N

N

Human CCR6+Th17 lymphocytes are highly sensitive to
radiation-induced senescence and are a potential target for
prevention of radiation-induced toxicity
Patricia Zadigue, Alexandre De La Taille, Paul-Henri Romeo, Sabine Le Gouvello,
Hoang Quy Nguyen, Yazid Belkacemi, Carl Mann, Francoise Hoffschir, Stéphane

Kerbrat, Mathieu Surénaud

» To cite this version:

Patricia Zadigue, Alexandre De La Taille, Paul-Henri Romeo, Sabine Le Gouvello, Hoang Quy Nguyen, et al..
Human CCR6+Th17 lymphocytes are highly sensitive to radiation-induced senescence and are a potential
target for prevention of radiation-induced toxicity. International Journal of Radiation Oncology, Biology,
Physics, 2019, (10.1016/j.ijrobp.2019.10.045). (hal-02359947)

HAL Id: hal-02359947
https://hal.science/hal-02359947v1

Submitted on 22 Aug 2022

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-

for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY-NC 4.0 - Attribution - Non-commercial use - International
License


https://hal.science/hal-02359947v1
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0360301619339690
Manuscript_aba571d9ce5a3c2329ec0192e2bc3d99

Human CCR6*Th17 lymphocytes are highly sensitive to radiation-induced
senescence and are a potential target for prevention of radiation-induced
toxicity

Running title: Radiation-induced senescence mechanisms

Hoang Quy Nguyen #°, Yazid Belkacemi <, Carl Mann 9, Frangoise Hoffschir ¢, Stéphane
Kerbrat f, Mathieu Surenaud ¢, Patricia Zadigue , Alexandre de La Taille *>, Paul-Henri
Romeo ¥ | Sabine Le Gouvello *fi8

2INSERM U955, Equipe 07, Créteil, 94000, France ;

bUniversité de Paris Est, Faculté de Médecine, Créteil, 94000, France ;

¢ APHP, Hopitaux Universitaires Henri Mondor, Service d’Oncologie Radiothérapie, Créteil,
94000, France ;

d Institut de Biologie Intégrative de la Cellule, CEA, CNRS, Université de Paris-Sud, Université
de Paris-Saclay, Gif-sur-Yvette cedex, 91198, France ;

¢ CEA/DRF/IBFJ/iRCM/LRTS/Inserm U967, 92265 Fontenay-aux-Roses Cedex, France ;
fINSERM UMR955 Team 04, Créteil, 94000, France;

EINSERM UMRO955 Team 16, Créteil, 94000, France;

b APHP, Hopitaux Universitaires Henri Mondor, Service d’Urologie, Créteil, 94000, France;

I CEA/DRF/IBFJ/iRCM/LRTS, 92265 Fontenay-aux-Roses Cedex, France; Inserm U967,
Fontenay-aux-Roses cedex, 92265, France; Université de Paris-Diderot, Paris 7, France;
Université Paris-Sud, Paris 11, France; Université de Paris-Saclay ; Equipe labellisée Ligue
contre le Cancer, France ;

i APHP, Hopital H. Mondor — A. Chenevier, Département de Biologie et Pathologie, Créteil,
94000, France ;

#HQN-—and-Y-B—contributed-equally-to-this-werk-asfirst-authors: "PH.R and S.LG share senior
authorship. YB. and S.LG were both program directors of HQ.N PhD Thesis.

Corresponding author: Pr Yazid Belkacemi, Radiation Oncology Department & the Henri
Mondor Breast Center, University Hospital of Henri Mondor. 51 Av. Mal de Lattre de Tassigny,
94000, Créteil, France. yazid.belkacemi @aphp.fr. Phone: 0033 1 49 814 522; Fax: 00 33 1 45
178 114.

Conflict of interest: none

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0360301619339690
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0360301619339690

Acknowledgements

H.Q.N. was funded by grants from the INCa (PROUST Project), the Ministry of Education and
Training (MOET, Vietnam) and the Association for Research and Training in Oncology-
Radiotherapy (AREFOR).

C.M. was funded by the ANR-17- 0008-02 and the CEA Radiobiology Program.

The authors wish to thank Adeline Henry, Aurélie Guguin, Odile Ruckebusch from the Flow
Cytometry Platform of IMRB/Inserm U955, Créteil, Xavier Decrouy from the Microscope
Platform of IMRB/Inserm U955, Créteil for cell sorting, and their technical help and skill.



