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Increased expression of Toll-like receptors D
and associated alarmins in temporal arteries
of patients with giant cell arteritis

S. Seidlberger!, M. Schirmer?, G. Wietzorrek', J. A. Jiménez-Heffernan®, M. Pardines’, M. de las Fuentes Monreal®,
M. A. Gonzalez-Gay®’8, S. Castafieda*" and S. Santos-Sierra' "'

Abstract

Background Giant cell arteritis (GCA) is a chronic granulomatous inflammatory disease involving large- and
medium-sized arteries. The disease spectrum comprises cranial (C-GCA), extracranial (EC-GCA) and mixed phenotypes.
Toll-like receptors (TLRs) in the affected arteries may play an important role in GCA pathogenesis. However, data on
TLR and TLR-ligands expression pattern in GCA arteries are lacking.

Objective To investigate the expression of TLRs and putative ligands in temporal artery biopsies (TAB) from C-GCA,
EC-GCA and isolated polymyalgia rheumatica (PMR) patients to establish a link between TLRs, antigen expression, and
disease stage. To correlate the plasma levels of identified TLR-ligands with standard inflammatory markers (IL-6, CRP,
ESR) in these patients.

Methods Immunofluorescence staining of TLR2/4/7/8, HMGB-1, SAA, fibrinogen, and p-glycoprotein was performed
with TABs of six biopsy proven C-GCA, six EC-GCA, five PMR patients and seven age-matched controls. Association
studies among plasma inflammatory markers were done with 139 PMR and 40 GCA patients.

Results The levels of TLR2/4/7/8 and the alarmins HMGB-1, SAA, and fibrinogen were highly increased in C-GCA
TABs in the sites of inflammation and less in EC-GCA TABs. P-glycoprotein was overexpressed in C-GCA TABs.
Glucocorticoids or TAKT-inhibitor treatment decreased the fibrinogen- and SAA-mediated IL-6 production in control
PBMCs. Plasma levels of SAA and fibrinogen associated strongly with CRP and ESR levels.

Conclusion TLRs are overexpressed at the site of vascular inflammation in C-GCA and at a lower level in EC-GCA and
PMR with negative TAB. Moreover, HMGB-1, SAA, and fibrinogen may serve as disease biomarkers of patients with
C-GCA.
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Introduction

Giant cell arteritis (GCA) is an inflammatory disease pri-
marily involving medium- and large-arteries that affects
people over 50 years. Typically, GCA involves the tem-
poral artery (TA) and other arteries derived from the
external carotid artery, and ophthalmic arteries derived
from the internal carotid artery which is named as cranial
GCA (C-GCA). Some patients present a predominant
extracranial symptomatology without cranial ischemic
manifestations and are defined as extracranial-GCA
phenotype (EC-GCA). Additionally, there is an overlap
between cranial ischemic manifestations and extracranial
involvement confirmed by imaging techniques (mixed
phenotype) (Gonzalez-Gay et al. 2019). The affected
arteries show intimal hyperplasia and luminal obstruc-
tion, which leads to ischemic manifestations, being blind-
ness one of the most ominous complications (Hayreh
1998; Gonzalez-Gay 2016). Fortunately, the incidence of
vision loss has decreased in recent decades (Gonzalez-
Gay 2016).

Polymyalgia rheumatica (PMR) is a disease charac-
terized by pain and stiffness in the shoulders, proximal
aspects of arms, hip girdle, and neck that may manifest
independently or coexist with GCA. There is a signifi-
cant overlap between these two conditions, with PMR
occurring in up to 50% of GCA patients (Gonzalez-Gay
2004). Imaging techniques (e.g. [**F]-fluorodeoxyglucose
positron emission tomography-computed tomography
(PET-CT)) have revealed extracranial large vessel vascu-
litis (LVV) involvement in up to a third of patients with
isolated PMR (Gonzalez-Gay 2023; Gonzalez-Gay 2017),
and some studies suggest that the two disorders may rep-
resent different poles of the same process (Tomelleri et al.
2023; Dejaco 2017).

Histological examination of temporal artery biopsy
(TAB) shows that, at a cellular level, Th-1 and Th-17 cells
are recruited to the adventitia-media border by activated
resident dendritic cells (Deng 2010). Then, they induce
the migration and differentiation of macrophages into
multinucleated giant cells (MNGC). These, produce
cytokines, growth factors, and proteolytic enzymes that
target vascular smooth muscle cells (VSMCs) leading to
intimal hyperplasia and, in turn, to stenosis or occlusions
with further ischemic events (Weyand 2023).

