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Abstract
Background Mast cells (MCs) are tissue resident cells of the immune system, mainly known for their role in 
allergy. However, mounting evidence indicates their involvement in the pathology of age-related diseases, such as 
Alzheimer’s disease, Parkinson’s disease, and cancer. MC numbers increase in aged tissues, but how ageing affects 
MCs is poorly understood.

Results We show that MC ageing is associated with the increased expression of the cell cycle inhibitor p16 Ink4a, 
a marker and inducer of cellular senescence. Relying on this observation and the tight association of ageing with 
senescence, we developed a model of inducible senescence based on doxycycline-induced expression of p16Ink4a in 
cultured bone marrow derived MCs (BMMCs). Using this model, we show that senescent MCs upregulate IL-1β, TNF-α 
and VEGF-A. We also demonstrate that senescence causes marked morphological changes that impact MC function. 
Senescent MCs are larger, contain a larger number of secretory granules (SGs) and have less membrane protrusions. 
Particularly striking are the changes in their SGs, reflected in a significant reduction in the number of electron dense 
SGs with a concomitant increase in lucent SGs containing intraluminal vesicles. The changes in SG morphology are 
accompanied by changes in MC degranulation, including a significant increase in receptor-triggered release of CD63-
positive extracellular vesicles (EVs) and the exteriorisation of proteoglycans, as opposed to a gradual inhibition of the 
release of β-hexosaminidase.

Conclusions The inducible expression of p16Ink4a imposes MC senescence, providing a model for tracking the 
autonomous changes that occur in MCs during ageing. These changes include both morphological and functional 
alterations. In particular, the increased release of small EVs by senescent MCs suggests an enhanced ability to 
modulate neighbouring cells.
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Background
Mast cells (MCs) are long-lived tissue resident cells of the 
immune system best known for their role in allergy [1, 
2]. However, MCs also play physiological roles in innate 
immunity, acting as first-line defenders against pathogens 
and toxins [3], due to their strategic location at the inter-
faces with the external environment of tissues, such as the 
skin and the respiratory and digestive systems [4]. Addi-
tionally, MCs are involved in adaptive immunity against 
parasites and in antigen avoidance behaviour [5, 6]. How-
ever, also the pathophysiological functions of MCs extend 
beyond allergy. MCs have been implicated in playing a 
role in autoimmune diseases [7], cancer [8, 9] and neu-
roinflammation [10]. Though typically located next to 
blood vessels, MCs are also found adjacent to peripheral 
nerve fibers and within the brain [10, 11]. Consequently, 
MCs are thought to contribute to the progression of neu-
rodegenerative diseases [12–15]. Both physiological and 
pathophysiological functions of MCs are mediated by the 
release of inflammatory mediators. Some of these media-
tors, such as histamine and proteases, are preformed 
and stored in secretory granules (SGs) and released by 
regulated exocytosis [16]. Others, including metabolites 
of arachidonic acid, cytokines, chemokines and tissue 
remodelling gene products, are newly synthesized by the 
activated MCs [17]. MCs also release extracellular vesi-
cles (EVs), which deliver proteins, mRNA and microRNA 
to recipient cells, thereby influencing their microenviron-
ment [18]. Consistent with their wide range of functions, 
MCs respond to multiple signals, including innate stim-
uli, such as bacterial products and neuropeptides [3, 19, 
20], and adaptive signals, such as immunoglobulin E (IgE) 
class antibodies that bind to the MC FcεRI high affinity 
receptor. The subsequent crosslinking of cell bound IgE 
by cognate allergens/antigens (Ags) leads to cell activa-
tion [21].

The thin line between the physiological and pathophys-
iological functions of MCs likely resides in their remark-
able plasticity. Depending on the type or strength of the 
trigger, MCs may release their SGs’ content through dif-
ferent modes of exocytosis, leading to distinct outcomes 
[22]. Alternatively, MCs may release only newly synthe-
sized inflammatory mediators without degranulation 
[23]. Another factor that may influence MC responses 
and dictate their outcomes is ageing. Ageing is associ-
ated with cellular senescence and immunosenescence, 
which in turn are linked with “inflammageing,” a chronic 
inflammation prevalent in the elderly [24–26]. Given 
the long lifespan of MCs, it is conceivable that ageing 
may shift their responses from acute and protective to 
sustained and detrimental chronic pathophysiological 
responses [1]. Consistent with this premise, mounting 
evidence indicates the involvement of MCs in age-related 
disorders, including Alzheimer’s and Parkinson’s diseases 

[13, 27], cardiac fibrosis [28] and liver and kidney dis-
eases [29, 30]. Furthermore, a clear correlation exists 
between ageing and increased numbers of MCs in aged 
tissue [11, 31, 32]. However, the precise impact of ageing 
on MCs remains poorly understood. Using a novel model 
of inducible senescence in cultured MCs as a paradigm 
for ageing, we demonstrate that senescent MCs acquire 
a proinflammatory phenotype and undergo signifi-
cant morphological and functional changes including a 
marked increase in the regulated release of EVs.

Materials and methods
Immunofluorescence of human skin sections
Healthy, white Caucasian young (Aged 20–29 years, 
mean: 24.4 years ± 3.9; M = 2; F = 6) and aged (Aged 66–77 
years, mean: 71.6 years ± 3.8; M = 1; F = 8) volunteers 
were recruited to the study. Local ethical approval was 
obtained from the University of Manchester Research 
Ethics Committee (ref. 13268, 14161, 15464 and 16099), 
and written informed consent was obtained from the 
participants. The study adhered to the principles out-
lined in the Declaration of Helsinki principles. Human 
skin biopsies were collected from the buttocks and snap-
frozen in liquid nitrogen and stored at -80°C. The OCT 
embedded skin samples were cut into 7 µm thick cryo-
sections and fixed with 4% formaldehyde/PBS for 25 
minutes at room temperature (RT). The samples were 
subsequently treated with 100% methanol (10 minutes at 
a temperature of -20°C), blocked with 10% normal goat 
serum in PBS containing 0.3% Triton X-100 (v/v) for 1 
hour at RT, incubated 1 hour with primary antibodies 
including anti-human p16Ink4a and anti-human tryptase, 
and visualized with anti-rabbit DyLight™ 594 and anti-
mouse Alexa Fluor®488 (For details on the antibodies 
and their respective dilutions, please see Table 1). The 
sections were mounted using Fluoromount-G®, which 
contains 4’,6-diamidino-2-phenylindole (DAPI) (South-
ern Biotech; Birmingham, USA), prior to image analy-
sis. The images were captured using an Olympus BX53 
upright microscope equipped with a 20×/0.75 UPlanS 
Apo objective and an Olympus DP73 camera along with 
Olympus CellSens v1.18 software (Evident Olympus, 
Tokyo, Japan). The average percentage of p16+ MCs of 
each volunteer was calculated by acquiring the number 
of tryptase+p16+ and tryptase+p16− cells in his/her skin 
sections using the cell counter tool of the extended ver-
sion of ImageJ, FIJI. The results of the individuals in each 
group (young vs. elderly) were then averaged.