Summary

This study demonstrates the high sensitivity of mucosa-homing CCR6*Th17 lymphocytes to
irradiation (IR)-induced senescence. This senescence is associated with expression of the rare
histone variant H2A.J and secretion of IL-8 and VEGF-A. Pharmacological targeting of ROS or
MAPKs and/or mTOR signaling pathways prevented this IR-mediated senescence. Altogether,
these results suggest potential deleterious effects of irradiated CCR6*Th17 lymphocytes during

radiotherapy and how these deleterious effects may be prevented.



Abstract
Purpose

To study the sensitivity of different peripheral CD4* T-lymphocyte subsets to IR and identify
potential targets for the prevention and/or treatment of radiation-induced toxicity.

Methods and Materials

This study was performed on peripheral blood mononuclear cells (PBMCs) or sorted peripheral
memory lymphocytes of CCR6" mucosa-homing Th17/CCR6"¢Th and regulatory T (Treg)
subtypes of healthy volunteers. Cells were irradiated with a 2Gy +/- pharmacological inhibitors
of different signaling pathways. Senescence of irradiated cells was assessed by resistance to
apoptosis and determination of various senescence-associated biomarkers (senescence associated
B-galactosidase (SA-B-Gal) activity, p16™ka- p21Cdknla_ yvH2 A X-, H2A.J expression). Cytokine
production was measured in supernatants of irradiated cells by Luminex technology.

Results

Not all CD4* memory T lymphocyte subsets were equally radiosensitive. High sensitivity of
CCR6*Th17 lymphocytes to IR-induced senescence was shown by expression of the histone
variant H2A.J, higher SA-B-Gal activity and upregulation of p16™“* and p21¢dn!a expression.
Lower Annexin V staining and cleaved caspase-3, and higher expression of anti-apoptotic genes
Bcl-2 and Bcel-xLL LF showed that CCR6*Th17 lymphocytes were more resistant to IR-induced
apoptosis than CCR6"¢ memory Th and Treg lymphocytes. After a 2 Gy IR, both CCR6*Th17
and CCR6"¢ cells acquired a moderate senescence-associated secretory phenotype (SASP) but
only CCR6*Th17 cells secreted IL-8 and VEGF-A. Pharmacological targeting of ROS, MAPKs,
and mTOR signaling pathways prevented the expression of senescent markers and IL-8 and
VEGF-A expression by CCR6*Th17 cells after IR.

Conclusion

This study suggests that IR induces senescence of CCR6*Th17 lymphocytes associated with
secretion of IL-8 and VEGF-A that may be detrimental to the irradiated tissue. ROS-MAPKs
signaling pathways are candidate targets to prevent this CCR6*Thl7-dependent radiation-
induced potential toxicity. Finally, the ratio of circulating H2A.J* senescent CCR6*Th17/CD4* T
lymphocytes may be a candidate marker of individual intrinsic radiosensitivity.



INTRODUCTION

Healthy tissue damage is a limiting factor for radiation therapy. The identification of the
radiosensitive patients with predictive assays is needed to tailor radiotherapy plans. Individual
radiosensitivity was correlated with resistance of peripheral CD4* and CD8* T-cell to IR-induced
apoptosis (1-4). Whether the resistance to IR-induced apoptosis of different CD4* T-lymphocyte
subsets contribute to radiation-induced toxicity process has never been investigated.

CD4* T lymphocytes differentiate into diverse subsets (T helper (Th): Th1, Th2, Th17, etc... and
regulatory T cell (Treg)) depending on T cell receptor (TCR) activation and the appropriate
cytokine microenvironments. These subsets differ by their distinct master transcription factors,
the cytokines they produce, and ultimately their functions against invading pathogens or in
mediating tolerance (5). The chemokine receptor CCR6 was identified as the main surface
marker characterizing the Th17 lineage (6), and regulating the recruitment of both Th17 and
Treg cells into inflammatory tissues (7,8). Interestingly, preclinical data demonstrated that the
Th17/Th1 lymphocytes ratio was higher in irradiated mouse strains prone to radiation-induced
lung fibrosis (9,10). Moreover CCR6 was recently proposed as a predictive biomarker of
radiosensitivity (11). Recent data from Veldwijk et al. (12) revealed that CD4* T lymphocytes
are associated with radiotherapy-related adverse late effects of the skin. But the contribution of
specific CD4* antigen-experienced memory T lymphocyte subsets to the pathogenesis of IR-
induced non-targeted tissue disabilities remains incompletely understood.