It has been suggested that the arterial inflammation in
GCA may be instigated by a pathogen (e.g. Epstein-Barr
virus, varicella zoster virus), although these findings are
controversial (Ostrowski 2019). On the other hand, the
immune activation may be triggered by danger-associ-
ated molecular patterns (DAMPs or alarmins). These
host-derived antigens (e.g. SAA, HMGB-1 [high mobil-
ity group box-1]) are usually expressed intracellularly,
but can be extracellularly released due to cellular dam-
age following stress or inflammatory stimuli. HMGB-1 is
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localized as a nuclear DNA-binding protein in most cell
types (Ugrinova 2009). Yet, extracellular HMGB-1 may
activate several receptors (e.g. Receptor of Advanced
Glycation End-products (RAGE), TLR2, and TLR4) and
stimulate the release of extra-cellular matrix (ECM) pro-
teins (Wang et al. 2015).

Several studies tried to identify antigens specifically
overexpressed in the TABs of C-GCA patients, especially
in cases where morphological evaluation and hematoxy-
lin/eosin (H&E) staining show inconclusive results. For
instance, CD68 staining is more sensitive but less specific
for diagnosing GCA than histopathological findings (e.g.
presence of MNGC and transmural inflammation (Muniz
Castro 2022)). Adding CD3 immunostaining to the stan-
dard histology increases sensitivity with a comparable
specificity (Ciccia 2018). In contrast, CD83 staining did
not improve GCA diagnosis (Slobodin 2007). However,
in GCA patients with very recent optic nerve ischemia,
PTX3 levels are higher in comparison to controls (Baldini
et al. 2012).

The expression of innate immune receptors, such
as TLRs, has been shown to be increased in the blood
cells of GCA patients (Alvarez Rodriguez et al. 2011).
In addition, the expression of TLR2, TLR4, and TLRS in
several arteries of healthy controls was elevated (Prysh-
chep 2008). However, to the best of our knowledge, TLR
protein expression in TABs of GCA patients at the time
of diagnosis has not been evaluated so far via immuno-
fluorescence studies. Yet, a recent study using nanostring
nCounter gene expression profiling uncovered 31 down-
regulated and 256 upregulated genes in GCA TABs com-
pared to normal TABS, being some TLRs overexpressed
(Ferrigno et al. 2024).

PMR and GCA patients” blood samples are charac-
terised by increased acute-phase reaction markers (e.g.
ESR, CRP, IL-6). High levels of IL-6 correlate with clini-
cal symptoms and glucocorticoid (GC) treatment sup-
presses IL-6 production. Notably, withdrawal of GC after
several months of treatment is followed by an immediate
increased IL-6 levels (Roche 1993). Nevertheless, IL-6 has
been questioned as a precise marker to monitor patients
treated with the IL-6R antagonist tocilizumab (TCZ) and
GCs, and additionally, IL-6 blockade influences the levels
of other inflammatory markers (Samson et al. 2024).

In this work, we aimed to identify novel antigens that
may be overexpressed in the TABs of clinically active
C-GCA patients and to determine if they also occur in
TAs of patients with EC-GCA and PMR in whom TABs
yield negative results. Increased expression of these anti-
gens in patients with GCA and isolated PMR may be
useful in diagnosing patients for whom standard H&E
staining of biopsies does not yield positive results. Fur-
thermore, we examined whether additional laboratory
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parameters like fibrinogen and SAA show an association
with the routinely analysed inflammatory markers.

Patients and methods

Subjects

TABs from six C-GCA patients, six EC-GCA, five PMR,
and seven controls were obtained from the Pathology
Department, UHLP. Clinical and biological data (Table
S1) were recorded at the time of TAB acquisition and
updated with the TAB results and final diagnosis. GCA
patients fulfilled either the 1990 American College of
Rheumatology (ACR) classification criteria (Hunder et al.
1990) or the 2022 American College of Rheumatology/
EULAR GCA classification criteria (Ponte et al. 2022a;
2022b). Patients with EC-GCA had a negative TAB and
were diagnosed with extracranial LVV by imaging tech-
niques (ultrasound, angio-CT, or PET-CT). Isolated
PMR had a negative TAB, no manifestations of cranial
or extracranial ischemia, and negative imaging results.
None of the PMR patients developed clinical features of
GCA during 1-year of follow-up. Controls were defined
as age-matched subjects who had undergone a TAB and
later received a different diagnosis. PMR patients fulfilled
the preliminary classification criteria of PMR proposed
by EULAR/ACR (Dasgupta et al. 2012).