Mice and cell culture
To generate transgenic Cx3cr1Cre: rtTA-flox-flox: 
tet-hp16 mice, we crossed the following three lines of 
mice: The tet-inducible hp16Ink4a (tet-p16) mice (mixed 
C57BL/6 and 129  Sv background) [35] with the reverse 
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tetracycline-controlled trans-activator-flox/flox (rtTA-
flox/flox) mice (C57BL6 background), kindly provided by 
Prof. Ittai Ben-Porath (The Hebrew University, Jerusalem, 
Israel), and the Cx3cr1-Cre mice (C57BL/6 background), 
kindly provided by Prof. Steffen Jung (The Weizmann 
Institute of Science, Rehovot, Israel). All mice were 
habituated in a 12-hour light/dark cycle and constant 
temperature (24 ± 1  °C) with access to food and water 
ad libitum. The care and experimental use of all animals 
were performed in accordance with the Tel Aviv Uni-
versity guidelines and were approved by the university’s 
animal care committee (TAU - LS - IL − 2306 − 139–3). 
Bone marrow-derived MCs (BMMCs) were generated 
from the bone marrows obtained from hips, tibias and 
femurs of 8- to 10-week-old p16-inducible or control 
female mice. Cultures were grown in complete BMMC 
medium consisting of RPMI-1640 (cat # R8758, Sigma 
Aldrich) supplemented with 10% FBS (cat # 12657, 
GIBCO, Grand Island, NY, USA), 2 mM L-glutamine 
(cat # 03-020-1  A, Biological Industries, Beit Haemek, 
Israel), 0.1  mg/ml streptomycin, 100 U/ml penicillin, 
nystatin 12.50 U/ml (cat # 03-032-1B, Biological Indus-
tries), 1 mM sodium pyruvate (cat # 03-042-1B, Biologi-
cal Industries), 10 mM HEPES (pH 7.4) (cat # 03-025-1B, 
Biological Industries), 57.2 pM 2-mercaptoethanol (cat # 
M6260, Sigma Aldrich) and 20 ng/ml IL-3 (cat # 213 − 13, 
Peprotec, Rocky Hill, NJ, USA). MC purity and function-
ality were confirmed by quantifying the percentage of 
cells that express on their surface both c-KIT and FcεRI, 
determined by flow cytometric analysis and by assay-
ing the release of β-hexosaminidase in response to an 

IgE/Antigen trigger. Cultures of at least 90% purity and 
β-hexosaminidase release ≥ 20% were taken for further 
analyses. Cells were maintained in a humidified atmo-
sphere of 5% CO2 at 37  °C. Mouse peritoneal cells were 
isolated by intraperitoneal lavage of male C57BL/6 mice 
of different age as indicated. Briefly, mice were sacri-
ficed with isoflurane inhalation followed by cervical dis-
location. The peritoneal cavity was opened by a midline 
incision and 8  ml of sterile PMC medium [3% FBS (cat 
# 12657, GIBCO), 10 mM HEPES pH 7.4 (cat # 03-025-
1B, Biological Industries) in PBS] were injected into the 
peritoneal cavity, followed by a 30 s massage of the abdo-
men before the fluid was collected. Peritoneal cells were 
collected by 5 min centrifugation of the lavage at 350 g, 
at 4 °C.

Cell proliferation
BMMCs were seeded at a density of 1 × 106 cells/ml in the 
absence or presence of 1 µg/ml DOX in complete BMMC 
medium. Cell number was determined using a hema-
cytometer and trypan blue for distinguishing live/dead 
cells.

MTT assay
p16 inducible BMMCs were incubated for 4 days in the 
absence or presence of 1  µg/ml DOX (For details on 
reagents, please see Table 2). 100  µl of cell suspension 
containing 5 × 104 cells were then seeded in 96 well plates 
and 10  µl of 5  mg/ml Thiazolyl Blue Tetrazolium Bro-
mide (MTT) (M2128, Sigma Aldrich) diluted in PBS were 
added and the cells incubated for 3.5 h at 37  °C and 5% 

Table 1 List of purchasable antibodies used in this study
Antibody Clone Catalogue number Company Dilution
anti-CD63-PE NVG-2 143903 Biolegend (San Diego, CA, USA) FACS 1:200 Dot Blot 1:1000
anti-c-KIT-PE 2B8 12-1171-82 eBioscience™/ Thermo fisher (Waltham, MA, USA) FACS 1:200
anti-FcεRI-FITCI MAR-1 11-5898-82 Invitrogen/Thermo fisher FACS 1:100
Goat anti Mouse-AF488 Polyclonal A-11001 Invitrogen/Thermo fisher

(Altrincham, UK)
IF 1:200

Goat anti Mouse-HRP Polyclonal 115-035-166 Jackson ImmunoResearch Laboratories
(West Grove, PA, USA)

WB 1:10000

Goat anti Rabbit-DyLight™ 594 Polyclonal DI-1594 Vector Laboratories
(Newark, CA, USA)

IF 1:200

Goat anti Rabbit-AF647 Polyclonal ab150079 abcam FACS 1:2000
Goat anti Rabbit-HRP Polyclonal 115-035-003 Jackson ImmunoResearch Laboratories WB 1:10000
Goat anti Rat-HRP Polyclonal A9037 Sigma Aldrich (St Louis, MO, USA) Dot Blot 1:5000
anti-p16INK4A EPR1473 ab108349 Abcam

(Cambridge, UK)
FACS 1:100
IF 1:400

anti-pERK 1/2 MAPK-YT M8159 Sigma Aldrich WB 1:10000
anti-pTyrosine 4G10 05-777 Sigma Aldrich WB

1:1000
anti-Syntaxin-3 EPR8543 ab133750 abcam FACS 1:100
anti-tERK 2 Polyclonal sc-154 Santa Cruz WB 1:1000
anti-Tryptase AA1 369402 Biolegend

(San Diego, CA, USA)
IF 1:1000
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CO2. The reaction was blocked by the addition of 110 µl 
of HCl 0.07 M diluted in isopropanol and the absorbance 
at 570 nm was measured using an absorbance microplate 
reader (Infinite F50; Tecan, Männedorf, Switzerland).

MC activation
For IgE-mediated activation, BMMCs were sensitized 
overnight with DNP-specific monoclonal IgE derived 
from supernatants of the hybridoma Hi-DNP-E-26.82 
clone [36, 37]. Cells were washed three times in Tyrode’s 
buffer (10 mM HEPES, pH 7.4, 130 mM NaCl, 5 mM KCl, 
1.4 mM CaCl2, 1 mM MgCl2, 5.6 mM glucose, and 0.1% 
BSA), resuspended at a concentration of 1 × 106 cells/ml 
(except for release assays, for which 1.5 × 105 BMMCs 
were resuspended in a final volume of 100  µl) and trig-
gered with 50 ng/ml DNP-HSA (Ag). For IgE-indepen-
dent activation, cells were incubated with either 1 µM 
Ca2+ ionophore (A23186) and 0.1 µM TPA (Ion/TPA), 
or 0.5  µg/ml LPS. For measurements of degranulation 
cells were activated for 30 min. For Tyrosine and ERK1/2 
phosphorylation, cells were activated for the indicated 
time periods. For mRNA expression cells were activated 
for 60 min. Activation by either trigger occurred at 37 °C.

β-hexosaminidase assay
β-hexosaminidase release was measured as previously 
described [38]. Briefly, 20 µl aliquots of supernatants and 
of cell lysates following cell lysis for 10 min by 100 µl of 
Tyrode’s buffer supplemented with 0.5% Triton X-100, 
were incubated for 1.5 h at 37  °C with 50  µl of 1.3 mg/
mL p-nitrophenyl-N-acetyl-β-D-glucosaminide in 0.1  M 
citrate (pH 4.5). Reactions were stopped by the addi-
tion of 180 µl of 0.2 M glycine (pH 10.7). Absorption was 
measured at 405 nm by using an absorbance microplate 
reader (Infinite F50; Tecan). Secretion is expressed as the 
percentage of total cellular β-hexosaminidase activity.

