of MMPs in
GCA, especially in tissue- and cell-based studies, while rela-
tively few serological studies were reported. In our prelimi-
nary study, we tested MMP-1, MMP-2, MMP-3, MMP-9, and
MMP-12, with only MMP-1, MMP-2, and MMP-9 showing
significantly changed levels in GCA patients as compared to
HBDs, on which we conducted further analysis. Interestingly,
the gelatinases (MMP-2 and MMP-9) are oppositely regulated
in GCA with MMP-9 elevated and MMP-2 decreased com-
pared to HBDs (Table 2). We also confirmed this at the mRNA
expression level from TAB tissue [16]. MMPs could play
important roles in GCA vasculopathy progression, however
are also beneficial players in angiogenesis, wound healing,
and regeneration in aortic aneurysms, as well as in neointimal
hyperplasia [43]. This complexity is reflected in our data, as
MMP-2 shows positive association with jaw claudication and
negative association with relapse (Table 3) [16]. A solid role
of MMPs in GCA patients is indicated by the following: (a)
protein C, a potential activator of gelatinases, is itself up-
regulated in GCA (Table 2); (b) MMP-9 is positioned with-
in the same cluster as MMP-1 and MMP-2 (Fig. 2a); and
(c) MMP-2 is positioning directly opposite all other
analytes in PCA (Fig. 3).

We also report on significantly elevated levels of chitinase-
3-like protein 1 (CHI3L1) and tenascin C (TNC), an extracel-
lular matrix glycoprotein (Table 2), located within the same
cluster in the heatmap (Fig. 2a). They could, alongside with
MMPs, shed light on matrix restructuring of vessels in GCA.
Johansen et al. characterized CHI3L1 in GCA, with elevated
serum concentrations in 19 GCA patients and gene expression
found in CD68+ giant cells and mononuclear cells in the
media [44]. TNC is especially interesting due to the fol-
lowing reasons: (a) the large isoform of TNC was found to
contain alternatively spliced domains with cleavage sites
for MMPs, making TNC their natural substrate [45]; (b)
MMPs were reported to be linked to induction of TNC
[45]; and (c) TNC could be capable of activating TLR-4,
potentially conveying signals from the missing “unknown
infectious agent” in GCA.

Additionally, we measured serum levels of macrophage
receptor with collagenous structure (MARCO), reported by
Rodriguez-Pla et al. [46] as exhibiting elevated gene expres-
sion levels in the TAB of a GCA patient. Our findings suggest
a positive association of MARCO serum levels in GCA pa-
tients with jaw claudication and negative association of
MARCO with limb artery involvement (Table 3).

Until now, there have been few reports on serological stud-
ies using multiplex analysis in GCA vs. HBD [17, 40]. Van der
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Geest et al. [17] showed significantly changed levels of
CXCL9, IL-6, IL-10, sIL-2R, CCL2, and CCL11 between
12 GCA patients and 13 HBDs, while Terrier et al. [40] re-
ported on significantly changed levels of M-CSF, IL-1 beta,
IL-6, IL-12, IFN-gamma, TNF-alpha, and IL-17A in GCA vs.
HBDs. Both groups measured a small number of analytes in
relatively few patients and HBDs.

We considered the 27 analytes measured in our cohort as
a dynamic network and observed their interconnections.
Evident and distinct physiological clustering was shown
for GCA patients and HBDs, with the former showing just
one positively associated cluster, while the latter showed two
positive and one negative cluster (Fig. 1). Partitioning the
analytes based on maximizing within-group similarities in
unsupervised hierarchical clustering yielded a clear separa-
tion of GCA patients and HBDs, resulting in three distinct
analyte clusters (Fig. 2a). A STRING search (which reports
on interactions from the literature and experimental data) on
the 27 analytes showed evidence of closer interactions be-
tween those analytes, which were grouped together in our
cluster analysis (Fig. 2b). Further individual analysis of the
analytes in the three clusters (Fig. 2c—e) revealed important
common processes between analytes in each cluster, namely
strongest association to positive regulation of cytokine pro-
duction and T cell proliferation in cluster C2, as an example
(Fig. 2d). The different patterns found between unsupervised
hierarchical clustering (Fig. 2a) and PCA (Fig. 3) are due to
the fact that the clustering algorithm divides samples into
homogenous groups with largest within-group similarity,
while PCA filters data with weakest signals discarded in
order to obtain patterns encoding the highest variance.
Importantly, the three GCA patients, who fell into the
HBD cluster (Fig. 2a) and/or exhibited analyte profiles more
similar to those of HBDs (Fig. 3), will be monitored closely
for future signs of either remission or milder course of the
disease.

As this is an exploratory analysis, correction for multiple
testing would not strictly be required [47]. Nevertheless, in
our study, aCL IgG was the only statistically significant ana-
lyte after multiple testing and was found associated with limb
artery involvement (Table 3). It will be relevant to monitor
aCL IgG in a larger group of GCA patients (replication cohort)
and follow their clinical progression, along with
complications.

Taken together, serological markers for GCA will be sought
after, since non-invasive diagnostics is becoming more prev-
alent. We highlight the importance of using groups of serolog-
ical analytes, specifically acute phase parameters (e.g., SAA,
CRP, haptoglobin, ESR), MMPs (MMP-1 and MMP-2), and
cytokines (TNF-alpha) for predicting GCA complications,
such as relapse and visual disturbances. PCA analysis re-
vealed TNF R1, CHI3L1, TNC, IL-1 beta, IL-18, and
MMP-2 to be the main contributors to the separation of

GCA patients from HBDs, rendering them also promising
biomarker candidates. The study needs to be further validated
and confirmed. In the future, it will be crucial to continue
monitoring GCA patients in long term and build prediction
models for GCA relapses and complications, contributing
substantially to personalized disease management.
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