For the association analysis, a confirmation cohort
was included with data from 139 consecutively recruited
PMR and 40 GCA patients (Table S2) who attended a
routine examination in the Rheumatology Department,
MUL

Specimens’ preparation and immunofluorescence of
temporal arteries

TABs were obtained from the Pathology archives at
UHLP, Madrid, Spain. Sections were cut at 4 pm and
mounted on glass slides for staining with H&E. C-GCA
patients had biopsy-proven GCA with typical histopath-
ologic features (e.g. transmural inflammation with lym-
phocytes, macrophages, and MNGC, fragmentation of
the internal elastic membrane (IEM), intimal hyperplasia,
and luminal narrowing).

The samples were deparaffinised and washed before
epitope retrieval, performed by heating twice to 96°C for
seven minutes and cooling down for 30 min. After wash-
ing with TBS-T (50 mM Tris-buffered saline pH 7.2, 0.4%
Triton X-100) and blocking with TBS-T/5% normal goat
serum (NGS) at room temperature for two hours, the pri-
mary antibodies (Table S3) were incubated on the slides
for 20 h at 4°C (1:200 in TBS-T/5% NGS). After wash-
ing with TBS-T, the secondary antibody was added onto
the slides (1:1000 in TBS-T/5% NGS) for two hours at
room temperature, followed by washing steps. Hoechst
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33,342 (Cell Signaling Technology) was used for the DNA
staining (1:100,000 in phosphate-buffered saline) for 60
s. Slides were sealed with mounting medium (Fluoro-
shield™; Sigma Aldrich; F6182) and images were acquired
with a PeconCellVivo microscope and the software
CellSens Dimension. Control of the secondary antibod-
ies staining is shown in Figs. S2-3, and by controlling
the background fluorescence in the corresponding red,
green, and blue channels.

Quantification of antigens

The relative antigen expression was assessed with Image]
software (FijiWin64/ImageJ2015). Due to the mor-
phological heterogeneity of the samples, we quantified
equivalent areas. Accordingly, we traced two rectangles
(same width, 65 pum) extending from the artery lumen
until the interior border of the adventitia (comprising
tunica intima plus tunica media; Fig. S1). The first rectan-
gle was in every case situated on the broader part of the
artery and the second was displaced at an angle of ninety
degrees. The mean value (relative intensity) of both sur-
faces was calculated.

Cytokine measurement

PBMCs were isolated from whole blood samples using
Histopaque®~1077 (Sigma-Aldrich; 10,771). Cells were
seeded in 96-well plates (1.2x10° cells/well) in RPMI-
1640 with 10% Fetal bovine serum (Sigma-Aldrich) and
0.5% Ciprobay (Bayer). After 24 h, the cells were treated
with 5Z-7-oxozeanol (Sigma-Aldrich; O9890) or predni-
sone (Dermapharm GmbH; 201,024) for one hour and
stimulated with fibrinogen (Sigma-Aldrich; 341,576-M)
or SAA (Sigma-Aldrich; SRP4324). The cytokine released
in the supernatant (24 h) was detected by enzyme-linked
immunosorbent assay (ELISA) (BioLegend; 430,501) with
a plate reader (Victor? ™D, Perkin Elmer) and absorbance
at 450 nm. The detection limit for IL-6 was 7.8 pg/ml.

Statistical analysis

Statistical analysis was performed with GraphPad Prism
10.2.3 (San Diego, CA, USA) after normality testing of
the data. In the IF experiments, results were expressed
as median value with standard deviation. Comparisons
between two groups were done with the Mann—Whitney
U test. For the cytokine measurement, the statistical anal-
ysis was done by one-way ANOVA followed by Dunnett’s
multiple comparison test. P-values were reported as sig-
nificant if p <0.05 (*); p<0.01(**); p<0.001(***); p <0.0001
(****). Associations were determined with Spearman’s
rank correlation coefficient. One-tailed P-value (p <0.05)
was considered statistically significant.
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Results

Expression of TLRs in C-GCA, EC-GCA, and PMR artery
samples

TLR expression in TABs of GCA patients at diagnosis has
not been investigated yet. Thus, we performed immu-
nofluorescence (IF) staining of TLR2, TLR4, TLR7, and
TLR8 in TABs from C-GCA, EC-GCA, PMR patients,
and controls. Histological evaluation of the TAB speci-
mens (Fig. 1A) demonstrated that C-GCA arteries had
IEM destruction and luminal occlusion due to the prolif-
eration and migration of VSMCs into the tunica intima.
EC-GCA samples presented a thickened tunica intima in
some cases. In contrast, most samples from PMR patients
who had no clinical evidence of GCA were morphologi-
cally normal.

The expression level of the above indicated receptors
was quantified in the media and the intima arterial lay-
ers according to the scheme shown in Fig. S1. In the case
that high background staining was observed in the IEM
(which might lead to misrepresentative results), only the
expression in the tunica media was taken into account
(i.e. TLR2, TLR8). Additionally, the background staining
with the secondary antibodies used was assessed (Figs.
S2, 3).

