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Abstract

Background: Giant cell arteritis (GCA) is a primary large-vessel vasculitis (LVV) of unknown origin. Its management
is a challenge due to the late onset of disease symptoms and frequent relapse; therefore, clarifying the pathophysiol-
ogy of GCA is essential to improving treatment. This study aimed to identify the transition of molecular signatures in
immune cells relevant to GCA pathogenesis by analyzing longitudinal transcriptome data in patients.

Methods: We analyzed the whole blood transcriptome of treatment-naive patients with GCA, patients with Takayasu
arteritis (TAK), age-matched, old healthy controls (HCs), and young HCs. Characteristic genes for GCA were identi-
fied, and the longitudinal transition of those genes was analyzed using cell-type identification by estimating relative
subsets of RNA transcripts (CIBERSORT).

Results: Repeated measures analysis of variance revealed 739 differentially expressed genes among all patients

and HCs. Of the 739 genes, 15 were characteristically upregulated and 36 were downregulated in patients with GCA
compared to those with TAK and HCs. Pathway enrichment analysis showed that downregulated genes in GCA were
associated with B cell activation. CIBERSORT analysis revealed that upregulation of “MO-macrophages”and downregu-
lation of B cells were characteristic of GCA. Upregulation of “M0-macrophages” reflects the activation of monocytes

in GCA toward MO-like phenotypes, which persisted under 6 weeks of treatment. Combined treatment with pred-
nisolone and an interleukin-6 receptor antagonist normalized molecular profiles more efficiently than prednisolone
monotherapy.

Conclusions: Gene signatures of monocyte activation and B cell inactivation were characteristic of GCA and associ-
ated with treatment response.
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Background ophthalmologic symptoms. The Chapel Hill Consensus
Giant cell arteritis (GCA) is a systemic inflammatory = Conference 2012 definition [1] classifies GCA as a pri-
vasculitis of unknown etiology that occurs in the elderly =~ mary large-vessel vasculitis (LVV), along with Takayasu
and causes a wide variety of systemic, neurologic, and  arteritis (TAK). The clinical characteristics of GCA and
TAK are distinct; GCA develops in people over the age of
50 years and is common in Western countries, whereas
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antigen (HLA)-class I and II alleles, while TAK relates to
HLA-class I alleles [2—-6].

GCA involves the development of vasculitides in the
aorta and its main branches, with predominantly granu-
lomatous infiltrates of T lymphocytes, macrophages, and
multinucleated giant cells [7-11]. The pathophysiology
of GCA is not yet fully understood; however, the involve-
ment of Thl and Th17 immune-mediated response and
an imbalance of Th17/regulatory T (Treg) have been
demonstrated in GCA [9, 12—16]. Besides CD4+ T cells,
recent studies identified the molecular profile of circulat-
ing CD8+ T cells, monocytes, and neutrophils [17-19].

We have previously reported innate and adaptive
immune profiles in vasculitis by broad immunophenotyp-
ing and whole blood RNA sequencing [20-25]. A com-
parison of patients with LVV with healthy controls (HCs)
revealed characteristic upregulation of the IL-1 signaling
pathway in those with LVV, associated with the extent of
disease and poor prognosis, suggesting an association
between the pathogenesis of LVV and innate inflamma-
tion [20]. In these analyses, however, GCA and TAK were
examined together; thus, the individual characteristics of
their respective molecular signatures are still unclear. In
this study, we performed whole blood RNA sequencing
in detail, focusing on patients with GCA.

Patients and methods

Study population

To explore the key molecules characteristic of patients
with GCA, we used whole blood RNA sequencing data
from treatment-naive patients with GCA and TAK and
age-matched HCs, described elsewhere [20]. Whole
blood samples were collected from patients with GCA
and TAK at Keio University Hospital between August
2013 and May 2019 who met the respective international
classification criteria [26, 27]. Samples were obtained
from patients during week 0 (at the timing of diagnosis
prior to initiating induction therapy), after 6 weeks of
treatment at remission following treatment with pred-
nisolone and tocilizumab, and at the time of disease
relapse. HCs were confirmed to have no history of auto-
immune disease, severe allergic disorders, malignancy, or
infection.

