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BRIEF REPORT

Indication of Activated Senescence Pathways in the
Temporal Arteries of Patients With Giant Cell Arteritis

Jacoba C. Graver," (7 Sarah Pringle,” Elisabeth Brouwer,’
Annemieke M. H. Boots," and Maria Sandovici'

William F. Jiemy," ©* Yannick van Sleen,’
K. S. M. van der Geest," Divi Cornec,?

Objective. Giant cell arteritis (GCA) affects almost exclusively individuals above 50 years old, suggesting a role of
aging-related changes such as cellular senescence in its pathobiology. The kinases p21(WAF1/CIP1) and p16/INK4A
play key roles in 2 distinct pathways leading to senescence. The proinflammatory molecules interleukin-6 (IL-6) and
granulocyte-macrophage colony-stimulating factor (GM-CSF), which are key components of the senescence-associated
secretory phenotype (SASP), are effective targets of treatment in GCA. Here, we aimed to investigate the presence of
p21+ and p16+ cells producing these SASP cytokines in temporal artery biopsies (TABs) of patients with GCA.

Methods. Eight patients with GCA and 14 age-matched, non-GCA individuals who underwent a TAB were
included. Immunohistochemical staining of p21, p16, IL-6, and GM-CSF was performed. Multiplex immunofluorescent
staining was performed to investigate the colocalization of p21 and p16 with IL-6, GM-CSF, and immune cell markers
(CD68, CD3, CD20).

Results. We found that expression levels of p16, p21, IL-6, and GM-CSF were elevated in the TABs of patients with
GCA. Both p16- and p21-expressing cells were mainly found near the internal lamina elastica, especially among giant
cells and macrophages, although p21 and p16 expression could be found in all 3 layers of the vessels. Expression of
p16 and p21 was occasionally found in T cells but not B cells. The p16+ and p21+ cells expressing GM-CSF/IL-6 were
detected throughout the TABs.

Conclusion. Our data suggest the presence of activated senescence pathways at the site of vascular inflammation

in GCA and support further research into the role of senescence in the pathophysiology of GCA.

INTRODUCTION

Giant cell arteritis (GCA) is a chronic autoinflammatory dis-
ease characterized by granulomatous inflammation of large- and
medium-sized arteries, including the temporal arteries (1).
Patients experiencing GCA are almost exclusively above 50 years
old, suggesting a role of aging-related changes to the vascular
bed and/or the immune system.

Cellular senescence is a cell fate occurring in response to
molecular damage and is associated with stable proliferative
arrest and resistance to cell death (2). Senescence is considered
to be an essential anticancer mechanism, as it prevents prolifera-
tion in cells with DNA damage. Importantly, while senescent cells
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are rarely detectable in young tissues, their numbers increase
exponentially with age (2). Induction of cellular senescence can
be attributed to several factors, namely strong mitogenic signals
leading to shortened telomers, activation of 2 pathways strongly
associated with senescence (p12[WAF1/CIP1]- and p16/INK4A-
associated pathways), and the development of a complex
senescence-associated secretory phenotype (SASP) (3). SASP
includes the secretion of several proinflammatory cytokines, che-
mokines, and growth factors such as interleukin-6 (IL-6), IL-18,
IL-8, chemokine (C-C motif) ligand 8 (CCL8), vascular endothelial
growth factor (VEGF), and granulocyte-macrophage colony-
stimulating factor (GM-CSF) (4). SASP has many biological func-
tions and can promote paracrine senescence to surrounding
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healthy cells. Therefore, senescent cells are likely important in the
development of autoimmune and autoinflammatory diseases in
the elderly.

Even though age is the strongest risk factor for GCA, cellular
senescence has not been properly assessed in GCA lesions. Fur-
thermore, the SASP cytokines IL-6 and GM-CSF have been suc-
cessfully targeted for the treatment of GCA (5,6). Here we sought
clues of activated senescence pathways at the site of vascular
inflacsnmation in GCA by assessing the expression of p21 and
p16, as well as IL-6 and GM-CSF.