Immunofluorescence staining of TLR2 in TABs is
depicted in Fig. 1B. TLR2 is expressed at low levels in the
tunica media of controls, PMR and EC-GCA. In contrast,
its expression is between three and four times higher in
C-GCA TABs where it was found in resident cells and in
invading macrophages (CD68" cells). Yet, CD68 cells are
mostly located at the media-adventitia border and in the
adventitia. Various commercial antibodies that were ini-
tially tested in IF experiments rendered negative staining
results (Fig. S4).

Next, we investigated the expression of TLR4 (Fig. 1C)
which appeared expressed at low levels in the tunica
media of controls, and at increasing levels in PMR and
EC-GCA samples. It was found markedly overexpressed
in C-GCA TABs (3.2 times more than in controls) at
the intima-media border, the media, and the media-
adventitia border, where invading macrophages are also
localized.

TLR8 (Fig. 1D) showed an atypical expression pat-
tern. Contrary to the homogeneous expression of TLR2
and TLR4 in the media layer, TLR8 is expressed in dis-
tinct areas in all the samples, C-GCA, EC-GCA, PMR,
and controls. In C-GCA patients, a high density of TLR8
was observed at the site of arterial stenosis and in CD68*
cells. In addition, TLR8 was localized in smooth muscle
cells in the tunica media in control and in the tunica
media and tunica intima in GCA samples (Fig. S7). The
observed TLR8 expression pattern was confirmed with
two different antibodies (Fig. S8). Another endosomal
receptor, TLR7, was expressed at low levels in the tunica
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media of controls, PMR, and EC-GCA samples (Fig. 1E).
In contrast, its expression was highly increased (3.8
times) in the intima and media layers and the media-
adventitia border of the C-GCA samples, primarily at the
stenosis site. CD68 co-staining showed that not all the
macrophages co-expressed TLR7.

Increased overexpression of specific TLRs in arterial
tissue might indicate which DAMPs may incite or per-
petuate the inflammatory reaction.

Expression of DAMPs linked to GCA inflammation
We focused our investigations on DAMPs previously rec-
ognized as ligands for TLR2 and TLR4.

IF staining of HMGB-1, a ligand of TLR2/TLR4, and
RAGE (Park et al. 2004; Tian et al. 2007), showed that
HMGB-1 was expressed in the media of TABs from con-
trols, and that the level of expression increased gradually
from PMR and EC-GCA to C-GCA samples (Fig. 2A). In
the latest, extensive patches of HMGB-1 expression can
be observed in the media and media-adventitia border.

In physiological conditions, HMGB-1 is located in
the nucleus, and it is transported to the cytoplasm or
to the ECM following stress conditions or cell death.
Thus, TABs were stained with the nuclear dye Hoechst.
As shown in Fig. S5, in PMR and EC-GCA samples,
HMGB-1 appears mainly in the cell nucleus, as in control
samples, but in C-GCA TABs (Fig. 2B) it was detected in
the nucleus of some cells, in the cytoplasm, and likely in
the ECM.

Circulating SAA is increased in GCA patients in com-
parison to controls, and it was proposed as a regula-
tor of TA inflammation and angiogenesis (O'Neill et al.
2015). However, its expression in C-GCA TABs has not
been investigated. In TABs from PMR and EC-GCA
patients, SAA is increased in the tunica media compared
to controls (Fig. 2C). In C-GCA TABs, SAA was highly
expressed mainly in the intima-media and media-adven-
titia borders where macrophages were also found.

Fibrinogen degradation products are elevated in the
serum of PMR and C-GCA patients before GC treat-
ment (Grau 1984), and extravascular fibrinogen may
activate immune cells via TLR4 (Smiley 2001). Follow-
ing staining with anti-fibrinogen, background expression
was observed in the adventitia in PMR, EC-GCA, and
control samples, but very low expression was detected
in the media layer. On the contrary, in C-GCA samples,
expression in the media and media-adventitia border was
raised approximately 3 times in comparison to controls
(Fig. 2D).