Many studies both in vitro and in vivo in humans and model organisms support the idea that
radiation-accelerated senescence promotes radiation-induced toxicity (13). Cellular senescence
(CS) is an irreversible arrest of proliferation triggered by different damaging stimuli, including
dysfunctional telomeres, DNA damage, oncogenic mutations, oxidative stress, and IR. Senescent
cells are characterized by a combination of different parameters such as B-galactosidase activity,
cyclin-dependent kinase inhibitors expression such as p16™42 and p21€dnla relative resistance to
apoptosis, persistent DNA double-strand breaks (DSBs), a senescence-associated secretory
phenotype (SASP) (14,15), and accumulation of the histone variant H2A.J (16). Although
“resistance to apoptosis”, underlying the above-mentioned radiosensitivity predictive test, could
be part of a senescence phenotype, individual sensitivity to IR-induced senescence has never
been evaluated as an endpoint to predict radiosensitivity. Therefore, in the present study, we
addressed the question of whether CD4*CCR6*Th17 lymphocytes have a higher sensitivity to
IR-dependent apoptosis and/or senescence as compared to CD4*CCR6"¢Th and CCR6* °" "€Treg
lymphocytes.



MATERIALS and METHODS
Cells

Approval for these studies was obtained from the Institutional Review Boards. Written informed
consent was obtained from healthy donors according to local institutional guidelines and after
approval by the local Ethical Committee in accordance with the Declaration of Helsinki.
Peripheral blood mononuclear cells (PBMCs) were separated by Ficoll centrifugation ( UNI-
SEPmaxi Tubes (Novamed, Jerusalem, Israel) of healthy donor cytaphereses from the French
Blood Bank (EFS, Créteil) .Thirty two individual healthy donors were studied for all
experiments shown in this manuscript. As indicated in figure legends, biological replicates were
performed for each experimental assay. CD4* T cells were enriched from PBMCs by negative
selection (untouched CD4* T cell isolation kit, Miltenyi Biotec, Bergisch Gladbach, Germany).
CD4*CD45RO*CD127"¢CD25"¢" Treg lymphocytes, CD4*
CD45RO*CD127*CD25°YCCR6*Th17 lymphocytes and CD4*CD45RO*CD127*
CD25"°%CCR6™¢Th lymphocytes were further purified (purity >99%) by using a fluorescence-
activated cell sorter (Influx; BD Biosciences), after labeling with CD127 PE (R34.34), CD45RO
ECD (UCHLI, Beckman Coulter, Villepinte, France), CD196 (CCR6) BV 421 or PE-Cy7
(11A9), CD25 APC (2A3, BD Biosciences, Le Pont de Claix, France), CD45RO FITC (UCHLI,
Miltenyi Biotec), and CD4 APC eFluor 780 (RPA-T4, eBiosciences, San Diego, CA USA)
monoclonal antibodies.

Irradiation

Cells were plated at 10° cells/ml in 96-well U bottom plates (Corning, Acton, MA USA) in
RPMI 1640 Medium GlutaMAX™ HEPES 25mM (Thermo Fisher, Waltham, MA USA), 1 mM
sodium pyruvate, 1% MEM Non-Essential Amino Acids Solution, 100 U/ml penicillin, 100
pg/ml streptomycin, supplemented with 10% human AB serum. Cells were irradiated ex-vivo at a
2Gy single dose, using gamma radiation from a !'3’Cs-source (IBL637; Cis-Bio
International/Scherring, Saclay, France) with a dose rate of 2.7 Gy/min.

Flow cytometric analysis of apoptosis

Irradiated lymphocytes were stained with Annexin V-FITC according to the manufacturer’s
instructions (BD Biosciences Science) in combination with monoclonal antibodies of the above-
mentioned panel, and Viobility Fixable Dye (Miltenyi) for dead cell exclusion. Flow cytometry
experiment was performed using an LSR Fortessa X20 (BD Biosciences, France), and Flowlogic
software version 7.1 (Miltenyi) was used for subsequent analysis.

Pharmacologic inhibitors treatments

Prior to IR, cells were pretreated (or not) with 10 mM N-Acetyl-L-cysteine (NAC, Sigma
Aldrich) for 1.5 hours, 100nM rapamycin (Sigma Aldrich), 3 uM KU60019 (Sigma Aldrich) for



1 hour, 5uM UO0126 (Sigma Aldrich), SuM JNK-IN-8 (Sigma Aldrich), or 10uM SB203580
(Sigma Aldrich) for 30 minutes (30 min).