Transmission electron microscopy
Sample preparation and imaging
BMMCs were collected by centrifugation for 5  min 
at 350  g at RT and fixed in a solution containing 2.5% 
glutaraldehyde and 2% PFA in 0.1  M cacodylate buf-
fer (pH 7.4) for 6  h at RT. Fixed cells were kept at 4  °C 

until further processing. Cells were rinsed four times for 
10 min each in cacodylate buffer, postfixed, and stained 
with 1% osmium tetroxide, 1.5% potassium ferricyanide 
in 0.1 M cacodylate buffer for 1 h. Cells were then washed 
four times in cacodylate buffer, followed by dehydration 
by a series of ethanol concentrations (30%, 50%, 70%, 
80%, 90%, and 95%) for 10  min at each step, followed 
by three washes in 100% anhydrous ethanol for 20  min 
each and two washes in propylene oxide for 10 min each. 
Following each step of dehydration, the cells were spun 
down for a few seconds and supernatants were removed. 
The cells were then infiltrated with increasing concen-
trations of agar 100 resin in propylene oxide (25%, 50%, 
75% and 100%) for 16 h at each step. The cells were then 
embedded in fresh resin and polymerized in an oven at 
60 °C for 48 h. Embedded cells in blocks were sectioned 
with a diamond knife on a Leica Reichert Ultracut S 
microtome (Leica Microsystems, Wetzlar, Germany), and 
ultrathin Sect.  (80  nm) were collected onto 200-mesh 
thin-bar copper grids. The sections on the grids were 
then sequentially stained with uranyl acetate and lead 
citrate for 10 min each and viewed with a Tecnai 12 TEM 
120 kV (Phillips, Eindhoven, the Netherlands) equipped 
with Phurona camera and RADIUS software (Emsis 
GmbH, Münster, Germany).

Image analysis
For all analyses the extended version of ImageJ, FIJI was 
used. Granules were classified and quantified by means 
of the cell counter tool. Villi were counted using the seg-
mented line tool and a villus was only defined as such if it 
was connected to the cell body without leaving the focus 
plane. Cell area was calculated by determining the cir-
cumference of the cells using the segmented line tool and 
assuming a round cellular shape.

Flow cytometric analysis (FACS)
General procedures
Antibodies and dilutions used for flow cytometric analy-
sis can be found in Table 1. For unconjugated antibodies 
the Goat anti Rabbit-647 (cat # ab150079, abcam) was 
used as a secondary antibody.

Acquisition was performed on a CytoFLEX LX flow 
cytometer (Beckman Coulter, Indianapolis, IN, USA). 
Data was analysed using the FlowJo™ Software Version 10 
(Treestar, Ashland, OR, USA).

For analyses of BMMCs, a minimum of 10,000 living 
and/or single cells, respectively, was acquired per sample.

For analysing peritoneal MCs (PMCs), 100,000 perito-
neal cells were acquired to obtain a statistically sufficient 
number of PMCs for analysis. Unless otherwise stated, 
FACS-buffer (0.5% BSA in PBS) was used for handling 
and analysing the FACS samples.

Table 2 List of special reagents used in this study
Reagent Catalogue 

number
Company

calcium-ionophore A23187 (Ion) C7522 Sigma Aldrich
Albumin Dinitrophenol (DNP-HSA) A6661 Sigma Aldrich
Doxycycline D9891 Sigma Aldrich
Lipopolysaccharides from Escherichia 
coli O111:B4 (LPS)

L2630 Sigma Aldrich

Phorbol-12-myristate-13-acetate (TPA) 524400 Calbiochem 
(San Diego, 
CA, USA)
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In analyses in which the median fluorescence intensity 
(MFI) was used for quantification, the MFI subtracted 
from the autofluorescence/fluorescence minus one/sec-
ondary only control is shown in the graphs. For analys-
ing cell surface expression of a protein, cells were stained 
alive for 30  min on ice with the indicated antibodies 
or dyes in 3% BSA in PBS. For analysing total protein 
expression, cells were first fixed with 4% PFA in PBS for 
15  min at RT and permeabilized with permeabilization 
buffer (0.1% Saponin, 5% FBS in PBS) overnight at 4  °C. 
Staining was performed in permeabilization buffer for 
30 min RT.

In experiments in which live cells were analysed, cells 
were resuspended in 2 µM DAPI (cat # D9542, Sigma 
Aldrich) to exclude dead cells in the analysis. This 
approach was also used to evaluate the viability of cells in 
response to DOX treatment.

For staining of surface markers and total protein, the 
staining of the surface markers was performed on living 
cells prior to fixation, permeabilization and immunos-
taining of the intracellular target (See Table 1).

Flow cytometric measurements of degranulation
Degranulation of BMMCs was assessed by quantifying 
CD63 translocation to the plasma membrane, as previ-
ously described [39]. Briefly, CD63 surface expression of 
BMMCs was acquired and their responsiveness was eval-
uated by determining the percentage of CD63 positive 
cells. Proteoglycan exteriorisation was quantified using 
Avidin-Sulforhodamine, as previously described [40]. 
Briefly, cells were stained using 8 µg/ml Avidin-Sulforho-
damine (Av.SRho) (cat # A2348, Sigma Aldrich) and the 
MFI of the Av.SRho was used as an indicator of surface 
proteoglycan.

Cell cycle analysis
For cell cycle analysis 2 × 106 BMMCs were washed three 
times and resuspended in ice cold PBS. Cells were sub-
sequently fixed and permeabilized with 70% EtOH for 
30  min at 4  °C. Cells were then centrifuged for 5  min 
at 1000  g at RT, resuspended in PBS and incubated for 
15  min at RT. Cells were then centrifuged again for 
10  min at 1000  g at RT, resuspended and stained with 

1 µg/ml DAPI in 0.1% TritonX-100 in PBS for 30 min at 
RT. Flow cytometric analysis was performed, measuring 
the 350/405 nm excitation/emission area versus width.

RNA extraction and quantitative real-time PCR
RNA was extracted from 1.5 × 106 BMMCs using the 
GENEZol™ TriRNA Pure Kit + DNase (cat # GZXD100, 
Genaid, New Taipei City, Taiwan) according to the man-
ufacturer’s instructions. cDNA was generated using the 
High-Capacity cDNA Reverse Transcriptase Kit with 
RNase inhibitor (cat # 4374966, Thermo Fisher Scien-
tific) conforming to the manual. The RT-qPCR was per-
formed using SYBR-Green (cat # 4367659, Thermo Fisher 
Scientifics) and the StepOne™ Real-Time PCR System 
(Applied Biosystems, Foster City, CA, USA). Analysis 
was conducted using the StepOne V.2.3 software. All 
primers were obtained from Hylabs (Rehovot, Israel) – 
see Table  3. RNA expression was calculated relative to 
GAPDH.

Isolation of extracellular vesicles (EVs)
EVs were isolated by differential centrifugation of cell 
supernatants of 2 × 106 BMMCs. Cell suspensions were 
centrifuged for 5  min at 350  g at 4  °C to sediment the 
cells and the supernatants centrifuged again for 10  min 
at 4500  g at 4  °C to remove cell debris. EVs were then 
pelleted from the cleared supernatants by ultracen-
trifugation at 37.000 RPM (~ 140.000  g) for 70  min at 
4  °C (Rotor: Ti70, fixed angle, cat # 337922; Centrifuge: 
Optima-XPN80 cat # A95765; Beckman Coulter, India-
napolis, IN, USA). EVs were washed with PBS and resus-
pended in 100 µl PBS.