Expression of p-glycoprotein in C-GCA, EC-GCA, PMR, and
control arteries

During follow-up, PMR and GCA patients may experi-
ence a reduced response to GCs or suffer from flares
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Fig. 1 Expression of different TLRs in C-GCA, EC-GCA, PMR patients, and controls. A Representative bright field images of C-GCA, EC-GCA, PMR, and
control samples (C). TA: Tunica adventitia. EEM: External elastic membrane. TM: Tunica media. IEM: Internal elastic membrane. TI: Tunica intima. B-E TLR2,
TLR4, TLR8 and TLR7 immunofluorescence (IF) staining. Arrows point to TAB regions with high expression of the receptors. The graph-bars represent the
median and standard deviation of at least three values. The differences significance was assessed with Mann-Whitney U test. p <0.05 (*); p <0.01(**). For
improved clarity, the lumen is marked with an open white or black lane. RU: relative intensity units
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Fig. 2 Expression of DAMPs in TABs of C-GCA, EC-GCA, PMR patients and
controls. A HMGB-1. B HMGB-1 plus Hoechst dye for the nuclei staining.
HMGB-1 cytoplasmic and ECM expression (red; yellow arrows) nuclear ex-
pression (pink; green arrows). C SAA. D Fibrinogen. Arrows point to TAB
regions with high expression of the proteins. The graph-bars represent
the median and standard deviation of three values. The differences sig-
nificance was assessed with Mann-Whitney U test p-values significant if
p<0.05 (*); ns: non-significant. For improve clarity, the lumen is marked
with an open white lane. RU: relative intensity units

after tapering to a lower dose (Castaneda 2022; Alba et al.
2014). One of the possible mechanisms of GC resistance
is the cellular overexpression of p-glycoprotein (Smutny
2019), and it has been shown that p-glycoprotein expres-
sion is influenced by TLR2 activity in murine and human
myeloid cells (Frank et al. 2015). We assessed the levels of
p-glycoprotein via IF (Fig. 3), and we observed that it was
expressed similarly in the media of controls, PMR, and
EC-GCA samples. However, in C-GCA samples, p-gly-
coprotein expression was significantly increased in the
intima and media lamina and at the transitional border,
where macrophages were also localized.

GCs or TAK1 inhibition decrease the fibrinogen- or SAA-
mediated IL-6 production

The previous experiments indicate that fibrinogen and
SAA are antigens that appear increasingly expressed
in C-GCA TABs. Moreover, it has been described that
fibrinogen and SAA might bind TLR2 and TLR4 (Smiley
2001; Connolly et al. 2016). Thus, we assessed the anti-
inflammatory effect of GCs and 5Z-7-oxozeanol (oxo) fol-
lowing TLR stimulation. Oxo targets transforming growth
factor beta-activated kinase-1 (TAK1) (Wu et al. 2013),
which is functional downstream of TLRs. Healthy volun-
teers” PBMCs were pre-incubated with oxo or GCs, and
they were stimulated with fibrinogen or SAA (Fig. 4A, B).
The IL-6 production induced by fibrinogen (144.3 pg/ml)
or SAA (110.3 pg/ml) was significantly reduced by oxo
(to 62.3% and 42.0%) and by GCs (to 55.0% and 45.0%).
These results indicate that the DAMPs fibrinogen and
SAA induce IL-6 production, which is a main cytokine in
GCA, and this inflammatory response may be decreased
in vitro by TAK1-inhibition or GC treatment.

Association of inflammatory markers in PMR and GCA

Although GC treatment induces a strong decrease in
ESR and CRP levels, after tapering, acute-phase proteins
may remain elevated in some patients (Roche 1993, Sal-
varani 2003). The previous results point to a role of SAA
and fibrinogen in the underlying inflammatory process in
GCA. Thus, we set to analyse the association between the
levels of standard inflammatory markers (e.g. IL-6, CRP,
and ESR) and those of fibrinogen and SAA in a cohort of
139 PMR and 40 GCA patients (Table S2). The reference
values for the different markers appeared in Table S4. As
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Fig. 3 Expression of p-glycoprotein in TABs of C-GCA, EC-GCA, PMR patients and controls. Arrows point to TAB regions with high expression of p-
glycoprotein. The graph-bars represent the median and standard deviation of five values. The differences significance was assessed Mann-Whitney U test
p<0.01(**). For improved clarity, the lumen is marked with an open white lane. RU: relative intensity units
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Fig. 4 Effect of GCand TAK1 inhibition in IL-6 production in PBMCs. A Healthy volunteers” PBMCs (N=6) were pre-incubated with 5Z-7-oxozeanol (Oxo;
5 uM) or GC (10 uM) and stimulated for 24 h with fibrinogen (FGN; 0.10 mg/ml). The IL-6 production was measured by ELISA. B Same experiment as in A
but PBMCs were stimulated with SAA (0.17 mg/ml). The graph-bars represent the median values. p<0.01 (**); p<0.001 (***); p <0.0001 (****)
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shown in Fig. 5A and B, in PMR patients” plasma, IL-6
levels presented a low correlation coefficient with CRP
(r=0.52) and ESR (r=0.52), respectively. The correlation
coefficient between ESR and CRP was 0.68 (Fig. 5C). In
contrast, the association between AP-SAA and CRP or
ESR was relatively strong (r=0.76 and 0.58, respectively;
Fig. 5D, E). Remarkably, the highest association was
observed when analysing fibrinogen and CRP (r=0.80)
or ESR (r=0.83) (Fig. 5F, G). The new investigated param-
eters, fibrinogen and SAA, showed a relatively strong
association (r=0.70; Fig. 5H). The association of IL-6 with
both of them was weaker (r=0.61, r=0.46; Fig. S6A, S6B).

