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of senescent cell
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The major known function of cytokines that belong to type | interferons (IFN, including IFNa and IFNB) is to mount
the defense against viruses. This function also protects the genetic information of host cells from alterations in the
genome elicited by some of these viruses. Furthermore, recent studies demonstrated that IFN also restrict proliferation
of damaged cells by inducing cell senescence. Here we investigated the subsequent role of IFN in elimination of the
senescent cells. Our studies demonstrate that endogenous IFN produced by already senescent cells contribute to
increased expression of the natural killer (NK) receptor ligands, including MIC-A and ULBP2. Furthermore, neutralization
of endogenous IFN or genetic ablation of its receptor chain IFNAR1 compromises the recognition of senescent cells and
their clearance in vitro and in vivo. We discuss the role of IFN in protecting the multi-cellular host from accumulation of
damaged senescent cells and potential significance of this mechanism in human cancers.

Introduction

High fidelity of genetic traits inheritance depends on the mul-
titude of mechanisms that evolved to protect genomic integrity
and decrease the frequency of cancer development."”” Among
these mechanisms is restriction of propagation of viruses that can
integrate into genome and alter the genetic programs of host
cells.” Cytokines that belong to the family of type I interferons
(IFN, including IFNa and IENB) play a major role in anti-viral
defenses (reviewed in).* Furthermore, IFN were recently impli-
cated in restricting the propagation of the long interspersed repet-
itive genetic elements.” Thus, IFN can contribute to the
protection of genome via prevention of the alteration of genomic
DNA by viruses or genetic elements.

Furthermore, our recent studies suggested an additional role
of IFN in protecting the multicellular host genome from accu-
mulating already damaged cells. Endogenous IFN produced in
cells that harbor DNA damage and exhibit the DNA damage
response (DDR) are actually responsible for driving the program
of cell senescence.® These findings suggest that IEN can also con-
tribute to the maintenance of genomic integrity by preventing
proliferation of genetically altered cells.

Intriguingly, the presence of senescent cells in multi-cellular
host carries substantial risks related to tissue aging but also to
cancer development (reviewed in).”® Elimination of already
senescent cells is therefore important for the maintenance of over-
all genomic integrity. Specific mechanisms have evolved to recog-
nize these senescent cells and eliminate them from mammalian

organisms using activity of macrophages and natural killer (NK)
cells.

The latter require the expression of specific ligands (such as
NKG2D ligands MICA/MICB, ULBP2 and others) that are rec-
ognized by NK cells and serve to mark these senescent cells for
in vivo clearance.””'®> While the role of secreted factors (known as
senescence-associated secretory phenotype) in communicating
the need of damaged/senescent cell elimination to the immune
system has been well described,”'*" the importance of IFN in
this process is yet to be largely determined. Here we show that
expression of NK ligands in already senescent cells depends on
the action of IFN. Neutralization of IFN pathway attenuates the
expression of these ligands and suppresses the clearance of senes-
cent cells in vitro and in vivo. These data are indicative of the role
of IFN in the elimination of senescent cells from the multi-cellu-
lar organisms.

Results

Mammalian experiments demonstrated that oncogene/DNA
damage-dependent senescence is associated with expression of
specific ligands (such as NKG2D ligands MICA/MICB, ULBP2
and others) that are recognized by NK cells and serve to mark
these senescent cells for 77 vivo clearance.” ' We sought to deter-
mine whether IFN play a role in the expression of the NK ligands
in the senescent cells. Initially we used MRC-5 diploid human
fibroblasts that can freely proliferate at early passage (for example,
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progeria syndrome patients known to
exhibit persistent DNA damage and
achieve senescence.'®'® We found that
these cultures indeed contain a high
number of senescent cells compared to
normal diploid human IMR90 fibro-
blasts  (Fig. 2A-B). Importandy, a
short-term treatment of cultures of
fibroblasts from either Werner syn-
drome or Hutchinson-Gilford progeria

switching from hypoxic
to normoxic conditions
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syndrome patients with anti-IFNB neu-
tralizing antibody did not reduce the
T number of senescent cells (data not
shown) yet significantly suppressed the
expression of MIC-A and ULBP2
mRNA (Fig. 2C).