This study was approved by the Institutional Review
Board of Keio University School of Medicine (approval
number #20140479) and conducted in compliance with
the Declaration of Helsinki. Written informed consent
was obtained from all participants.

Clinical assessment

Clinical information was obtained from the clini-
cal charts and annual medical check-up reports of the
patients. We collected information on age, sex, race, body
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mass index [28], smoking habits, comorbidities (includ-
ing hypertension, diabetes mellitus, dyslipidemia, fatty
liver disease, chronic kidney disease, polymyalgia rheu-
matica, inflammatory bowel disease, and aortic regur-
gitation), duration from onset of symptom to diagnosis,
arterial involvement (LV and cranial), disease activity
(remission and relapse), and laboratory data (including
complete blood count, antinuclear antibody (ANA) posi-
tivity (> 40 titer), rheumatoid factor (RF) positivity (> 15
IU/ml), immunoglobulin G level, erythrocyte sedimenta-
tion rate, and C-reactive protein (CRP) level). LV involve-
ment was defined from any of the following radiological
examinations: ultrasonography, CT, 8F-fluorodeoxyglu-
cose PET-CT, and magnetic resonance imaging. Cranial
involvement was defined as abnormal findings of histo-
logical and/or radiological examination of the temporal
artery. Remission was defined as the absence of clinical
symptoms and normal CRP levels maintained for at least
12 weeks [29]. Relapse was defined as the reappearance
of vasculitis-related manifestations or exacerbation of
imaging findings, requiring an increase in glucocorticoid
dose or additional immunosuppressive agents [29].

Analysis of whole blood RNA-sequencing data

Whole blood RNA-sequencing data [20] were used
in this study. Total RNA with an integrity value of > 7
was sequenced using NextSeq 500 (Illumina, Inc., San
Diego, CA, USA). In comparing the expression between
patients with GCA, TAK, and HCs, transcripts below P
< 0.05 with a |fold-change| > 1.5, using repeated meas-
ures analysis of variance, were considered significantly
and differentially expressed. The extracted genes were
then analyzed using pathway enrichment and cell-type
identification by estimating relative subsets of RNA tran-
scripts (CIBERSORT). Enrichment analysis for gene sets
and pathways was performed with Enrichr v3.1 using an
R interface to query the biological process 2018 data-
base for enrichments with an adjusted P < 0.05 [30, 31].
Data from CIBERSORT were uploaded to the web portal
(https://cibersort.stanford.edu/) and the LM22 gene sig-
nature, allowing the use of sensitive and specific discrimi-
nation of 22 human hematopoietic cell phenotypes [32].

Statistics

All analyses were conducted using the R statistics pack-
age version 3.6.1 (The R Foundation for Statistical Com-
puting, Vienna, Austria) or Prism software version 8.0
(GraphPad, San Diego, CA, USA). Continuous data are
expressed as a median (interquartile range), and cate-
gorical data as numbers and/or percentages. Descriptive
statistics were used to summarize the data. Continu-
ous variables were compared using the Mann—Whitney
U test. Categorical variables were compared using the
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chi-squared test. The threshold for statistical significance
was set at P < 0.05.

Results

Baseline characteristics of GCA, TAK, and old and young
HCs

Patients with treatment-naive GCA (1 = 17) and treat-
ment-naive TAK (# = 6) and old (age-matched to GCA,
n = 6) and young HCs (age-matched to TAK, n = 6) were
enrolled. The baseline characteristics of the patients are
summarized in Table 1. All patients with GCA had com-
plicated cranial and/or LV involvement. Comparison
between patients with GCA and old HCs and patients
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with TAK and young HCs showed no significant dif-
ferences in age, sex, race, smoking habits, body mass
index, and comorbidities. The positivity of autoantibod-
ies, including ANA (18% vs. 33%), RF (0% vs. 17%), and
serum immunoglobulin G levels (1524 vs. 1844 mg/dl)
tended to be lower in patients with GCA than those in
patients with TAK, although these differences were not
significant.