In the cohort of GCA patients” plasma, we observed no
association between IL-6 levels and CRP or ESR (r=0.44
and 0.39, respectively; Fig. 6A, B). However, these two
parameters associated strongly (r=0.77; Fig. 6C). While
AP-SAA levels robustly associated with CRP (r=0.82;
Fig. 6D), AP-SAA values associated under 0.50 with ESR
(Fig. 6E). The levels of fibrinogen associated with CRP
and ESR stronger than in the PMR patients (r=0.86
and 0.92, respectively; Fig. 6F, G). Fibrinogen and AP-
SAA associated positively also in these patients (r=0.58;
Fig. 6H), and IL-6 did not associate with both parameters
(r=0.34, r=0.41; Fig. S6C, S6D).

Discussion

This study is the first to show that at the time of diagno-
sis TLR2, TLR4, TLR7, and TLRS8 are highly expressed
in C-GCA samples and only expressed at low levels in
TABs of controls. In addition, TABs from EC-GCA and
PMR patients exhibited a slightly increased expression of
TLR4. These results are highly relevant since we inves-
tigate the expression of inflammatory receptors (TLRs)
and potential DAMPs in various stages within the spec-
trum of the disease: PMR, EC-GCA, and C-GCA.

Immune cells, such as macrophages infiltrating GCA-
arteries, are predicted to express high levels of TLRs,
as shown in the case of the co-staining of TLR8 with
the macrophage marker CD68 in C-GCA TABs. How-
ever, other cell types (e.g. muscle cells —Fig. S7-; fibro-
blasts (Vink et al. 2002)) also seem to express TLRs, as
we observed in control samples which are not populated
by macrophages. This effect was more evident in C-GCA
resident cells.

In response to endothelial injury signals, VSMCs
migrate into the intima layer where they proliferate and
produce pro-inflammatory cytokines (e.g. IL-6) (Piggott
2009). VSMCs express TLR2, TLR3, TLR4, and TLRO.
While activation of TLR2, TLR3, and TLR4 leads to IL-6



Seidlberger et al. Molecular Medicine (2025) 31:331 Page 9 of 13
A -oum P =001 N=25 B r=0.39 P=0.03 N =25 C r= 077 P<00001 N=38
40 140 : 140 :
H ° 120 : i

30 § . =
5 |:° . =
GCA o =
o &
w

CRP [mg/dI] IL-6 [ng/l] CRP [mg/dI]
D r=0.82 P <0.0001 N= 27 E r=0.44 P=0.01 N=27
10+ .
8:
5 <
> € :
E E :
o © H
© e
o £ :
O-F .I T T T 1
0 50 100 150 200 250 0 50 100 150 200 250
AP-SAA [mg/l] AP-SAA [mg/l]
F r= 086 P <0.0001 N=34 G (- 092 P<00001 N= 32 P=00007 N=27
10 : 140 :
: 120 * =
8- : ® 3
%; : ° z? 100 g
S 6 e £ =
E s E® 5
4 : x 60 o
g ¢ : @ g
© 24 : 409 LSOO U TUTO S
) 20 oo’ w
oo PO AL N 1o s T e,
1

T
200 400 600
Fibrinogen [mg/dI]

1
800 200

T T T 1
100 150 200 250
AP-SAA [mg/l]

T T 1
400 600 800
Fibrinogen [mg/dl]

Fig. 6 Association of IL-6, CRP, ESR, fibrinogen, and AP-SAA in patients with GCA (N=40). A-H Data values were used for the association studies when
both values were determined in the same blood sample. r: Spearman’s rank correlation coefficient; P: p-values significant if p<0.05 (*); p<0.01(**);
p <0.001(***); p<0.0001 (***).N: number of patients. IL-6: interleukin-6. CRP: C-reactive protein. ESR: erythrocyte sedimentation rate. AP-SAA: acute-phase

serum amyloid A. Dotted line: reference values (indicated in Table S4)

production, activation of TLR7/8 and TLR9 induces
the production of IL-12, TNF-«, IL1-8 and INF-a (Pig-
gott 2009). We showed that TLR8 and TLR7 were highly
expressed in C-GCA, but also other TLRs may play an
important role, as GCA patients have high IL-6 plasma
levels.