Additional flow cytometry analysis
of these cultures further revealed a mod-
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Figure 1. The role of IFNB in the expression of NKG2D ligands by senescent human fibroblasts. (A).
Senescence-associated (SA)-BGal staining of normal human fibroblasts (MRC5) that either continued
to proliferate (passage (p) 37) or underwent the replicative senescence (p66). Here and thereafter:
data are shown as average=+ S.D.; *p < 0.05; **p < 0.01; ***p < 0.001. Magnification bar: 100 pm. (B).
Quantitation of the number of SA-BGal positive cells in the culture of MRC5, p37 or p66. 9-11 fields
randomly chosen from 3 independent experiments. (C). The scheme of the experiment to determine
the role of IFNB in the expression of NKG2D ligands by senescent human fibroblasts. (D). The effect of
IFNB neutralizing antibody on the expression of mRNA of NKG2D ligands MICA and ULBP2 respec-
tively on early (p37) and late passages (p66) of MRC5 fibroblasts. Asterisk indicates p < 0.05 between
MRC5 fibroblasts cultured for 66 passages over those cultured for 37 passages. Double asterisk indi-
cates p < 0.01 between MRC5, p66 fibroblasts cultured in the presence of neutralizing antibody

anti-IFN antibody compared to those
that received control immunoglobulins
(Figs. 2D-E). Collectively these results
indicate that endogenous IFN-f3 con-
tributes to the regulation of expression
of the NK ligand genes and presenta-
tion of their protein products on the
surface of senescent cells.

We next sought to determine the
functional significance of this regulation

using the senescent cells clearance assay

passage 37) but undergo the replicative senescence when serially
cultured to a late passage and switched from hypoxic to normoxic
growth conditions as evident from staining for the senescence-
associated (-galactosidase (SA-BGal) activity (Fig. 1A-B). After
achieving the senescent state in the late passage cultures, we have
incubated these cells with control antibody or antibody against
human IFN (time line depicted in Fig. 1C). Statistically signifi-
cant higher levels of MI/C-A and ULBP2 mRNA were detected in
the late passage MRC-5 cells compared to the early passage
(Fig. 1D). These results together with findings of greater number
of senescent cells in the late passage cultures (Fig. 1A-B) are con-
sistent with previously reported increase in the NK ligands levels
in the senescent cells.”"?

Intriguingly, treatment of the late passage cultures with the
neutralizing antibody against human IFN@ decreased MIC-A
and ULBP2 mRNA levels to the levels seen in the early passage
cultures (Fig. 1D). Importantly, expression of these genes in the
early passage MRC-5 cells was not affected by the ant-IFNf
antibody treatment. These data suggest that endogenous IFNf
produced by the senescent cells contributes to the induction of
the NK ligand genes.

In order to further test this hypothesis we used human diploid
fibroblasts from Werner syndrome or Hutchinson-Gilford
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in vitro."®'" In this assay, we incubated
cultures of MRC-5, Werner syndrome or Hutchinson-Gilford
progeria syndrome patient-derived diploid fibroblasts with the
YT NK cell line. The design for these experiments is depicted in
Figure 3A. After an overnight incubation, the YT cells were
rinsed off and the percent of fibroblasts that disappeared from
these cultures during this time was calculated. This approach was
previously deemed superior to the radioactive Chromium
release-based cell lysis assay because of expectedly high level of
basic clearance of the non-self fibroblasts by the heterologous YT
cell line.'®"!