Dot blot analysis of cellular and EV CD63
Aliquots of either EV suspensions (2 dots of 5  µl), iso-
lated as described above, or cell lysates (1 dot of 5 µl) of 
BMMCs lysed for 15  min on ice in lysis buffer (50 mM 
HEPES [pH 7.4], 150 mM NaCl, 1 mM MgCl2, 1% Tri-
ton X-100, 1 mM PMSF, protease inhibitor mixture, 
2 mM Na3VO4) at a concentration of 3 × 106 cells/ml, 
were spotted on a nitrocellulose membrane. After block-
ing for 60  min in 5% skim milk in TBST (10 mM Tris-
HCl, pH 8.0, 150 mM NaCl and 0.05% Tween-20) at RT, 

Table 3 List of primers used in this study
Gene Forward primer Reverse primer
GAPDH  T G A C C T C A A C T A C A T G G T C T A C A  C T T C C C A T T C T C G G C C T T G
Lamin B1
(CAT#: MP207276 sequence origene; ordered hylabs)

 A G G A A G A G C T G G A G C A G A C C T A  G C A G G T T A G A G A G C T G T G A G G A

hp16  C C C A A C G C A C C G A A T A G T T A  A C C A G C G T G T C C A G G A A G
mp16 [33]  G A A C T C T T T C G G T C G T A C C C  C G A A T C T G C A C C G T A G T T G A
IL-1β  A C C C C A A A A G A T G G G C T  G A T A C T G C C T G C C T G A A G C T C T
TNF-α  C T G T A G C C C A C G T C G T C C T A G C A A  C T G G C A C C A C T A G T T G G T T G T C
VEGF-A [34]  A C T G G A C C C T G G C T T T A C T G  T C T G C T C T C C T T C T G T C G T G
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membranes were stained overnight with anti-CD63-PE in 
5% BSA in TBST at 4 °C, followed by incubation with sec-
ondary HRP-conjugated Goat anti Rat antibodies for 1 h 
at RT. Immunoreactive dots were visualized by enhanced 
chemiluminescence according to standard procedures 
using the FUSION FX7 SPECTRA Multispectral Imaging 
System (Vilber, Frankfurt, Germany). Densitometry was 
performed using the ImageJ software.

Size and concentration analysis of EVs
Size and concentration of EVs were determined by 
Nanoparticle Tracking Analysis (NTA) using a Malvern 
Nanosight NS300 (Malvern, UK) equipped with a green 
(532 nm) laser and fed with a syringe pump. Each sample 
was diluted in sterile filtered (0.2 μm) PBS to a concentra-
tion between 5 × 107 and 2 × 108 particles/ml. After flush-
ing the chamber thoroughly with nanopure water, the 
sample was fed into the Nanosight. 3–60 s videos (techni-
cal replicates) were recorded with a syringe pump speed 
of 20 and a camera level of 14. Videos were analysed 
using Malvern’s internal software at a detection thresh-
old of 5. All other settings were left as the instrument’s 
default settings.

Cell lysis and Western blot analysis
BMMCs were lysed for 10  min on ice in lysis buffer 
(0.15  M sucrose, 80 mM β-glycerophosphate, 1% Tri-
ton X-100, 2 mM EDTA, 2 mM EGTA, 2 mM Na3VO4, 
10 mM NaPPi, 1 mM PMSF and 1:25 dilution of cOm-
plete™ protease inhibitor cocktail (cat # 11697498001, 
Roche, Basal, Switzerland)) at a cell concentration of 
10 × 106 cells/ml and the lysates cleared by centrifuga-
tion for 15 min at 14,000 g at 4 °C. Protein concentration 
was determined by the Bradford assay. Cleared lysates 
were then mixed with Lämmli sample buffer (1:5) and 
boiled for 10 min at 100  °C. Proteins were separated by 
10% SDS-PAGE and gels transferred electrophoreti-
cally to nitrocellulose membranes using Trans-Blot® SD 
Semi-Dry Electrophoretic Transfer Cell (cat # 1703940, 
Bio-Rad, Hercules, CA, USA). Blots were blocked for at 
least 30 min in TBST containing 5% skim milk, followed 
by overnight incubation at 4 °C with the desired primary 
antibodies, three washes and subsequent incubation 
for 1  h at RT with HRP-conjugated secondary antibod-
ies. Immunoreactive bands were visualized by enhanced 
chemiluminescence according to standard procedures 
using the FUSION FX7 SPECTRA Multispectral Imaging 
System (Vilber). Densitometry was performed using the 
ImageJ software.

Statistical analysis
Data was analysed using GraphPad Prism Version 
8.3.0 for Windows (GraphPad Software, La Jolla, CA, 
USA). All data was tested for normal distribution and 

homoscedasticity of the comparing groups before fur-
ther tests were executed. According to the resulting 
statistic requirements, the respective t-tests for com-
paring two means or ANOVA for multiple comparison 
were performed. All tests were two-sided. Results were 
considered significant when p values were smaller than 
0.05. The data of each figure panel was generated from 
experiments which included at least 2 and up to 5 differ-
ent cultures of BMMCs, derived from different mice per 
genotype to exclude mouse specific effects.

Results
The cell cycle inhibitor p16Ink4a is upregulated in aged 
MCs
Investigating the molecular changes that occur in MCs 
during ageing has been challenging due to difficulties in 
retrieving MCs from aged tissues. To address this obsta-
cle, we leveraged the tight association between ageing 
and cellular senescence [41] to establish a novel model 
of inducible senescence in cultured MCs as a paradigm 
for MC ageing. Upregulation of p16Ink4a (herein referred 
to as p16), a tumour suppressor and inhibitor of the cell 
cycle [35, 42], has been linked with ageing and senes-
cence [43–45]. Furthermore, induction of p16 expression 
has been shown to activate the hallmarks of senescence 
[46, 47]. Therefore, to take advantage of this property, 
we first investigated whether MC ageing is indeed asso-
ciated with the upregulation of p16. To this purpose, we 
analysed the patterns of expression of p16 in peritoneal 
MCs (PMCs) of mice of increasing age as well as in MCs 
in skin derived from young and elderly donors. Staining 
the mouse peritoneal cells for p16 and gating for cells 
that are double positive for the MC markers c-KIT and 
the FcεRI revealed a small age-dependent increase in the 
incidence of PMCs (Supplementary Fig.  1). However, 
a strong positive correlation (Pearson r = 0.9653) was 
observed between age and p16 expression, with a 5-fold 
increase in p16 expression in PMCs from 9-month-old 
mice compared to those from 2-month-old mice (Fig. 1a, 
b). Visualization by confocal microscopy of human skin 
cryosections derived from young (i.e. less than 30 years 
old) and elderly (i.e. older than 66) individuals, that were 
stained for the MC marker tryptase and for p16, demon-
strated the presence of tryptase positive MCs in sections 
derived from either age group (Fig.  1c). However, while 
12.5% of MCs, identified by their positive staining for 
tryptase, were also positive for p16 in sections derived 
from the young group, 37% of the tryptase positive MCs 
were p16 positive in sections derived from older skin 
(Fig.  1d). A significant increase in the staining for p16 
was also noted in tryptase negative cells in both the der-
mis, most likely corresponding to skin fibroblasts, and 
the epidermis (Fig. 1c), consistent with the general asso-
ciation of upregulation of p16 with ageing.
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Establishing a model of inducible senescence in cultured 
MCs
Given the association between upregulation of p16 and 
MC ageing, we aimed to investigate how increased p16 
expression impacts MC functions. For this purpose, we 
took advantage of transgenic mice that express the cod-
ing sequence of human p16 (hp16) under the control of 
a tetracycline (tet)-inducible promoter [35]. We chose 
these mice because their crossing with Ins2-rtTA mice 
successfully led to the upregulation of hp16 in pancre-
atic beta cells as well as induction of their senescence 
[35]. We crossed these mice with transgenic mice that 

express the Cre recombinase from the hematopoietic 
CX3CR1 promoter that is expressed in bone marrow 
derived MCs (BMMCs) [48], and with mice that have a 
loxP-flanked stop codon upstream of the reverse tetracy-
cline-controlled trans-activator protein (rtTA) (Fig.  2a). 
Cells derived from the bone marrow of hetero- or homo-
zygous mice for Cx3cr1-Cre, and homozygous for rtTA-
flox-flox and tet-hp16, were cultured in the presence of 
IL-3 to allow the differentiation of hp16-inducible MCs 
from their bone marrow progenitors. Control cultures 
were derived from mice which were double negative 
(-/-) for at least one gene. Flow cytometric analysis of the 