RNA isolation and real time quantitative RT-PCR

Total mRNA isolation and qRT-PCR analysis were performed as published (17). Primer
sequences are listed in Table S1. The expression of all the indicated target transcripts was
measured by the relative quantification of real-time PCR using a mix of each cDNA sample as a
calibrator sample, according to the AACt method (18).

Staining for Senescence-associated B-Galactosidase (SA B-Gal), p16™42, cleaved caspase-3,
H2AX and H2A.J

Cells were harvested and spread on Superfrost plus slides (Menzel-Glaser, Braunshweig,
Germany) at 1x10° cells/slide. Staining for SA B-Gal activity (Ozyme, Saint-Quentin-en-
Yvelines, France) was performed as described (19).

pl6™ 4 analysis: cells were fixed by 4% formaldehyde-PBS for 15 min and incubated overnight
at 4°C with anti-p16™42 (1:250, Abcam, Cambridge, UK) followed by incubation with Alexa-
594 conjugated goat anti-rabbit antibody (1:200, Life Technologies, Saint-Aubin, France) for 1
hour. H2A.J analysis: cells were fixed by 3.7% formaldehyde-PBS, and incubated at room
temperature for 1 hour with anti-H2A.J (1:750, gift of Carl Mann (16)), followed by a 1 hour
incubation with Alexa-594 (1:500, Life Technologies). After washing, cells were mounted with
Prolong Gold+DAPI (Life Technologies) and analyzed on microscope (Carl Zeiss, Oberkochen,
Germany).

Caspase 3 activation & phosphoH2A.X expression analysis: cells were fixed by 4%
formaldehyde-PBS, washed with PBS and deposited onto poly-D-lysine coated slides. After
permeabilization and saturation, cells were incubated with primary antibodies (anti-phospho-
histone H2A.X mAb (1:400, Merck Millipore, France) or anti-cleaved Caspase-3 mAb (1:200,
Cell Signaling, Ozyme, France) for 1 hour, and then with Alexa-488 conjugated goat anti-mouse
antibody (1:750, Life Technologies, Saint-Aubin, France) and Alexa-594 (1:1000, Life
Technologies) for 1 hour, respectively. After washing, cells were incubated with DAPI (1:1000,

Life Technologies), mounted with Prolong Gold Antifade, and analyzed on a Zeiss Axio Imager
microscope driven by MetaSystems software (Altlussheim, Germany).

The images were processed with Image J (http://rsbweb.nih.gov/ij/). For each condition, from 8
to 10 distinct fields representative of the whole of the experimental condition analyzed were
photographed. A minimum of 100 cells per condition were analyzed. The percentage of cells
with positive labeling is expressed relatively to the number of total cells in the field. The counts
were made by two manually blinded independent observers. The cutoff criteria of positive
labeling for one cell was determined relatively to the fluorescence intensity of control cells for
whom the primary antibodies were not added during the I.F. procedure.



Cytokine secretion assays

Cell cultures supernatants were analyzed by Luminex assay (PROCARTAPLEX, Thermo Fisher
Scientific, Waltham, MA USA), according to the manufacturer's instructions.

Statistics

Statistical tests were performed using Prism version 5.04 (GraphPad, La Jolla, CA, USA) and
data are represented as standard error of the mean (SEM). Differences were assessed with the
two-tailed Mann-Whitney U-test. ¥ indicates a statistical difference between 2 sub-populations (*
p<0.05, %% p<0.01), * in comparison to the non-treated condition (* p<0.05, ** p<0.01), & in
comparison to the treated condition (¢ p<0.05, &* p<0.01). The Kruskal-Wallis test (non-
parametric test) was used to compare the sections comprising 3 groups of CD4*T-cell sub-
populations.

RESULTS
Resting CCR6*Th17 lymphocytes are resistant to a 2Gy IR-induced apoptosis.