Indeed, we observed that approximately a quarter of all prolif-
erating early passage MRC-5 cells was eliminated by the YT NK
cells (Fig. 3B). Pretreatment of these cultures with IFNB-neutral-
izing antibody did not significantly affect this number indicating
that overall activity of NK cells 77 vitro was not dependent on the
presence of IFNB. Importantly, the percent of cleared cells was
greatly increased in fibroblast cultures containing high number of
senescent cells including those of late passage MRC-5 and fibro-
blasts from Werner syndrome or Hutchinson-Gilford progeria
syndrome patients (Fig. 3B). These results are in line with previ-
ously reported preferential clearance of senescent cells by NK.'*!!
Remarkably, the efficacy of clearance of senescent fibroblast cells
by YT cells was dramatically reduced by pre-treating the fibroblast
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cultures with and-IFNB neutralizing | p — T -
antibody (Fig. 3B). These results indi- -
cate that endogenous IFNfB produced £
by senescent cells contributes to their g
efficient killing by NK cells. S
We next determined whether sensi- (&g_
tivity of senescent cells to secreted IFN = oy ] 0
may regulate their persistence in vivo.
To this end, we have prepared cultures
of already senescent mouse embryo | g c
fibroblasts derived from wild type ani- ,
mals (]ﬁmrl+/+) or animals lacking the ~ 807 8 150+ G anti-IFNB
IFNARI chain of type I IEN recepror Z‘GO_ 5
(Ifnarl™"") by serially passaging these % @ 100+
cells 7n vitro. We then injected the same 5 407 g . T o T
number of ]ﬁ1arl+/+ or ]ﬁmr]_/_ SA- = E so{ W1
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of wild type syngeneic (C57Bl6) mice 0- E ol , -
(Fig. 4A). Analysis of the injection sites IMR90  HGPS WS HGPS WS HGPS WS
for the SA-BGal-positive cells carried MICA ULBP2
out 30 days post injection revealed that | D E
a substantial fraction of senescent cells
was eliminated by the host animal. HGPS W] 150, B IgG anti-IFNB
Importantly, a significantly greater S \
number of senescent Ifzarl™'~ MEFs § n i < 100] g = .
(than wild type senescent MEFs) S / \ M = ’ - o
remained in the host skin at that time g " Al = 50- s
(Fig. 4B—C). This result indicates that % 7 \\ f
IFN signaling within senescent cells is = ol L” \ // \ oL | !
important for their efficient clearance TR A0 100 10 18 100 10¢ 10° HGPS WS HGPS WS
in vivo. CoNtrol se=|gG ===anti-IFNp MICA uLBP2
. . Figure 2. The role of IFNB in the expression of NKG2D ligands by fibroblasts from progeria patients.
Discussion (A). SA-BGal staining of normal human fibroblasts (IMR90) or diploid fibroblasts from patients with
Hutchinson-Gilford Progeria Syndrome (HGPS) or Werner syndrome (WS). (B). Quantitation of the num-
Previous reports from our and other ber of SA-BGal positive cells in culture of IMR90, HGPS, and WS fibroblasts. 9-11 Fields were randomly
groups have demonstrated that exoge- chosen from 3 indep.endent experiments. Asterisks: p < 0.001. (C). The effect of IFNB neutralizing anti-
nously administered or endogenous body on the expression of rr)RNA of MICA and'ULI?PZ on HGPS anfi WS human fibroblasts. *p < 0.05;
. **p < 0.01. (D). FACS analysis of ULBP2 levels in either IgG- or anti-hIFNB-treated WS and HGPS cells.
IFNB6 acts to stimulate cell senes- Control reactions contained no primary antibody. (E). Quantification of FACS analysis of MICA/MICB
cence."” While senescence of damaged and ULBP2 levels in both IgG- or anti-hIFNB-treated HGPS and WS cells. *p < 0.05; **p < 0.01.

cells protects a multi-cellular host from
the tumorigenesis and transmission of
altered genetic information, the accumulation of senescent dam-
aged cells burdens the organism. This is why elimination of
senescent cell by immune system (including NK cells) plays an
important role in tissue and organism homeostasis.”*** Impor-
tantly, our current data suggest that production of IFNB by
already senescent cells increases the expression of the NKG2D
ligands that enable these cells to be recognized and cleared by
NK cells in vitro and in vivo. These results demonstrate that the
mechanisms of innate immunity that are designed to rid the mul-
ticellular organism of damaged/senescent cells'>'” that display
specific recognition ligands on their surface function in an
IFNB-dependent manner.