Fig. 1 p16 expression increases in “aged” MCs. a. Representative histograms of p16 expression by PMCs derived from mice of the indicated ages. p16 
expression was monitored in FcεRI+c-KIT+ cells. b. Pearson correlation of p16 expression (MFI) and age (r = 0.9635, p ≤ 0.0001). Each data point derived 
from flow cytometric analysis represents PMCs of a single mouse (total n = 10). Data was generated in two independent experiments containing mice of 
varying ages. c. Representative images of human skin sections of a young (20-year-old female) and elderly (72-year-old female) human individuals stained 
for the MC marker tryptase (green), for p16 (magenta) and with DAPI (blue). The dashed white line marks the border between dermis and epidermis. 
Scale bar = 20 μm. Insets are enlargements of the boxed areas. White arrowheads point to p16-positive MCs. d. Quantification of the incidence of p16 
expressing skin MCs (i.e. p16+tryptase+ cells) of the total MC population (i.e. tryptase+ cells). Population per age group is displayed. Data is presented as 
means ± SEM. Statistical significance was determined by Welch’s t-test. n = 8 young and n = 9 elderly human individuals. Total number of analysed cells 
n = 405 young and n = 313 elderly
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cells revealed the formation of an almost pure (~ 90%) 
population of c-KIT and FcεRI-double positive cells 
(Fig. 2b, c), confirming that neither the MC progenitors, 
nor their in vitro differentiation to MCs were affected 

by the transgenic genes. Exposure of the in vitro differ-
entiated MCs (BMMCs), derived from the transgenic 
p16-inducible mice to 1  µg/ml of doxycycline (DOX), a 
concentration that was previously shown to induce genes 

Fig. 2 Establishing a model of inducible senescence in BMMCs. a. A scheme of the three genetic cassettes used to generate DOX/rtTA-inducible expres-
sion of p16 in CX3CR1 expressing cells. b, c. Representative flow cytometric analyses of surface expression of c-KIT and FcεRI by BMMCs derived from p16 
inducible transgenic mice (i.e. p16 inducible BMMCs, b) and or the transgenic control mice (i.e. control BMMCs, c). d. Expression of hp16 mRNA by p16 
inducible and control BMMCs following a short-term (3 days) incubation with or without 1 µg/ml DOX. e. Expression of mp16 mRNA by control BMMCs 
following short-term incubation with or without DOX. Data is presented as means ± SEM. Statistical significance was determined using Welch’s t-test (d) 
or unpaired t-test (e). n = 3–8 experiments
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in BMMCs using a tetracycline-inducible system [49], led 
to the induction of hp16 (Fig.  2d). Importantly, incuba-
tion of the control BMMCs with DOX has neither upreg-
ulated the expression of hp16, nor did it upregulate the 
expression of the endogenous mouse p16 (Fig. 2d, e). We 
therefore used these conditions for further analyses.

Unlike BMMCs derived from control mice, which pro-
liferated both in the absence and the presence of DOX 
(Fig.  3a), the number of the p16-inducible BMMCs 
failed to increase following DOX treatment (Fig.  3b). 
Staining with the DAPI viability dye excluded cell death 
(Fig. 3c), a notion that was supported by an MTT activ-
ity assay (Fig.  3d). These results therefore implied that 
the p16-inducible BMMCs stopped dividing following 
their DOX treatment. Indeed, analysis of their cell cycle 
distribution demonstrated an increase in the percent-
age of cells that were arrested in the G0/G1 phase, with a 
concomitant decrease in cells in the S and G2/M phases 
(Fig. 3e). No cells were detected in the sub G0/G1 phase, 
suggesting that DOX treatment and p16 induction do not 
induce apoptosis (Fig. 3e).

While the association between p16 upregulation and 
ageing or senescence is well established [43, 50], non-
canonical functions of p16, unrelated to senescence, 
have also been reported [51–53]. Therefore, we exam-
ined whether p16 induction imposes cellular features 
commonly marked as indicators of senescence [54]. A 
hallmark of senescent cells is their acquisition of a pro-
inflammatory phenotype. Therefore, we tested if induc-
tion of hp16 is associated with the upregulation of 
pro-inflammatory genes. Indeed, DOX treatment of the 
p16-inducible, but not the control BMMCs, upregulated 
the expression of IL-1β and TNF-α, as well as the expres-
sion of the angiogenic factor VEGF-A (Fig. 4a).

MCs constitutively exhibit β-galactosidase activity 
[55], excluding the use of this test commonly employed 
to identify cellular senescence. However, flow cyto-
metric analyses revealed that DOX treatment led to an 
increase in the forward scatter (FSC) of the p16-inducible 
BMMCs, indicating an increase in their size (Fig.  4b). 
Finally, we also tested the effect of DOX-induced upreg-
ulation of p16 on the expression of Lamin B1, whose 
downregulation was noted in senescent cells [56]. Indeed, 
subjecting the p16-inducible, but not control BMMCs to 
DOX treatment significantly reduced the level of Lamin 
B1 expression (Fig. 4c). Therefore, based on their arrest in 
proliferation, decreased distribution in the S and G2/M 
phases of the cell cycle, upregulation of proinflamma-
tory genes, increase in cell size and decrease in Lamin B1 
expression, we conclude that the upregulation of p16 is 
indeed associated with the acquisition of cellular senes-
cence by MCs.

p16-induced senescence does not affect FcεRI signalling
Flow cytometric analysis revealed that DOX treatment 
had no effect on the expression of c-KIT (Fig. 5a). How-
ever, a small reduction in the cell surface level of FcεRI 
was noted (Fig.  5b). We therefore investigated if this 
decrease in the surface level of FcεRI has any impact on 
the receptor signalling. Aggregation of the FcεRI upon 
the crosslinking of cell bound IgE by the appropriate anti-
gen stimulates the phosphorylation on tyrosine residues 
of a number of cellular proteins by Src-like kinases [57]. 
Therefore, we compared the patterns of tyrosine phos-
phorylation induced by an IgE/antigen (IgE/Ag) trigger 
in p16-inducible BMMCs, in the absence or following 
DOX treatment. Expectedly, in the absence of DOX, 
sensitization of the p16-inducible BMMCs with DNP-
specific IgE, followed by cell activation by the antigen, 
DNP-HSA, led to the tyrosine phosphorylation of cellular 
proteins (Fig. 5c). Focusing on proteins of 75, 40, 35 and 
30 kDa, as representatives of the global phosphorylation 
that is induced by an IgE/Ag trigger, revealed their rapid 
phosphorylation since trigger exposure (Fig. 5c). A 4-day 
treatment with DOX prior to their IgE/Ag-trigger had 
no impact on the extent or kinetics of phosphorylation 
(Fig. 5c). Therefore, these results indicate that the FcεRI 
maintains its signalling in the p16-upregulated cells. 
This notion was further corroborated by comparing the 
phosphorylation patterns of the ERK1/2 MAP kinases, 
a later event in the cascade of signalling of the FceRI, 
which revealed no differences due to DOX treatment 
(Fig. 5d). Furthermore, IgE/Ag trigger of the p16-upreg-
ulated BMMCs led to a further increase in the expres-
sion of the proinflammatory genes (Fig.  5e), confirming 
their responsiveness to the cell trigger. Upregulation of 
IL-1β, TNF-α and VEGF-A was also noted following cell 
treatment with the innate trigger LPS, which activates 
MCs by the binding to TLR4 (Fig.  5f ). Notably, though 
the acquisition of senescence did not affect the extent of 
cell responsiveness to either of these external triggers, 
the absolute amounts of proinflammatory transcripts 
in the senescent MCs were significantly larger, as com-
pared to their levels in the activated control cells, due to 
the increased expression of these proinflammatory genes 
already under basal conditions.