Identification of characteristic molecular profiles for GCA,
TAK, and old and young HCs

A comparison of gene expression data among all
patients and HCs revealed 739 differentially expressed

Table 1 Baseline clinical characteristics of GCA, TAK, and old and young HCs

Variable GCA TAK GCA vs TAK Old HC Young HC Old vs Young
n=17 n==6 P value n==6 n==6 Pvalue
Age, years 71(70-78) 47 (41-57) <0.010 73 (69-75) 58 (31-59) <0.010
Male, n (%) 8(47) 3(50) 0.90 2(33) 3(50) 0.56
Race, Japanese, n (%) 17 (100) 5(83) 0.093 6 (100) 6 (100) -
Body mass index, kg/m2 20 (17-23) 23 (18-24) 042 23 (21-26) 21 (20-22) 017
Smoking history, n (%) 7 (41) 3 (50) 0.71 1017) 1017) 1.0
Comorbidities
Hypertension, n (%) 4(24) 3(50) 0.64 2(33) 0(0) 0.075
Diabetes mellitus, n (%) 3(18) 0(0) 0.16 0(0) 0(0) -
Dyslipidemia, n (%) 6(35) 1(17) 0.38 2(33) 0(0) 0.075
Fatty liver disease, n (%) 1(6) 0(0) 043 1017) 1017) 1.0
Chronic kidney disease, n (%) 2(17) 2 (33) 0.25 1(17) 0(0) 0.22
Polymyalgia rheumatica, n (%) 7(41) 0(0) 0.022 0(0) 0(0) -
Inflammatory bowel disease, n (%) 0(0) 2 (33) 0.015 0(0) 0 (0) -
Aortic regurgitation, n (%) 3(11) 2011 0.015 1001 0(0) 0.22
GCA with positive TAB finding, n (%) 10 (59) - - - - -
LV involvement, n (%) 12(71) 6 (100) 0.062 - - -
Time from symptom onset to diagnosis, weeks 11 (5.1-21) 23 (9.6-47) 0.1 - - -
Laboratory tests at diagnosis
White blood cells, 10% cells/uL 7.0(6.2—7.9) 8.9 (6:4-9.9) 0.13 - - -
Neutrophils, 10 cells/pL 52 (4.0-59) 6.4 (4.6-74) 0.17 - - -
Lymphocytes, 10° cells/uL 1.2(1.1-15) 1.9 (1.0-2.1) 0.20 - - -
Monocytes, cells/uL 432 (336—520) 496 (349-577) 0.55 - - -
Eosinophils, cells/ul 94 (73—159) 115 (58-263) 0.70 - - -
Hemoglobin, g/dL 11(94-12) 11(10-12) 0.80 - - -
Platelets, 10* /uL 36 (27—40) 38 (30-55) 0.53 - - -
ANA positivity, n (%) 3(18) 2(33) 044 - - -
RF positivity, n (%) 0(0) 1017) 0.093 - - -
19G, 10° mg/dL 15(1.3-1.6) 1.7 (1.5=25) 011 - - -
ESR, mm/h 116 (78—131) 87 (63-116) 0.14 - - -
CRP, mg/dL 45(21-76) 3.9(1.6-94) 0.60 - - -

Continuous data were expressed as a median (interquartile range) and categorical data as numbers (percentages). Continuous variables were compared using the
Mann-Whitney U test and categorical variables using the chi-squared test. Values in bold are statistically significant (P < 0.05). GCA giant cell arteritis, TAK Takayasu
arteritis, HC healthy control, TAB temporal artery biopsy, LV large vessel, ANA antinuclear antibody, RF rheumatoid factor, ESR erythrocyte sedimentation rate, CRP