PATIENTS AND METHODS

GCA patients and controls. We included 8 patients with
GCA (median age 65.4 years [interquartile range (IQR) 63.6-79))
fulfiling the American College of Rheumatology (ACR) 1990 cri-
teria for the classification of GCA (7) and who underwent a tempo-
ral artery biopsy (TAB) showing evidence of transmural
inflamsnmation. These biopsies were obtained prior to the initiation
of treatment with glucocorticoids (n = 5) or within 10 days after ini-
tiation (n = 3). In addition, 14 non-GCA uninflamed TABs from
age-matched individuals (median age 69.8 years [IQR 64.2—
78.2])) were included as controls. These individuals ultimately
received a different diagnosis than GCA or polymyalgia rheuma-
tica. The study was approved by the institutional review board of
the University Medical Center Groningen (METc2010/222). Writ-
ten informed consent was obtained from all study participants.
All procedures complied with the Declaration of Helsinki.

Immunohistochemistry. We performed immunohisto-
chemical staining of p21 and p16, as well as the SASP cytokines
IL-6 and GM-CSF (see Supplementary Table 1 for details, avail-
able on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42525).  Formalin-fixed,
paraffin-embedded TAB sections (3 um) were deparaffinized and
rehydrated, followed by 15 minutes of antigen retrieval in a micro-
wave. Tissues were incubated with primary antibodies targeting
p21, p16, IL-6, and GM-CSF (see Supplementary Table 1). Sec-
tions were then blocked for endogenous peroxidase activity and
incubated with secondary antibodies tagged with horseradish
peroxidase (HRP). Brown positive stains were developed by incu-
bation with 3,3'-diaminobenzidine (DAB). Sections were counter-
stained with hematoxylin. All slides were scanned using a
Nanozoomer Digital Pathology Scanner (NDP Scan U 10074-01,
Hamamatsu Photonics). For each TAB, 3 layers of the vessel wall
(including intima, media, and adventitia) were scored. The per-
centage of positive cells per layer was assessed with QuPath
image analysis software version 0.3.2.

Multiplex immunofluorescence. Sequential opal immu-
nofluorescence staining was performed to confirm the coexpres-
sion of IL-6, GM-CSF, CD68, CDS3, and CD20 with the

senescence markers p21 and p16 (n = 3 each, except n = 2 for
CD20/p16 staining) (8). Formalin-fixed, paraffin-embedded TAB
sections (3 um) were deparaffinized and rehydrated, followed by
15 minutes of antigen retrieval with Tris-EDTA buffer (pH9) in a
microwave. Tissues were incubated with primary antibodies tar-
geting p21 or p16 (see Supplementary Table 1, http:/
onlinelibrary.wiley.com/doi/10.1002/art.42525) overnight at 4°C.
Sections were then blocked for endogenous peroxidase activity
and incubated with secondary antibodies tagged with HRP. Opal
650 or 620 fluorophore (Akoya Biosciences) was developed by
incubation for 10 minutes. Bound antibodies and nonspecific
fluorophores were stripped by 15 minutes of antigen retrieval with
Tris-EDTA buffer (pH9) in a microwave. Tissues were incubated
with primary antibodies targeting IL-6, GM-CSF, CD68, CD3, or
CD20 (see Supplementary Table 1) for 1 hour at room tempera-
ture. Sections were then incubated with secondary antibodies
tagged with HRP. Opal 620 or 650 fluorophore (Akoya Biosci-
ences) was developed by incubation for 10 minutes. Bound anti-
bodies and nonspecific fluorophore were stripped by 5 minutes
of antigen retrieval with Tris-EDTA buffer (pH9) in a microwave.
Sections were incubated with DAPI as a counterstain and sealed.
Image cubes were captured at magnifications of 20x and 40x
using Nuance Multispectral Imaging System 3.0.1 with NuanceFX
3.0.1 software (both from PerkinElImer). Spectral unmixing was
performed with spectral libraries of each fluorophore assigned dif-
ferent colors, subtracting the background autofluorescence.

Statistics. To analyze the differences between GCA and
non-GCA TABs, nonparametric Mann-Whitney U-tests (2-tailed)
were used. Analysis was performed with GraphPad Prism 8.0.1
and P values less than 0.05 were considered significant.