p16-induced senescence increases the granularity of MCs
DOX treatment led to an increase in the sideward 
scatter (SSC) of the p16-inducible BMMCs, indicat-
ing an increase in their granularity (Fig.  6a). In agree-
ment, a DOX-induced increase in the staining of the 
SG marker syntaxin 3 (Stx-3) [58] was also noted in the 
p16-inducible, but not the control BMMCs (Fig.  6b). 
Notably, maintaining the cells under conditions of senes-
cence for a longer period by prolonging their incuba-
tion with DOX to one month, has further emphasized 
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Fig. 3 Upregulation of p16 causes cell cycle arrest in BMMCs. a, b. control (a) and p16 inducible (b) BMMCs were seeded at a concentration of 1 × 106 
cells/ml in the absence or presence of DOX. Cells were collected and counted at the indicated time periods. c. Cell viability of p16 inducible BMMCs fol-
lowing a 4-day incubation with or without DOX measured by quantifying the incidence of DAPI-negative cells using flow cytometry. d. Cell viability of 
5 × 104 p16 inducible BMMCs following 4 days incubation with or without DOX and measured with an MTT assay. e. Representative flow cytometric analy-
sis of the cell cycle of p16 inducible BMMCs following a 3-day incubation with or without DOX. Data is presented as means ± SEM. Statistical significance 
was determined by Mann-Whitney (b) or unpaired t-test (a–e) n = 3–5 experiments
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their morphological changes, by increasing further 
their size (Fig.  6c) and granularity (Fig.  6d), which was 
also reflected in an increased amount of their total 
β-hexosaminidase, a SG resident enzyme [55] (Fig.  6e). 
Long-term senescence did not affect the cell viability, as 
indicated by their DAPI viability staining (Fig. 6f ).

p16-induced senescence provokes significant changes in 
SG morphology
The DOX-induced increase in MC granularity prompted 
us to examine if senescence impacts the ultrastructure of 
the SGs. MC SGs are heterogenous and were previously 
classified based on their transmission electron micros-
copy (TEM) features, as Type I granules, which contain 
intraluminal vesicles (ILVs), reminiscent of multivesicular 

bodies (MVBs), Type II granules, that display an elec-
tron dense core, that is surrounded by ILVs and Type III 
granules, that are electron dense and lack any ILVs [59]. 
Consistent with this classification, inspection of either 
p16-inducible or control BMMCs, in the absence of 
prior treatment with DOX, revealed the presence of the 
three types of SGs (Fig. 7a), whereby approximately 40% 
of SGs were lucent and contained ILVs, thus conform-
ing to Type I SGs, 40% matched the definition of Type 
II, and approximately 20% of SGs were electron dense, 
corresponding to Type III SGs (Fig.  7a, b). Strikingly, 
upregulation of p16 in the p16-inducible BMMCs mark-
edly affected the SG morphology and prevalence of the 
distinct SG types (Fig. 7a). Low power visualization of the 
senescent cell suggested that the total number of SGs was 

Fig. 4 The impact of p16 upregulation on gene expression and cell size. (a) Relative mRNA levels of IL-1β, TNF-α and VEGF-A in p16 inducible or control 
BMMCs after 3–4 day incubation with or without DOX. (b) Flow cytometric analysis of forward-scatter height (FSC-H) of p16 inducible BMMCs after 
3–4 day incubation with or without DOX. (c) Relative mRNA levels of Lamin B1 in p16 inducible or control BMMCs after 3–4 day incubation with or with-
out DOX. Data is presented as means ± SEM. Statistical significance was determined by Mann-Whitney (a), Welch’s (a, c) or unpaired t-test (a, b). n = 3–7 
experiments
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Fig. 5 (See legend on next page.)
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larger (Fig.  7a). This notion was confirmed by quantita-
tive analyses of the images (Fig. 7c), which also revealed 
an increase in cell size (Fig. 7d), consistent with the flow 
cytometric analyses. Higher resolution revealed that 
most SGs appeared lucent, containing either intralumi-
nal vesicles (ILVs) and an electron-dense core, consistent 
with the definition of type II SGs, or clusters of dense 
but more amorphous material, reminiscent of type I SGs 
(Fig. 7a). Quantitative analysis confirmed that senescence 
is associated with a significant increase in type I SGs, 
accompanied by a significant decrease in type III SGs 
(Fig. 7b). Extending the senescence period to one month, 
which further increased MC granularity also affected fur-
ther the SG morphology, leading to a greater increase in 
type I SGs, which was accompanied by a further decrease 
in type III SGs (Fig.  7a, b). Multiple SGs in the senes-
cent cells also seemed to undergo fusion (Fig. 7a), giving 
rise to intracellular structures reminiscent of compound 
SG fusion [16]. Finally, senescence also significantly 
reduced the mean number of villi per cell (Fig.  7a, e). 
None of these changes was noted in control BMMCs that 
were subjected to a similar regimen of DOX treatment 
(Fig. 7a–e), therefore ruling out any senescence-indepen-
dent effects of the drug.

p16-induced senescence differentially affects SG cargo 
secretion
A three-to-four-day incubation with DOX of the 
p16-inducible BMMCs had no effect on IgE/Ag-induced 
release of β-hexosaminidase (Fig. 8a), nor did it affect the 
translocation of CD63 to the plasma membrane (Fig. 8b), 
both measures of MC degranulation. However, surpris-
ingly, quantification of the binding of Avidin Sulforho-
damine (Av.SRho), which binds to glycosaminoglycans, 
such as heparin [60], that exteriorises during degranula-
tion [40], demonstrated a significant increase in senes-
cent triggered cells (Fig.  8c). Extending the period of 
DOX treatment to one month, conditions that markedly 
affected the SG morphology, led to the inhibition of the 
release of β-hexosaminidase in response to either IgE/
Ag or a combination of Ca2+ ionophore and the phorbol 
ester TPA (Ion/TPA), that activates MCs downstream of 
the receptor (Fig.  8d). Therefore, these results suggest 
that the inhibition of degranulation was not caused by a 
defect in FcεRI signalling, but rather by the direct impact 

of p16 upregulation on the exocytic machinery. Con-
sistent with this notion, prolonged senescence did not 
interfere with the upregulation of the pro-inflammatory 
cytokines in response to the IgE/Ag trigger (Fig. 8e).

p16-induced senescence enhances the release of small EVs
MCs constitutively release extracellular vesicles (EVs) 
[18]. However, cell activation by IgE/Ag enhances the 
release of a subset of EVs that are CD63-positive [61]. 
The selective impact of senescence on SG cargo release 
in conjunction with the increased incidence of SGs that 
contain ILVs therefore motivated us to investigate the 
influence of p16-imposed senescence on the regulated 
release of EVs. Consistent with the previous report [61], 
IgE/Ag stimulated the release of CD63-positive EVs by 
either control or p16-inducible BMMCs (Fig. 9a). How-
ever, DOX treatment selectively increased the amount of 
CD63 released by triggered p16-inducible BMMCs, but 
not by their control counterparts (Fig. 9a). The increase 
in released CD63 following DOX treatment of p16-induc-
ible BMMCs may indicate an elevated EV release. Alter-
natively, senescence could result in increased CD63 
expression, thereby leading to a higher content of CD63 
in the released EVs. To distinguish between the effect of 
senescence on the amount of CD63 expressed in EVs and 
its effect on the number of EVs, we examined the impact 
of DOX on the total amount of CD63 in p16-inducible 
BMMCs and have also quantified the concentration of 
the released EVs using nanoparticle tracking analysis 
(NTA). Subjection of the p16-inducible BMMCs to a 
4-day treatment with DOX led to a small (37%) increase 
in CD63 expression (Fig.  9b), which could however not 
account for the 2.5-fold increase in the released CD63. 
Also, the NTA detected only a small increase in the total 
number of EVs released in response to the IgE/Ag trig-
ger by senescent cells that was not statistically significant 
(Fig. 9c). However, a striking effect of p16-induced senes-
cence was noted on the size distribution of the released 
EVs. While the majority of EVs released by non-senescent 
cells ranged between 150 and 300 nm, consistent with the 
size of EVs released by BMMCs in response to an Ion/
TPA trigger [62], the majority of EVs released by senes-
cent MCs ranged between 30 and 150 nm (Fig. 9d). MCs 
release both CD63-positive microvesicles and CD63-
positive exosomes [62, 63]. However, based on their size, 