TLR8 and TLR7 recognise GU- and AU-rich sequences
in ssRNA from viruses (e.g. influenza, coronaviruses)
and also bacterial RNA (Mancuso et al. 2009). In this
respect, a variety of infectious agents have been proposed
as potential triggers of GCA development, although con-
tradictory results have been reported (Ostrowski 2019).
Thus, it is plausible that a viral infection might trigger the
GCA inflammatory process, or alternatively, TLRs might
be activated by endogenous ligands (O'Neill 2016), since
some small interfering RNAs may ligate TLR7/8 (Hor-
nung 2005).

We also observed increased TLR4 expression in
C-GCA samples. TLR4 has been previously related to
GCA since LPS treatment induces vasculitis in human
TAs implanted into NOD-SCID mice (Ma-Krupa 2004).
Additionally, the polymorphism rs4986790 (-896
A/G, Asp299Gly) in TLR4 was associated with GCA

susceptibility in a Spanish cohort of biopsy-positive
GCA patients (Palomino-Morales et al. 2009), although
no association with ischemic symptoms was found in
another study (Alvarez Rodriguez et al. 2011). DCs
(which abundantly express TLRs) are localized at the
arterial adventitia-media interface and play a key role
in the initiation of GCA by polarizing T-cells (Wey-
and 2005). Hence, resident DCs may initiate a different
inflammatory response depending on the TLR function-
ality and TLR-compensatory mechanisms. Thus, it would
be interesting to compare TABs TLR expression and clin-
ical response in patients with TLR polymorphisms.
Several TLRs are overexpressed at the site of inflam-
mation in C-GCA TABs (between 2 and 4 times) in com-
parison to controls, yet the affinity of the TLR-antibodies
for their epitopes is dissimilar. Thus, we cannot conclude
which TLR was distinctively expressed at the highest
level, which could give a hint of the alarmins involved
in the inflammatory response. At present, the trigger of
arterial inflammation (endogenous or exogenous) has not
been unveiled. We described that the alarmins fibrino-
gen, HMGB-1, and SAA are overexpressed in TABs of
GCA patients, and potentially might contribute to, or
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even initiate, the inflammatory process in GCA arteries.
The increased fibrinogen expression is consistent with
earlier studies that demonstrated the presence of fibrino-
gen and its degradation products in the serum of PMR
and GCA patients, and that these levels decrease after
starting GC therapy (Grau 1984; McCarthy et al. 2013).
Also, HMGB-1 is a mediator of inflammation, as a ligand
of TLR2, TLR4, and RAGE (Park et al. 2004; Tian et al.
2007), that can promote ECM degradation and activate
cell autophagy (Fu 2020), and it has been involved in
various autoimmune diseases (e.g. rheumatoid arthri-
tis (Schierbeck et al. 2013)). Endothelial cells and acti-
vated immune cells (e.g. macrophages, DCs) may secrete
HMGB-1 that, in turn stimulates DCs, leading to T-cell
polarization (Dumitriu et al. 2005). We found marked
expression of HMGB-1 in the media of PMR, EC-GCA,
and C-GCA TABs in comparison to controls, yet it is
uncertain whether HMGB-1 is the inflammation-trig-
gering DAMP, or its expression increases following cell
death after the inflammation has settled. Noteworthy,
anti-HMGB-1 neutralizing antibodies show protective
effects in experimental models of inflammation. Thus,
anti-HMGB-1 based therapies may also be useful in
chronic inflammatory diseases (Wang et al. 2015).

SAA exhibits high affinity for HDL (high-density lipo-
protein). However, during the acute-phase response, the
levels of lipid-free SAA in serum appear increased. Cir-
culating SAA is elevated in GCA patients in comparison
to controls, and it has been proposed as a regulator of TA
inflammation, angiogenesis, and invasion (O'Neill et al.
2015). Primarily, SAA is produced by the liver, although
extra-hepatic expression has been described for macro-
phages and VSMCs (Eklund 2012). SAA can activate the
monocyte chemoattractant protein-1 (MCP-1) in VSMCs
in a TLR2- and TLR4-dependent way (Schuchardt et al.
2019). In this line, we found increased expression of SAA
in C-GCA TABs, where it might amplify the stimulation
of macrophages via TLR2, as it does in the ex vivo model
of TAs (O'Neill et al. 2015). SAA expression in EC-GCA
was also significantly increased, although EC-GCA TABs
were negative. Thus, it might be an indicator of the dis-
ease regardless of the predominant phenotype.