C-reactive protein
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genes among GCA, TAK, old HCs, and young HCs (P
< 0.05, |fold-change| > 1.5). We then compared the
expressed genes between GCA and TAK and GCA and
old HCs and identified 15 upregulated (Fig. 1A-a, B-a)
and 36 downregulated genes (Fig. 1A-b, B-b) character-
istic of GCA. Pathway enrichment analysis showed that
pathways associated with endothelial cell chemotaxis,
protein kinase A signaling, and glucose transmembrane
transport were overrepresented among the 15 upregu-
lated genes (Fig. 1C-a), and pathways associated with
B cell activation were included among the 36 down-
regulated genes (Fig. 1C-b). Next, we compared gene
expression between GCA and TAK and old and young
HCs and identified 15 genes characteristic of aging
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(Fig. 1A-c, B-c). Pathways associated with positive
regulation of amyloid-beta clearance and phospholipid
transport were overrepresented among the 15 upregu-
lated genes (Fig. 1C-c) but did not overlap with the
identified GCA-characteristic genes. Among patients
with GCA, we further compared gene expression
between those with and without PMR and those with
(LV-GCA) and without LV involvement (cranial-GCA),
although there were no specific findings (not shown).

Assessment of GCA, TAK, and old and young HCs using
CIBERSORT analysis

We performed CIBERSORT to identify the relative
immune cell subsets in treatment-naive patients with

A (a) 1GCAvs.TAK 1 GCAvs. Old HC (b) VGCAvs. TAK [ GCAvs. Old HC (c) MGCAvs.TAK MOld HC vs. Young HC
B (a) AC006483.5 MTRNR2L8 RAB13 (b) ABCD2 CCR6 IKZF2 RAB30 (C) ABCA7 CLDN9 RP11-274B21.2
AC099522.2 MyL6B RN75L368P AFF3 CENPH 1QCH-AS1 SLC4A7 AC005786.7 CLEC2L RP11-385J23.1
APBA3 NDUFA1 RP11-761B3.1 AKAP11 COBLL1 KLF8 STRBP ANKRD9 FTH1P3 RP13-726E6.2
ATP5E NEDD8-MDP1 RP13-726E6.2 ANKRD46 COL4A3 KLHL14 TIMD4 APBA3 MTX1P1 SMIM1
HLA-K PPBP RP4-800G7.1 ARHGAP5 CTD-2528L19.6 LRRN3 TPD52 AZU1 MUSTN1 TYROBP
BANK1 DENND5B MS4A1 ZNF566
BCKDHB E2F5 0SBPL10 ZNF667
BLNK HLTF PARM1 ZNF681
CAMK2D HOOK1 PNOC ZNF827
C -logyo(P value) (b) -logso(P value) (c) -log4o(P value)
00 05 10 15 20 25 0 2 4 6 00 05 10 15 20 25
1 1 1 1 1 1 1 ] 1 1 1 1 ]
= Endothelial cell chemotaxis =1B cell activation —| Positive regulation of amyloid-beta clearance
=] Protein kinase A signaling =B cell differentiation =1 Positive regulation of phospholipid transport
= Glucose transmembrane transport =] Lymphocyte differentiation = Negative ion of P iosy ic process
=] Hexose transmembrane transport = Regulation of relaxation of cardiac muscle =] Positive regulation of apoptotic cell clearance
=] Cortical actin cytoskeleton organization = Regulation of cardiac muscle cell apoptotic process =] Microglial cell activation
={Mitochondrial ATP synthesis coupled proton transport =1 Hindlimb morphogenesis —| Erythrocyte development
=] Glucose transport =] Inner ear receptor cell development = Regulation of MHC class Il biosynthetic process
=1 Positive regulation of neutrophil chemotaxis =] Regulation of histone deacetylase activity =] Positive regulation of tumor necrosis factor biosynthetic process
=] Positive regulation of neutrophil migration =] Regulation of relaxation of muscle ={Monocyte activation
=] Positive ion of =1 Regulation of lymphocyte migration = Regulation of amyloid precursor protein biosynthetic process
Fig. 1 Differentially expressed genes in GCA, TAK, and old and young HCs. A Numbers and B lists of (a) upregulated and (b) downregulated genes
in GCA compared with that in TAK and old HCs and (c) upregulated genes in older subjects (GCA vs. TAK and old vs. young HCs). CTop 10 (a)
upregulated and (b) downregulated pathways in GCA compared with that in TAK and old HCs and upregulated pathways in older subjects (GCA vs.
TAK and old vs. young HCs). Orange, blue, and green: P < 0.05. GCA, giant cell arteritis; TAK, Takayasu arteritis; HC, healthy control