(See figure on previous page.)
Fig. 5 The impact of p16 upregulation on MC receptor expression and responsiveness. a, b. Flow cytometric analysis of cell surface expression of c-KIT 
(a) and FcεRI (b) in p16 inducible BMMCs after 3–4 day incubation with or without DOX. c, d. Cell lysates derived from p16 inducible BMMCs that were 
triggered with IgE/Ag for the indicated time periods, following 3–4 day incubation with or without DOX, were immunoblotted using anti-phospho-
Tyrosine antibodies (c) or anti-phospho-ERK1/2 antibodies, followed by re-probing with anti-total-ERK2 antibodies (d). Representative blots are shown. 
The intensities of the bands were quantified by densitometry. The relative pixel densities of phosphoproteins of 75, 40, 35 and 30 kDa molecular mass 
were normalized to the pixel density of the 55 K phosphoprotein (c). The ratio of phospho to total ERK2 is presented in (d). e, f. Relative mRNA levels of 
IL-1β, TNF-α and VEGF-A in p16 inducible or control BMMCs following 3–4 days incubation with or without DOX and following IgE sensitization and 1 h 
challenge with 50 ng/ml DNP-HSA (Ag) (e) or 1 h trigger with 0.5 µg/ml LPS (f). Data is presented as means ± SEM. n = 3–7 experiments. Statistical signifi-
cance was determined by unpaired (a–f) and Welch’s t-test (e)
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Fig. 6 (See legend on next page.)
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the detected increase in ILV-containing SGs, and their 
regulated release, we reckon that senescence is associated 
with an increase in the release of SG-derived exosomes, 
though the distinction between exosomes and small 
ectosomes that bud directly from the plasma membrane 
requires further investigation. In any event, the increase 
in the amount of released CD63 implies its higher con-
tent in the subset of small EVs whose IgE/Ag-induced 
release is enhanced by senescence.

Discussion
An increase in MC numbers with age has been noted 
in multiple organs, including the skin [11, 64], mesen-
teric lymphatic vessels [65], the gut [32], the brain [32], 
and the liver [66]. Additionally, MCs change their posi-
tion in aged skin from close proximity to blood vessels to 
the vicinity of macrophages and nerves [11]. Age-depen-
dent changes in their functions have also been observed, 
including a block in their ability to degranulate in aged 
skin [11] and reduced responsiveness to stimuli in aged 
mesenteric lymphatic vessels [65]. Age-related alterations 
in MC functions have been implicated in playing a role 
in liver fibrosis [66] and neurodegenerative diseases, such 
as Alzheimer’s disease [14]. However, the precise changes 
that occur in aged MCs remained largely unresolved. 
Leaning on the close association between ageing and cel-
lular senescence, we have set up a novel model of induc-
ible senescence in cultured BMMCs. This model enables 
continuous and molecular-level tracking of autonomous 
changes in MCs during ageing, and could provide the 
basis for future analyses of the impact of ageing on MC 
crosstalk with their microenvironment, a crosstalk that 
has been implicated in tumour progression [9], neu-
rodegeneration [14], and the modulation of immune 
responses [67–69]. We based our model on the induc-
ible upregulation of the cell cycle inhibitor p16, which 
we show is upregulated in both human MCs of aged skin 
and peritoneal MCs of aged mice. That upregulation of 
p16 indeed leads to MC senescence was validated by 
our findings demonstrating the association of upregula-
tion of p16 with a combination of senescence markers, 
including the arrest of proliferation, downregulation 
of Lamin B1, upregulation of pro-inflammatory genes, 
including IL-1β, TNF-α and VEGF-A, and an increase 
in cell size, all of which are known features of senescent 
cells [70–72]. Therefore, although p16 has multiple func-
tions that are unrelated to senescence or ageing [54], the 

induction of a combination of senescence markers in the 
p16-upregulated MCs, strongly suggests their acquisition 
of senescence.

Characterization of the senescent MCs has highlighted 
alterations in both their morphology and function, sug-
gesting a direct link between ageing and changes in MC 
functions. In particular, p16-induced senescence was 
associated with an upregulation of proinflammatory 
genes and an increase in both the cell size and granular-
ity. In this context, it is interesting to note that transfor-
mation of murine peritoneal MCs, which occurred due 
to the spontaneous loss of Cdkn2a/Arf (encoding murine 
p14 and p16), resulted in a significant decrease in their 
granularity and size compared to primary MCs [73], 
thus opposite to the phenotype of the p16-upregulated 
senescent MCs. Therefore, taken together, these results 
indicate an association between cell cycle progression 
and MC size and granularity. Ultrastructural analysis of 
the senescent MCs revealed that these cells are not only 
larger but also have a significantly lower number of sur-
face villi. Although the functional implications of the 
reduction in plasma membrane protrusions are pres-
ently unknown, it is conceivable that such changes may 
have important effects on MC communication with other 
cells. Plasma membrane protrusions play a role in cell 
migration [74], so their reduced number may hamper 
MC mobility. Nevertheless, as noted above, MC num-
bers are increased in ageing tissues, possibly due to the 
increased release of cytokines and chemotactic factors by 
the MCs and their senescent environment leading to the 
increased recruitment of immature MCs and prolonged 
survival. Alternatively, the decrease in villi may impact 
the MC’s ability to leave the area of inflammation, when 
no longer needed. Further, the decrease in the number 
of villi may affect the MC macropinocytic activity, which 
mediates their uptake of external material and the inter-
nalization of cell surface receptors such as MRGPRX2 
[75], thereby influencing MC responsiveness to certain 
ligands.

A second and most striking alteration is the change 
in the number and morphology of the SGs, and the dif-
ferential impact on their cargo release. Specifically, the 
increase in SG number is associated with an increase in 
the number of lucent SGs that also contain ILVs, while 
the number of electron dense SGs is reduced. We have 
recently demonstrated that MC SGs acquire their ILVs 
and capacity to release exosomes by their fusion with 