RESULTS

Senescence markers p16 and p21 were expressed in
inflamed GCA TABs (Figure 1A). Expression of p16 was mostly
cytoplasmic and could most commonly be observed in cells sur-
rounding the internal lamina elastica, such as the giant cells.
Nuclear staining of p21 was also observed near the internal lam-
ina elastica. In contrast, expression of p21 and p16 was scarce
in control TABs. SASP cytokines IL-6 and GM-CSF were abun-
dantly expressed in each layer of GCA TABs (Figure 1A). The per-
centage of positive cells expressing p16, p21, IL-6, and GM-CSF
was significantly higher in inflamed TABs compared to uninflamed
TABs (Figures 1B and C). This was true for the whole tissue sec-
tion, as well as in each of the 3 artery layers.

Immunofluorescence staining revealed that p16 (Figure 2
and Supplementary Figure 1, http://onlinelibrary.wiley.com/doi/
10.1002/art.42525) and p21 (Figure 2 and Supplementary
Figure 2) positive cells colocalized with IL-6 and GM-CSF (for iso-
type control, see Supplementary Figure 5). However, p16+ and
p21+ cells that do not express GM-CSF/IL-6 were also detected,
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Figure 1. Expression of senescence markers p21 (WAF1/CIP1) and p16/INK4A and senescence-associated secretory phenotype (SASP) cyto-

kines interleukin-6 (IL-6) and granulocyte—-macrophage colony-stimulating factor (GM-CSF) in giant cell arteritis (GCA). A, Representative image of

the expression of p21, p16, IL-6, and GM-CSF in the temporal artery (TAB) from a GCA patient. All 4 markers were abundantly expressed (brown
staining) by giant cells (red arrows) surrounding the intimal elastic lamina (red boxes) and other infiltrating/vascular cells (green boxes). B, The
expression of p21 and p16 was scarce in uninflamed control TABs. The expression of IL-6 (mostly by endothelial cells) and GM-CSF (mostly by
vascular smooth muscle cells) was noted in control tissues, albeit at lower levels compared to inflamed GCA TABs. C, Quantitative scoring showed

significant elevation of all 4 markers in all 3 layers of inflamed GCA TABs compared to non-GCA TABs. ** = P < 0.01; ™ = P < 0.001; ***

< 0.0001, by Mann-Witney U test. | = intima; M = media; A = adventitia.
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Figure 2. Expression of IL-6 and GM-CSF by p16/INK4A- and p21 (WAF1/CIP1)-positive cells in temporal artery biopsy of patients with GCA.
A and B, Representative immunofluorescent staining showing coexpression of p16 (in red) and GM-CSF (A)/IL-6 (B) (in green). The color yellow
represents colocalization of p16 and GM-CSF/IL-6 pixels. C and D, Representative immunofluorescent staining showing coexpression of p21
(in red) and GM-CSF (C)/IL-6 (D) (in green); yellow arrows point to p21+ cells coexpressing GM-CSF/IL-6, white arrows point to p21+ cells that
lack expression of GM-CSF/IL-6, and red boxes show zoomed inset of the areas of colocalization. Grey bar represents a 100 um ruler. See

Figure 1 for definitions.

indicating that not all of the p16+ and p21+ cells were in the state
of senescence.

Further classification of the immune-infiltrating cells
revealed that macrophages are the main cell type expressing
p16 and p21 (Figures 3A and D and Supplementary Figures
3 and 4, http://onlinelibrary.wiley.com/doi/10.1002/art.42525).

