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A B S T R A C T

Cellular senescence, an age-related process in response to damage and stress, also occurs during normal de-
velopment and adult life. The thymus is a central lymphoepithelial organ of the immune system that exhibits
age-related changes termed thymic involution. Since the mechanisms regulating thymic involution are still not
well elucidated, we questioned whether cellular senescence is implicated in this process. We demonstrate, for the
first time in situ, that cellular senescence occurs during human thymic involution using SenTraGor™, a novel
chemical compound that is applicable in archival tissue material, providing thus further insights in thymus
histophysiology.

Cellular senescence is a stress response mechanism that ensures
cellular homeostasis. It is triggered by various signals during normal
development, adult life and in the frame of various non age-related and
age-related disorders (Bartkova et al., 2006; Burton and Krizhanovsky,
2014; Gorgoulis and Halazonetis, 2010; Halazonetis et al., 2008;
Liontos et al., 2007; Liontos et al., 2009; Munoz-Espin and Serrano,
2014; Perez-Mancera et al., 2014; Rodier and Campisi, 2011; Salama
et al., 2014). Senescent cells are metabolically active cells that si-
multaneously exhibit cell cycle arrest, increased beta-galactosidase (SA-
β-gal) activity, a secretory function termed Senescence-Associated Se-
cretory Phenotype (SASP) and accumulation of lipofuscin in the cyto-
plasm (Dimri et al., 1995; Evangelou and Gorgoulis, 2017; Evangelou
et al., 2017; Georgakopoulou et al., 2013). DNA damage and hetero-
chromatin foci (SAHFs) are frequently observed in the nucleus of se-
nescent cells (Burton and Krizhanovsky, 2014; Munoz-Espin and

Serrano, 2014; Rodier and Campisi, 2011; Salama et al., 2014;
Sharpless and Sherr, 2015).

The human thymus is a cardinal organ of the immune system im-
plicated in the production of effector and regulatory T cells. T lym-
phocytes that leave the thymus are functional as they can recognize
antigens in the self major histocompatibility complex (MHC) (Bai et al.,
2013; Bronietzki et al., 2015; Hernandez et al., 2010; Kanavaros et al.,
2001; Klein et al., 2011; Papoudou-Bai et al., 2012; Rezzani et al.,
2008). The organ undergoes an age-related regression in its size, in-
itiated prior to early puberty, termed thymic involution (Shanley et al.,
2009). Several causes and valid hypotheses involving immunological or
metabolic rationales have been proposed to explain this phenomenon
(Dooley and Liston, 2012). Thymic involution, results in the decline of
the output of naïve T cells and the shrinkage of T cell repertoire at the
periphery (Aspinall and Mitchell, 2008; Chinn et al., 2012; Montecino-
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Rodriquez et al., 2005; Ponnappan and Ponnappan, 2011; Rezzani
et al., 2008; Taub and Longo, 2005).

Given that cellular senescence is a hallmark of aging (Bartkova
et al., 2006; Gorgoulis and Halazonetis, 2010; Halazonetis et al., 2008;
Herbig et al., 2006; Lopez-Otin et al., 2013), we questioned whether
cellular senescence is implicated in age-related human thymic involu-
tion. We, therefore, collected formalin fixed and paraffin embedded
(FFPE) thymic tissues from a total of 27 individuals: 3 infants (age
range: 51 days–6.5 months), 8 children (age range: 13 months–10
years), 6 adolescent cases (age range: 11–14 years) and 10 adults (age
range: 34–73 years). The retrospective experimental use of FFPE ma-
terial was approved by the Bio-Ethics Committee of Medical School of
Athens, in accordance with the Declaration of Helsinki and local laws
and regulations. This archival material could not be investigated for
detection of senescent cells since the most widely used method, de-
tection of the SA-β-gal activity, is not applicable in FFPE material
(Dimri et al., 1995). In order to deal with this issue, we designed,
generated and validated an innovative biotinylated Sudan Black-B
(SBB) based chemical compound (GL13, Evangelou et al., 2017), that is
commercially available under the trademark SenTraGor™ (Arriani
Pharmaceuticals S.A., Greece, Cat Number: AR8850040 and
AR8850080). The novel chemical analogue is highly lipophilic and
binds to lipofuscin (mimicking SBB), a cytoplasmic hallmark of senes-
cent cells. This interaction can be visualized via a hybrid histochem-
ical/immunohistochemical method, allowing thus recognition of se-
nescent cells in any biological material, irrespectively of its processing
(Evangelou et al., 2017). In the current study, this methodology was
performed in FFPE thymic tissues. Double staining resulting in two
discrete chromogenic products is also feasible with this methodology,
as previously shown (Evangelou et al., 2017).