Given a known role of type I IFN in maturation and function
of NK and other cells of innate immunity,? the importance of
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overall IFN signaling in elimination of damaged cells could be
implied. Importantly, our results focused on effects of IFNf3 on
target cells also demonstrated that already senescent cells require
IFN@ production for maximal expression of the NKG2D ligands
(Figs. 1-2). These ligands were shown to enable the detection of
senescent cells by NK cells for subsequent cytotoxic elimina-
tion.''"1? Accordingly, neutralization of IENB in wvitro or
knockdown of IFNARI 7z vive in target senescent cells attenu-
ated clearance of these cells (Figs. 3—4).

The mechanism by which IFN produced by senescent cells
contribute to the clearance of these cells remains to be further
elucidated. All effects of IFN on cells are mediated by a cognate
receptor whose stability and levels are tightly regulated by ubiqui-
tination and degradation of its IFNAR1 chain.**' Signaling

Volume 16 Issue 8



A Washing
Cell counting

v

Antibody treatment

Washing
Final counting of
the remaining cells

v

or senescent (MRCS5, p66;

: —

0 24 36 48 Hours
Plating of normal (MRCS5, p37) Washing

Addition of NK cells (YT line)

HGPS; WS) cells

B - .

—100; Bl oG M anti-IFNB

e 80

)

5 601 i

3 40 L M.

© i i T

3 20-]“1 N L 0
ol ., . | 1

MRC5 MRC5 HGPS WS
p37 p66

Figure 3. The role of IFN in the clearance of senescent cells in vitro. (A).
Scheme of the experiment to determine the role of IFNB in the clearance
of senescent cells in vitro. (B). Growing (MRC5, p37) or senescent cells
(MRCS5, p66; HGPS or WS cells) were pre-treated with IFNB neutralizing
antibody (or control IgG) for 12 h, washed and incubated with natural
killer YT cells overnight. Percentage of clearance of indicated cells is
depicted. ***p < 0.001.

downstream of IFN receptor that leads to the NK ligand gene
expression may include conventional Janus kinase- and signal
transducers and activators of transcription-dependent as well as
independent pathways that lead to induction of IFN-stimulated
genes.”

On one hand, current data suggest a model role of IFN in the
expression of the NK ligand genes. These genes do not belong to
the bona fide IFN-stimulated genes signature and, therefore, are
likely to be activated indirectly. On the other hand, IFN were
shown to stimulate activation of p53 tumor suppressor pro-
tein.®"”** Importantly, p53 activities were shown to trigger pro-
duction of several chemokines that can further increase the
recruitment of NK cells (and, potentially, other cytotoxic
immune cells) to the senescent targets.34 Furthermore, besides
NK, other immune cells (e.g. macrophages) can plausibly con-
tribute to the IFN-stimulated elimination of senescent cells in
mammalian organisms.

Recently published evidence collectively suggests a muld-
functional role of IFNB in guarding the genome stability. At a
cellular level, IFNP prevents genome alterations through limiting
the retrotransposon activities.” In addition, IENR acts at a multi-
cellular organism level by restricting renewal and proliferation of
genetically altered damaged cells® and ensuring their subsequent
elimination (this study). Given that inefficient elimination of
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senescent cells is linked with diverse aging-related phenotypes,®

the mechanisms underlying the IFNB-induced action upon
senescent cells merit further investigation.

Experimental procedures

Cell lines and culture conditions

IMR 90 (ATCC) were maintained in DMEM supplemented
with 10% (v/v) FBS (HyClone Laboratories). MRC5 cells were
cultured in DMEM plus 15% FBS. Human diploid fibroblast
(HDF) cells from patients with Hutchinson-Gilford progeria
syndrome (HGPS, cell line AG0989B) and Werner syndrome
(WS, cell line AG05229B) were purchased from Coriell Institute
for Medical Research. MRC5, HGPS and WS cells were cultured
in a Billups-Rothenberg modular incubator chambers at 3% O,
until they were transferred to 20% O, culture condition to
induce senescence. Mouse embryonic fibroblasts (MEFs) from
Ifnarl +* and Ifnarl ~/~ mice (C57Bl/ 6] background) were pre-
pared from day 14.5 embryos and cultured in DMEM supple-
mented with 10% FBS as previously described.”” The human
natural killer (NK) cell line YT was grown in Iscove’s MDM plus
20% FBS. Senescent cells were detected by senescence-associated

(SA)-BGal assay using the Cell Signaling kit (cat # 9860).