Interestingly, both p16+ and p16- giant cells were detected in
the same section (Figure 3A). T cells were also found to express
p16 and p21 (Figures 3B and E and Supplementary Figures 3
and 4, http://onlinelibrary.wiley.com/doi/10.1002/art.42525),
albeit to a lower extent compared to macrophages. However,
the expression of both p16 and p21 was not detected in B cells
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Figure 3. Macrophages and T cells but not B cells express p16/INK4A and p21(WAF1/CIP1), in the temporal artery biopsy of patients with giant
cell arteritis. A-B, Representative staining showing (A) extensive presence of p16+ macrophages and (B) occasional p16+ T cells; no p16+ B cells
were detected (C). D-F, Representative staining showing (D) p21+ macrophages and (E) p21+ T cells; no p21+ B cells were detected (F). Red
arrows in A show p16+ giant cells; blue arrow in A shows a p16- giant cell; yellow arrows in D and E show p21+ macrophages and T cells;
white arrows in D-F show p21+ vascular smooth muscle cells in the media (elongated nucleus). Red box shows the zoomed in inset of the colo-
calization; grey bar represents a 100 um ruler. See Figure 1 for definitions.
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(Figures 3C and F and Supplementary Figure 5, http:/
onlinelibrary.wiley.com/doi/10.1002/art.42525). Positivity of p16
and p21 was also found in cells morphologically resembling vas-
cular smooth muscle cells in the media and (myo)fibroblasts in
the intma (Figure 3 and Supplementary Figure 3, http:/
onlinelibrary.wiley.com/doi/10.1002/art.42525).

DISCUSSION

Our data suggest the presence of activated senescence
pathways at the site of vascular inflammation in GCA and support
further research into the role of senescence in the development of
GCA. The expression of p16 and p21 in inflamed TABs is an
important clue for activation of senescence pathways at the site
of vascular inflammation in GCA (3). Both p21 and p16 target
cyclin-dependent kinases that regulate proliferation, which can
induce SASP via transcription factors such as GATA4 (3,9). Cellu-
lar senescence, indicated by prolonged p21 expression, has
been postulated as a triggering event that attracts macrophages
and cytotoxic T cells by a wide range of SASP factors (10). How-
ever, even though the expression of p21 and p16 is an important
clue for senescence, the presence of these factors cannot be
seen as absolute proof of senescence, as nonsenescent cells
may also express these markers (e.g., activated cells in inflamma-
tory conditions may gain expression of p21 and/or p16) (11). The
key SASP cytokines IL-6 and GM-CSF are successful therapeutic
targets in GCA. While the IL-6 receptor blocker tocilizumab has
been implemented in daily clinical practice after showing efficacy
in GCA patients (6), a phase Il trial has also recently shown prom-
ising effects of the GM-CSF receptor blocker mavrilimumab in this
disease (5).

As patients experiencing GCA are almost exclusively over
50 years of age, an accumulation of senescent cells may be
expected to some extent. Therefore, the question remains if
senescent cells may contribute to the pathogenesis of this dis-
ease. Our data show that myeloid-derived cells (macrophages
and giant cells) are the major inflammatory infiltrating cells
expressing p16 and p21. Indeed, giant cell formation has been
linked to senescence and has been suggested as a potential tar-
get in treatments promoting longevity (12). However, not all giant
cells expressed p16 or p21, suggesting that not all of these cells
were senescent. In the lymphoid compartments, our data
showed that T cells were also capable of expressing p16 and
p21, albeit in lower numbers compared to the macrophages. In
line with our data, the expression of senescence markers p53
and p21, as well as the infiltration of NKG2D+CD28- senescent-
like T cells in the TABs of GCA patients, has been previously doc-
umented (13,14). Apart from the immune cells, our data pointed
at the expression of p16 and p21 in stromal cells such as vascular
smooth muscle cells and (myo)fibroblasts. Previously, several
microRNAs associated with cellular senescence (miR-146a,
miR-146b-5p, MiR-21, and miR-155) were found to be up-

regulated in GCA TABs (15). Allin all, our data complements these
studies, suggesting that senescence is relevant to the pathobiol-
ogy of GCA.

Further studies are required to definitively prove that senes-
cent cells are present in GCA lesions. As SASP cytokines can also
reflect activation of cells through inflammatory signalling cas-
cades, one important step will be the identification of true senes-
cent cells. Future research should leverage the use of high-plex
imaging technigues involving comprehensive sets of cell-type
and senescence-specific markers (such as the positivity for SASP
cytokines, DNA damage markers, transcription factors regulating
SASP, and the negativity of cellular proliferation markers) to fur-
ther confirm our findings. If proven important in GCA, senescence
pathways may constitute new targets of intervention for either
senolytics (i.e., agents that selectively eliminate senescent cells)
or senomorphics (agents that can suppress SASP) (16).
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