Interestingly, we detected a number of Thymic Epithelial Cells
(TECs) mainly in the vicinity of Hassall's corpuscles that exhibited
dense cytoplasmic SenTraGor™ positivity in all adolescent cases ((la-
beling index: 4–8%) and in all aged thymuses (labeling index: 10–17%)
while SenTraGor™ staining was not detected in infants and children
(Fig. 1a–d). These findings imply that cellular senescence occurs in
more advanced stages of human thymic involution. Positive

SenTraGor™ TECs and stromal cells showed simultaneously nuclear
p21WAF1/Cip1 immunopositivity in double staining experiments
(Fig. 1e), a finding further denoting their senescent nature. Senescent
TECs in the adult cases stained at the same time positively for the DNA
Damage response (DDR) marker γ-H2AX (Fig. 1f). 8-oxoguanine (8-oxo-
G) immunopositivity, a marker of oxidative stress was evident in the
adults (Fig. 1g), while both markers were negative in the adolescent
cases (Fig. 1h). The latter finding indicates that oxidative stress driven
DNA damage activates senescence during human thymic involution
exclusively in the elderly. Similarly, increased β-galactosidase activity
and γ-H2AX immunopositivity were reported in mouse TECs with in-
creasing age (Aw et al., 2008). A sizeable proportion of TECs expressed
the cyclin dependendent kinase inhibitors p16INK4A and p21WAF1/Cip1,
while these cells exhibited very low/null proliferation as evidenced by
Ki67 staining and absence of apoptotic markers such as cleaved cas-
pase-3 (Bai et al., 2013; Kanavaros et al., 2001). Increase in senescent
lymphocytes, previously shown in mice (senescence associated CD4+ T
cells) during thymic involution, was not observed in the examined
clinical settings, implying species specific variations (Sato et al., 2017).

Our in situ findings support a putative role of cellular senescence at
later phases of human thymic involution, a phenomenon never shown
so far in clinical settings, to the best of our knowledge. Our results also
imply different, age dependent causes that putatively trigger senescence
in a cumulative manner during this process. During adolescence, cel-
lular senescence seems to be activated by various factors in the frame of
an evolutionary program, as also proposed by the immunological sce-
narios (Dooley and Liston, 2012). According to the latter, thymic in-
volution seems to be a response against threats related to continuous
thymocyte differentiation that can eventually cause improper “shaping”
and function of the immune cell repertoire. It is tempting to speculate
that senescent TECs, through SASP, may be implicated in the selection
of the T cell population during young-adult life, an evolutionary process
optimized for fighting infections and avoiding reaction to self antigens
(Dowling and Hodgkin, 2009; Dooley and Liston, 2012). In more ad-
vanced ages, and in line with the metabolic rationale, senescence in
TECs seems to be part of an oxidative DNA damage-driven degenerative
process (Shanley et al., 2009; Dooley and Liston, 2012). In this context,

Fig. 1. Representative images from the hybrid Histo (SenTraGor™)-Immunohistochemical staining in human thymic tissues, depicting positive senescent TECs in a representative
adolescent (a) and adult case (b). No SenTraGor™ reaction was observed in infants and children as shown in the representative case (c). Graph depicts SenTraGor™ staining results (mean
% labeling index) in the 27 examined thymic cases (infants/children: n= 11, adolescent cases: n=6 and adults: n= 10; bars= standard deviations, SD). (d). Double staining ex-
periments showed concurrent positivity of senescent cells with SenTraGor™ in the cytoplasm and for p21WAF1/Cip1 within the nucleus (e). Double SenTraGor™/γ-H2AX positivity (f) and 8-
oxoguanine (8-oxo-G) immunoreactivity (g) in TECs of a representative adult case. γ-H2AX immunostaining is absent in TECs of the adolescent cases (h). [Alkaline Phosphatase (AP)
chromogenic reaction results in a dark blue cytoplasmic product: yellow arrows]. [Diaminobenzidine (DAB) reaction results in a nuclear brown color reaction: black arrowheads].
Magnifications; a–c: x200, e,f: x:630, g–h: x400.
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TAp63 up-regulation might be implicated in inducing senescence in
TECs (Burnley et al., 2013). Additionally, immunosenescence that oc-
curs with age and is accompanied by altered gene expression and epi-
genetic regulation influences clearance and senescent TEC accumula-
tion (Sidler et al., 2013). Although TECs are of epithelial origin, they
exhibit some features reminiscent of the stromal cells in other organs.
Induction of senescence in TECs during thymic involution is in line with
our previous concept that “stromal” cells prefer to enter stress-induced
senescence (Georgakopoulou et al., 2016). Finally, the exact role of
cellular senescence in thymic histophysiology and pathology can now
be further investigated in fixed material, using SenTraGor™.
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