Quantitative PCR

Growing (MRC5, p37) or senescent cells (MRC5, p66;
HGPS or WS cells) were treated with either 10 pg/ml anti-
human IFN@ neutralizing antibody or with isotype control
(eBioscience) for 12 hours. The cells were then harvested,
homogenized in Trizol reagent, and total RNA was extracted
with chloroform. Reverse transcription was carried out using
Revertaid first strand ¢cDNA synthesis kit (Thermo Scientific)
and the cDNA was used for quantitative PCR (qPCR) to detect
the expression of MICA and ULBP2. The primers were MICA
(FW, 5-TCTTCCTGCTTCTGGCTGGCAT - 3, REV, 5-
CCTGACTGCACAGATCCATCCC - 3/), ULBP2 (FW, 5'-
CAAGTGCAGGAGCACCACTCG - 3/, REV, 5'- CAGATGC
CAGGGAGGATGAAGC - 3'), GAPDH (FW, 5'- TCCATGA-
CAACTTTGGTATCGTGG - 3, REV, 5- AGAGCCCC
GCGGCCATCACG - 3'). qPCR was carried out by using
Applied Biosystems 7500 Fast Real-Time PCR system.

Flow cytometry

Flow cytometry approaches were carried out as previously
described.”*® These approaches were used for analysis of
MICA/MICB and ULBP2 surface expression. Senescent HGPS
or Werner cells were incubated with phycoerythrin-conjugated
anti-human MICA/MICB antibody (BioLegend), or primary
anti-human ULBP2 (Novus Biologicals Inc.) antibody followed
by staining with anti-mouse AF488 conjugated antibodies. Cells
were analyzed by LSRFortessa flow cytometer (BD Biosciences),
using appropriate laser and filter settings for chemical fluoro-
phores. Results were quantified with Flow]o 7.6 software.
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In vitro cytotoxicity assay A
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In vivo cytotoxicity assay

Primary Ifparl™ (wild type) and

]ﬁmrl_/_ MEFs (described in /) were
cultured at normoxic conditions for 15
d and the amount of SA-BGal positive
cells was determined by the Staining
Kit from Cell Signaling. The number

Figure 4. Role of IFN in the clearance of senescent cells in vivo. (A). Scheme of the experiment to
determine the role of IFNB in the clearance of senescent cells after intradermal injection (id). (B).
SA-BGal staining of wild-type (WT) mice skin sections at the indicated days post intradermal injec-
tion (pi) with primary MEFs from Ifnar1™* (WT) or Ifnar1~'~ animals. Magnification bar: 100 wm. (C).
Quantitation of the number of SA-BGal positive cells shown in F. 10 fields were randomly chosen
from 3 independent experiments. Asterisks: p < 0.001.

of MEFs injected into each mouse was
normalized based on the percentage of
SA-BGal positive cells. 2 x 10° of wild type or Ifnarl™'~
senescent MEFs in 100 pl of PBS was injected intradermally
into the left or right flank, respectively, of the same wild type
C57Bl/6] mouse in triplicates. The mice were euthanized by
CO, cither 3 hours (day 0) or 30 d post injection. The entire
shaved flank of the skin at the injection site was excised,
rinsed one time in PBS, placed in O.C.T. media (TED
PELLA, INC.), and frozen at —80°C. The next day, the
block was sectioned for a total of 120 wm where 4 represen-
tative sections were analyzed (each individual section is
6 wm). All the sections were placed in the fixative solution
for 10 min followed by overnight incubation in SA-BGal
Staining Solution. Then the slides were washed with PBS, air
dried, and observed under the microscope. For quantification
of the SA-BGal positive cells the tissues were observed under
20x magnification. Only sections that contained at least one
blue cell and contained a totally tissue filled field were
selected. All fields that met the above criteria were included
in the analysis.

Statistical analyses

Every shown quantified result is an average of at least 3 inde-
pendent experiments carried out in either triplicate or quadrupli-
cate and calculated as a mean + SD.
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