We first determined the IR-induced apoptosis of different subsets of CD4*T lymphocytes after
irradiation of PBMCs at 2Gy by quantification of AnnexinV™ cells 48 hours after IR (Fig. 1A).
The following CD4*T lymphocyte subsets were studied: CCR6'T effector/memory lymphocytes
(henceforth referred to as “CCR6*'Th17”) or CCR6™ET effector/memory lymphocytes
(henceforth referred to as “CCR6"¢Th”) among CD3*CD4*CD45RO*CD25"¢CDI127*T
lymphocytes, and CD3*CD4*CD45RO* CD25* CD127"¢ (henceforth referred to as “Treg”) with
CCR6 positive staining or not. CCR6*Th17 were more resistant to IR-induced apoptosis
compared to CCR6™¢Th and to Treg (Fig. 1A & 1B). In addition, CCR6*Treg were more
sensitive to IR-induced apoptosis compared to CCR6™¢Treg (Fig. 1C). In accordance,
CCR6*Th17 showed a lower activation of caspase-3 than CCR6™¢Th and Treg (Fig. 1D & 1E),
and a higher expression of anti-apoptotic effectors (Bcl-2, Bcl-xLL LF) after 2Gy IR (Fig. 1F). No
significant differences could be detected for the other pro- and anti-apoptotic genes (data not
shown). Altogether, these results show that resting CCR6*Th17 are resistant to a 2Gy IR-induced
apoptosis.

High IR-induced senescence of CCR6*Th17 cells

Cellular senescence is associated with increased resistance to apoptosis. We thus assayed for
canonical hallmarks of senescence in irradiated CD4*T lymphocytes: SA-B-gal activity and
expression of the cell cycle inhibitors p16™4 and p21€dknia (20). IR induced SA-B-gal activity in
CCR6*Th17, CCR6™¢Th and Treg (Fig. 2A), but SA-B-gal activity dose-response was
significantly higher for CCR6*Th17 compared to CCR6"¢Th and Treg (Fig. 2B). Moreover,
pl6k4a expression was higher in CCR6*Th17 cells after 2Gy IR (Fig. 2C & 2D) and after H>O»



treatment (Fig. 2E). Finally, p21¢dn!2 expression significantly increased after 2Gy IR only in
CCR6*Th17 (Fig. 2F).

We then quantified the secretion of SASP factors (21,22) in supernatants of CCR6*Th17 and
CCR6"tTh 48 hours after 2Gy IR. Supernatants of Treg cultures were not tested because the %
of IR-induced apoptotic Treg was high (Fig. 1A & 1B) and resultant cellular debris could biased
Luminex analysis. Mitogenic stimulation with anti-CD3 and anti-CD28 mAbs, which mimics
TCR-dependent activation of T-lymphocyte, was used as a positive control. Compared to this
TCR-dependent mitogenic activation, irradiation of CCR6*Th17 and CCR6"¢Th resulted in a
moderate secretion of SASP factors with no secretion of 1L-13, IL-33 and GM-CSF (Fig.2G &
2H). Secretion of IL-1a, IL-6, osteopontin, MIP-1a, and MIP-13 were similarly increased after
IR and secretion of IL-13 was increased only in CCR6"™¢Th. Interestingly, irradiated
CCR6*Th17 secreted larger amounts of VEGF-A and IL-8 compared to irradiated CCR6™¢Th
(Fig. 2G).

Altogether, these results show that human CCR6*Th17 are highly sensitive to IR-induced
senescence associated with VEGF-A and IL-8 secretion.

Irradiation of CCR6*Th17 cells is associated with expression of the rare histone variant
H2A.J.

IR exposure generates DNA double-strand breaks (DSBs) which leads to recruitment of the
ATM kinase and phosphorylation of the H2AX histone variant on megabase regions of the
chromatin surrounding the DSBs. These so-called YH2AX foci can be quantified by
immunofluorescence microscopy. Residual YH2AX foci at 24 hours post-IR are hallmarks of
persistent DNA damage associated with several types of senescence (22). We thus investigated
DSB repair by enumerating YH2AX foci in sorted, resting CCR6*Th17, CCR6"¢Th and Treg
lymphocytes at different time points after 2Gy IR. IR-induced yH2AX foci peaked around 15-30
min post-IR in the three T-lymphocyte subsets which showed similar repair kinetics, but the
number of YH2AX foci at 30min after 2Gy IR was higher in CCR6*Th17 compared to
CCR6"¢Th and Treg. No significant residual YH2AX foci were found at 24 hours in the three T-
lymphocyte subsets, although there was a tendency towards slightly higher foci per cell in
CCR6*Th17 and CCR6"¢Th lymphocytes relative to non-irradiated controls (Fig. 3A & 3B).