P-glycoprotein expression and function can be modu-
lated by TLR activity, and GC-resistance in patients
might be due to overexpression of p-glycoprotein
(Smutny 2019; Frank et al. 2015). Accordingly, we found
P-glycoprotein significantly overexpressed in the intima
and media lamina, and at the intermediate border of
TABs from C-GCA patients. It would be interesting to
assess whether higher P-glycoprotein expression pro-
files in TABs correlate with GC-resistances or flares, in
order to timely manage those patients with alternative
therapies.
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From the pathologists” perspective, if our studies would
be further validated by other groups with a larger sample
size, staining and IF analysis of SAA, HMGB-1, fibrino-
gen, and TLRs in C-GCA TABs might contribute to both
the diagnosis and classification of the pathology status.
Particularly, in those patients with concurrent patholo-
gies or when the histological evaluation becomes chal-
lenging due to loss artery integrity (for example resulting
from artery-sample slicing).

In addition, the assessment of early antigen expression
in PMR and EC-GCA samples could help us to better
understand the intricate spectrum of GCA phenotypes,
although at this point, we cannot conclude whether the
observed TLR-staining pattern is the cause or the con-
sequence of disease progression from PMR to GCA. In
order to assess the evolution of arterial marker expres-
sion with the course of the disease, it would be neces-
sary to analyse TABs at the start and at the end of the
GC therapy, what is not ethically feasible. Considering
the increased expression of innate immunity mediators
in TABs, and the inhibitory effect on IL-6 production
exerted by GC and 5Z-7-oxozeanol in fibrinogen- or
SAA-treated immune cells, we speculate about the
potential therapeutic effect of TLR antagonists (such as
hydroxychloroquine for TLR7) to reduce the inflamma-
tion in GCA. To this respect, the results of one random-
ized control study by Sailler et al. (2009) published in
abstract form, showed no evidence of efficacy of hydroxy-
chloroquine when compared to GCs.

We have observed a strong association between SAA
levels and the inflammatory markers ESR and CRP in the
plasma of PMR and GCA patients. This association was
even stronger for fibrinogen. Plasma fibrinogen levels and
inflammatory markers correlation has been observed in
previous studies (Grau 1984, McCarthy et al. 2014). Yet,
both fibrinogen and SAA are not considered as typical
biomarkers to assess GCA or PMR disease activity and
progression. It is uncertain whether the levels detected in
plasma are derived from the vascular remodelling of the
affected arteries or whether the observed expression in
the arteries is due to deposition of the circulating antigen.

We are aware of some limitations of this study. First, the
sample size of the TABs studied is a critical consideration.
Yet, despite the small sample size, the IF staining showed
consistent results in the range of samples analysed. Sec-
ondly, although antibody specificity remains a concern in
tissue sample staining, in instances where the specificity
was an issue (e.g. CD68, SAA, and TLR2), we conducted
screenings using different antibodies. Thirdly, our results
indicate increased expression of TLRs in CD68" macro-
phages and, as presumed from tissue location, morphol-
ogy and smooth muscle actin (SMA) staining (Fig. S7), in
myocytes. However, other cell types (e.g. lymphocytes)
were not examined. Further, the association studies are
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limited by the heterogeneous group of patients included,
due to the retrospective character of the study. Some
patients were under GC treatment at the time of the
blood-sampling, what can influence the levels of serum
markers, as previous studies have uncovered. GC treat-
ment leads to fast (within hours) decline in plasma IL-6,
ESR, and CRP levels, which correlates with the remis-
sion of clinical symptoms. However, GC therapy does
not correct the underlying mechanism that leads to IL-6
production (fast increase of plasma IL-6 after short-
term withdrawal of GCs) as acute-phase proteins remain
slightly elevated above normal levels (Roche 1993; Park
1981; Cid et al. 1996). A proper stratification according
to disease status, received medication, and baseline levels
of fibrinogen and SAA in plasma might be focus of a pro-
spective study in order to increase the accuracy to desig-
nate fibrinogen and SAA as potential disease biomarkers,
which was not the purpose of this study.

Conclusion

In conclusion, the innate immune receptors TLR2, TLR4,
TLR7, TLRS, and potential alarmins (i.e. HMGB-1, SAA,
fibrinogen) are highly expressed in TABs of C-GCA
patients, and the first two alarmins are also expressed
in EC-GCA. Additionally, p-glycoprotein expression
appeared increased in C-GCA samples. Future studies
with a larger cohort of patients might confirm whether
the here proposed TLRs and alarmins might be used
as validation tools for the diagnosis of TABs if further
confirmed. Moreover, the levels of SAA and fibrinogen
in patients” plasma associate with the standard inflam-
matory parameters ESR and CRP better than IL-6 does,
and thus, they might be more relevant for the laboratory
monitoring of this condition as currently expected, espe-
cially in patients under treatment with IL-6R antagonists.
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