Matsumoto et al. Arthritis Research & Therapy (2023) 25:1

GCA (n = 17), treatment-naive patients with TAK (n
= 6), old HCs (n = 6), and young HCs (n = 6). The
gene expression related to “M0 macrophages” (M0-like
monocytes) was upregulated and that related to Tregs,
follicular helper T (Tfh) cells, and B cells was down-
regulated in treatment-naive patients with GCA com-
pared to that in treatment-naive patients with TAK or
HCs (Fig. 2A). We compared patients with GCA and
age-matched HCs to focus on genes defining MO-like
monocytes, Tregs, Tth cells, and B cells in the CIBER-
SORT. Absolute FCs are calculated with an adjusted
P < 0.1. For each subset, the top 10 dysregulated
genes are shown (Fig. 2B). Regarding genes defining
MO-like monocytes, gene expression of PPBP, MMP9,
CYP27A1, HK3, QPCT, CD68, and NCF2 were upregu-
lated, while that of BHLHE41 was decreased in patients
with GCA compared to HCs (Fig. 2B-a).

Longitudinal transcriptome profiles for GCA using
CIBERSORT analysis

We also compared the proportion of estimated immune
cell subsets per group (Supplementary Table 1): treat-
ment-naive (n = 17), remission under prednisolone
treatment (n = 8), remission under prednisolone and
tocilizumab treatment (n = 3), and relapse after remis-
sion during an observational period of 60 weeks (n = 5).
The mean indices of the estimated subsets are shown in
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Fig. 3A. The dysregulated gene signatures before treat-
ment returned to a state similar to that of HCs after
attaining remission with treatment and reappeared at
relapse. Combined treatment with prednisolone and
tocilizumab normalized the levels of dysregulated genes
associated with MO-like monocytes, Tregs, Tth cells,
B cells, and imbalance of activated/resting NK cells in
GCA more efficiently than prednisolone monotherapy
(Fig. 3A). Later, we compared samples from treatment-
naive patients with GCA who did not relapse (n = 12)
with those who relapsed later (n = 5) and samples from
patients 6 weeks after treatment initiation who did not
relapse (n = 8) with those who relapsed later (n = 5)
and found that initial gene signatures were associated
with treatment response. Although gene signatures
associated with MO-like monocytes were high before
treatment irrespective of future relapse, they contin-
ued to remain high 6 weeks after treatment in patients
with future relapse compared to the apparent decrease
6 weeks after treatment in patients without relapse
(Fig. 3B).

Discussion

Elucidating the differences in pathophysiology between
GCA and TAK remains a challenge, despite their dis-
tinct differences in clinical features. In this study, we
performed a transcriptome analysis and identified the
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molecular biological features of GCA compared with
TAK and age-matched HCs. Longitudinal assessment of
transcriptome data identified persistent myeloid domi-
nance in GCA, consistent with a previous article by Sleen
et al. using a longitudinal leukocyte immunophenotyp-
ing [33]. Relative immune cell subsets obtained from
the CIBERSORT in this study revealed that the persis-
tent myeloid dominance was due to persistent monocyte
activation. We also identified the activated monocytes in
GCA changed toward MO-like phenotypes at the tran-
scriptome level. Further longitudinal assessment revealed
that dysregulated gene expression returned to a healthy
state under combination treatment with prednisolone
and tocilizumab.

Monocyte/macrophage critically contributes to the
initiation of vascular inflammation and multinucleated
giant cell formation in patients with GCA and TAK [7,
8]. Although macrophage/multinucleated giant cell inva-
sion is a common characteristic of GCA and TAK, our
study showed a larger number of circulating MO-like
monocytes. MO-like monocytes in GCA were repre-
sented by upregulation of MMP9 (matrix metallopro-
teinase 9), which was consistent with a previous article
[34]. Numbers and phenotypes of macrophages altered