(See figure on previous page.)
Fig. 6 Senescence increases MC granularity. (a) Flow cytometric analysis of sideward scatter height (SSC-H) of p16 inducible BMMCs after short-term (3–4 
days) incubation with or without DOX. (b) Flow cytometric analysis of Stx-3 expression in p16 inducible and control BMMCs following short-term incuba-
tion with or without DOX. c, d. Flow cytometric analysis of FSC-H (c) and SSC-H (d) of p16 inducible BMMCs after long-term (one month) incubation with 
or without DOX. e. Total β-hexosaminidase activity of p16 inducible and control BMMCs following short- or long-term incubation with or without DOX. f. 
Cell viability of p16 inducible BMMCs following long-term incubation with or without DOX measured by quantifying the incidence of DAPI-negative cells 
using flow cytometry. Data is presented as means ± SEM. Statistical significance was determined by unpaired t-test (a–d, f) or Brown-Forsythe and Welch 
ANOVA tests with post hoc Dunnett’s T3 multiple comparisons test (e). n = 3–7 experiments
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Fig. 7 Senescence affects SG morphology. a. TEM images of p16 inducible and control BMMCs after short- or long-term incubation with or without DOX. 
Scale bar = 2 μm. Insets are enlargements of the boxed areas. Arrow heads indicate the granule types: Blue = ILV containing type I; green = mixed ILV and 
dense cores containing type II; pink = electron dense core type III. Yellow arrows point to sites of macropinocytic cup formation. Black arrows point to 
sites of SG fusion. b–e. Quantification of the incidence of granule type per cell (b), average granule number (c), cell area (d) and average number of villi 
per cell (e) following short or long-term incubation with or without DOX. Data is presented as means ± SEM. Statistical significance was determined by 
Kruskal-Wallis test with post hoc Dunn’s multiple comparison test. n = 37–52 cells per condition
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Fig. 8 (See legend on next page.)
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amphisomes [76]. Therefore, the senescence related 
increase in ILV-containing SGs at the expense of a 
decrease in their ILV-deficient SGs (i.e. type III) implies 
an age-dependent increase in SG fusion events with 
the endocytic/autophagic system. This notion is con-
sistent with the decrease in lysosomal activity, which 
occurs during ageing [77, 78] leading to the accumula-
tion of amphisomes [79], which in turn may lead to an 
increase in the incidence of amphisome fusion with 
the SGs. Indeed, while non-senescent BMMCs release 
in response to an IgE/Ag trigger a mixed population of 
small EVs, whose sizes ranged between 100 and 300 nm, 
senescent cells release a more homogenous population 
of small EVs, which though not directly proven, comply 
to exosomes based on their size and association with an 
increased number of ILV-containing SGs. In this con-
text, it is interesting to note that synthetic triggering of 
BMMCs, by the combination of a Ca2+ ionophore and 
the phorbol ester TPA, was recently shown to enhance 
the release of medium sized EVs, whose sizes range 
between 200 and 400 nm, while the release of larger EVs 
(i.e. 2000 nm) is suppressed [62]. These results are consis-
tent with our findings on the release of small to medium 
EVs in response to an allergic, IgE/Ag trigger. However, 
we show that senescence and ageing are linked with a 
shift of the EV population towards the release of small 
EVs which are enriched in CD63, likely reflecting their 
common amphisomal source. Whether this subpopula-
tion of small EVs carries unique cargo whose uptake by 
recipient cells contributes to inflammageing is presently 
unknown. MCs release a wide spectrum of biologically 
active mediators, accounting for their immense impact 
on their environment, that by far exceeds their number in 
the tissue. Given the critical role played by EVs in inter-
cellular communication, our results strongly suggest that 
ageing increases even further their influence. Moreover, 
considering the increased expression of inflammatory 
genes in senescent MCs, it is envisioned that the abil-
ity of MCs to instigate a pro-inflammatory environment 
increases with ageing, aligning with their documented 
involvement in age-related diseases. Interestingly, under 
the same conditions, the binding of Av.SRho to activated 
MCs also increases, suggesting an increase in the exteri-
orisation of proteoglycans, such as heparin, by the trig-
gered senescent cells, though no change is detected in the 
release of β-hexosaminidase or the translocation of CD63 
to the plasma membrane. The reason for this discrepancy 

is presently unknown. MCs release their SG contents by 
distinct modes of exocytosis, including kiss-and-run exo-
cytosis, that leads to a partial and selective release of SG 
cargo, and full or compound exocytosis which allow the 
full discharge of the SGs’ contents [22]. Therefore, the 
acquisition of ILVs may increase the incidence of com-
pound exocytosis leading to increased exteriorisation 
of proteoglycans alongside the increase in the release of 
exosomes. Our EM analyses demonstrate an increase in 
fused SGs in the senescent MCs, which is consistent with 
our recent findings that fusion with amphisomes not only 
imparts to the SGs their capacity to release exosomes but 
also generates hubs for the fusion of multiple individual 
SGs [76]. However, whether their presence reflects or 
facilitates their compound exocytosis in response to cell 
trigger awaits future investigations. We also show that 
prolonged senescence hinders the capacity of MCs to 
release β-hexosaminidase. This inhibition is not due to a 
defect in the enzyme’s production, as the cellular amount 
of active β-hexosaminidase does increase. Moreover, it is 
not a senescence-independent effect of DOX, as no inhi-
bition was observed in control BMMCs treated with the 
same concentration of DOX for the same period. Though 
we cannot exclude the possibility that the reduction in 
the release of β-hexosaminidase is due to its increased 
association with the endocytic/lysosomal system rather 
than with the SGs, our recent findings demonstrating the 
fusion between the SGs and amphisomes [76], in con-
junction with our observation of less degranulated MCs 
in aged skin [11], strongly suggest that senescence indeed 
interferes with MC degranulation. The SGs appear more 
lucent following prolonged senescence, which leads us to 
speculate that prolonged senescence may induce piece-
meal degranulation (PMD), whereby SG contents are 
partially released via vesicles that bud off the SG. PMD 
may thus result in the partial emptying of SGs, account-
ing for their lucent appearance and it may also interfere 
with the triggered release of β-hexosaminidase by exocy-
tosis. PMD has been associated with chronic inflamma-
tion and may thus further contribute to MC-dependent 
inflammageing.

Conclusions
In this study we show that MC ageing is associated with 
the upregulation of p16 and that the induction of p16 
expression leads to cellular senescence, thus providing a 
model for ageing. We show that senescent MCs undergo 

(See figure on previous page.)
Fig. 8 Senescence impacts SG cargo release distinctly. (a) β-hexosaminidase release of p16 inducible BMMCs in response to IgE/Ag or Ion/TPA, following 
short-term incubation with or without DOX. Release is presented as percentage of total β-hexosaminidase. (b) Cell surface expression of CD63 in untreat-
ed (UT) or IgE/Ag-activated p16 inducible BMMCs following short-term incubation with or without DOX. (c) Proteoglycans exteriorisation assayed by flow 
cytometric analysis of Av.SRho binding to untreated or IgE/Ag-activated p16 inducible or control BMMCs following short-term incubation with or without 
DOX. (d) IgE/Ag or Ion/TPA-induced β-hexosaminidase release by p16 inducible or control BMMCs after long-term incubation with or without DOX. (e) 
Relative mRNA levels of IL-1β, TNF-α and VEGF-A in IgE/Ag-activated p16 inducible BMMCs following long-term incubation with or without DOX. Data is 
presented as means ± SEM. Statistical significance was determined by either Mann-Whitney (c), Welch’s (d) or unpaired t-test (a–e). n = 3–10 experiments
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Fig. 9 Senescence enhances regulated release of small CD63-positive EVs. (a) Representative dot blot and densitometric quantification of EVs released 
by untreated (UT) or IgE/Ag-activated 2 × 106 p16 inducible or control BMMCs following a short-term incubation with or without DOX and staining for 
CD63. (b) Representative dot blots and densitometric quantification of cell lysates of UT or IgE/Ag-activated p16 inducible BMMCs following a short-term 
incubation with or without DOX and staining for CD63 and with anti-total ERK2 for normalization. c, d. Nanoparticle Tracking Analysis of EVs’ concentra-
tion and size (c) or concentration of 30–150 nm sized EVs (d) released by 2 × 106 IgE/Ag-triggered p16 inducible BMMCs following a short-term incubation 
with or without DOX. Data is presented as means ± SEM. Statistical significance was determined by either Welch’s (a) or (un)paired t-test (a–d). n = 3–5 
experiments
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marked changes in their morphology and function. Spe-
cifically, ageing is linked with the acquisition of a proin-
flammatory phenotype, a gradual inhibition of the release 
of β-hexosaminidase and an increase in the exteriorisa-
tion of heparin concomitantly to a significant increase in 
the regulated release of small CD63-positive exosomes. 
These changes are likely to impact the MC crosstalk with 
their microenvironment and contribute to a chronic 
inflammation linked with disease.
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