during aging. A larger number of circulating MO-like
monocytes may suggest the involvement of inflammaging
in GCA [35-37]. Furthermore, the gene signature associ-
ated with MO-like monocytes remained high in patients
with future relapses in the early phase of treatment and
even in remission. Considering that the IL-1 signaling
pathway was upregulated in patients with future relapse
compared to those without [20], chronic monocyte/mac-
rophage activation may induce low-grade inflammation
via cytokine production and subsequently contribute to
future relapse. Suppression of residual inflammation may
preclude disease progression in patients with GCA.
Contrary to increased M0-like monocytes, gene expres-
sion associated with Tregs, Tth cells, and B cells was
decreased in GCA. This is consistent with the previous
flow cytometry analyses showing low numbers of Tregs
and B cells in GCA [21, 33]. Regarding B cells, the circu-
lating number of naive B, memory B, CXCR3+ switched
memory B, and CXCR5+ switched memory B cells was
lower in GCA than those in HCs [21, 38]. Considering
that the decreased level of B cells returned to normal
after treatment in the CIBERSORT analysis, investigation
of whole blood transcriptome can provide the level of B
cells associated with disease activity. In our study, gene
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expression of CCR6 was downregulated in GCA. Since
CCR6 widely expresses on memory T and B cells [32, 39,
40], downregulation of CCR6 possibly reflects homing
and its organization. The ratio of activated/resting NK
cells was also decreased in treatment-naive patients with
GCA, which returned to normal after treatment. How-
ever the phenotype of NK cells in GCA is understudied
[41], an imbalanced activated/resting NK cells may con-
tribute to the pathogenesis of GCA.

Recent clinical trials of tocilizumab have revealed that
therapies targeting IL-6 can effectively reduce GCA
relapse and decrease prednisolone dosage [29]. Tocili-
zumab demonstrates a clinically meaningful benefit with
a specific effect of IL-6 inhibition on antibody-producing
B cells [42]. Recent studies have also revealed that toci-
lizumab affects the proportion and function of Tregs,
which may explain its efficacy [13—16]. Tocilizumab also
affects the number of Th1, Th17, and Tth cells, suggesting
that suppression of these cells may be another therapeu-
tic effect of tocilizumab [21]. Our study demonstrated
that tocilizumab in combination with prednisolone dra-
matically normalized the levels of dysregulated genes
associated with MO-like monocytes, Tregs, Tth cells, B
cells, and imbalanced activated/resting NK cells in GCA,
the effect of which was greater than that of prednisolone
monotherapy. The results were consistent with a study in
patients with rheumatoid arthritis, showing that tocili-
zumab treatment normalized the molecular signature at
whole blood transcriptome levels to a greater extent than
treatment with methotrexate or a tumor necrosis factor
inhibitor [43]. Tocilizumab may induce deeper molecular
remission in various inflammatory connective tissue dis-
eases via IL-6 inhibition.

Non-immune-mediated gene ontology terms associated
with protein kinase A signaling, glucose and hexose trans-
membrane transports, cortical actin cytoskeleton organiza-
tion, and mitochondrial ATP synthesis-coupled protein and
glucose transports were all upregulated, while regulation
associated with relaxation of cardiac muscle and cardiac
muscle cell apoptotic process, hindlimb morphogenesis,
inner ear receptor cell development, histone deacetylase
activity, and muscle relaxation was downregulated in GCA.
These may reflect the abnormalities of cellular metabolisms
and cell development in GCA [14, 44, 45], although further
investigations are needed.

Our study had several limitations. First, the result was
based on a small sample. Second, different treatment
regimens were not standardized, and this could affect
cell composition. Third, analyses were biased because
patients with TAK were relatively old in our cohort.
Fourth, the results of the CIBERSORT analysis were
different from the percentage of circulating immune
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cell subsets because the treatment was designed to
assess the leukocyte deconvolution from bulk tumors.
For these reasons, additional evidence is required to
strengthen our findings to make prediction possible for
disease relapse in GCA. Allowing for these limitations,
the results from whole blood transcriptome analysis
have provided valuable insights into the pathophysiol-
ogy of GCA, particularly regarding molecular signature
levels of B cells and monocytes, and illustrated the effect
of tocilizumab in normalizing residual molecular signa-
tures. Further studies are needed to confirm our results
and clarify the pathophysiology of GCA.
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