As DNA damage can also impact H2A.J expression (16), we next investigated H2A.J expression
in 2Gy-irradiated CCR6*Th17 and CCR6"¢Th. H2A.J expression increased 72 hours after a 2Gy
IR of CCR6*Th17 and CCR6™€Th, but this increased expression was higher in CCR6*Th17
(Fig. 3C & 3D). The specificity of H2A.J detection was verified by the absence of labeling if the
H2A.J peptide, specific of BCR epitopes of the anti-H2A.J antibody, was added as a competitor
(PC) during the incubation with the anti-H2A.J antibody in the IF procedure. H>O»-induced
oxidative stress similarly increased H2A.J expression in CCR6*Th17 and CCR6™¢Th



lymphocytes (Fig. 3E) suggesting a specific regulation of expression of H2A.J during irradiation
of CCR6*Th17.

Inhibition of ROS, MAPKSs, and mTOR signaling pathways prevents VEGF-A and IL-8
expression independently of H2A.J expression in senescent CCR6*Th17.

IR increases the production of ROS, which can activate MAPKSs signaling pathways (23), which
in turn regulate mTOR kinase (24) and the SASP (25). SASP expression has also been correlated
with H2A.J accumulation in senescent fibroblasts (16). By using pharmacologically selective
inhibitors, we studied the potential involvement of ATM and the ROS-MAPKs-mTOR (26,27)
signaling pathways in IR-induced senescence of CCR6*Th17. CCR6*Th17 and CCR6™¢Th
lymphocytes were pretreated with the ATM inhibitor (KU60019), a ROS scavenger NAC, a p38-
MAPK inhibitor (SB203580), a JNK-MAPK inhibitor (JNK-IN-8), a MEK1/2 inhibitor (U0126)
or a mTOR inhibitor (rapamycin) before a 2Gy IR. Pretreatment with NAC, rapamycin, and the
three MAPKinase pathway inhibitors prevented the IR-induced upregulation of pl6nkda
expression and SA-B-Gal activity in both CCR6*Th17 and CCR6™¢Th, whereas pretreatment
with the ATM inhibitor did not (Fig. 4A & 4B). Conversely, IR-induced H2A.J expression was
not prevented by pretreatment with NAC, rapamycin and p38-MAPK inhibitor, whereas
pretreatment with the ATM inhibitor or MEK1/2 and JNK inhibitors did prevent its expression
(Fig. 4C). Finally, whereas IR-induced secretion of both IL-8 and VEGF-A was abolished by
pretreatment with NAC, pretreatment with rapamycin or with the three MAP Kinase pathways
inhibitors only abolished IR-induced VEGF-A but not IL-8 secretion (Fig. 4D & 4E).

Altogether, these results showed that inhibition of the MEK/ERK-JNK signaling pathways was
the only condition that blocked all IR-induced senescence hallmarks and VEGF-A secretion of
CCR6*Th17.

DISCUSSION
IR-induced accelerated senescence in CCR6*Th17

Cellular senescence (CS) is an irreversible arrest of proliferation triggered by different damaging
stimuli, including IR. Similarly to IR-induced senescence in fibroblasts, epithelial, endothelial
and mesenchymal stem cells (28-31), we found that IR of CCR6*Thl17 led to senescence as
shown by increased expression of SA-B-gal activity, p16™ 4 and p21¢dn1a Accordingly, we next
demonstrated that CCR6'Th17 were more resistant to IR-induced apoptosis compared with
CCR6"¢Th and Treg among PBMC:s, as well as when sorted corresponding cells were compared
(Fig. 1 & 2). Additionally, the irradiated CCR6*Th17 upregulated anti-apoptotic genes (Bcl-2,
Bcl-xLL LF) that presumably accounted for this resistance to apoptosis (Fig. 1D). These results
agree with previous findings that Bcl-2 proteins were increased in senescent fibroblasts (32). In
line with this, CD34* hematopoietic stem cells are thought to be more resistant to apoptosis than
other hematopoietic cells because of their higher expression of anti-apoptotic proteins (33), and
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Muranski et al. showed that Th17 were long-lived by retaining stem cell-like characteristics (34).
We noted that CCR6™tTreg were more resistant to IR-induced apoptosis compared with
CCR6*Treg (Fig. 1C), although our results showed that Treg were less resistant to IR-induced
apoptosis compared to CCR6*Th17 and CCR6™¢Th. In contrast, a previous study demonstrated
that Treg were more resistant to apoptosis than CD4*T-lymphocyte in the PBMCs (35), but the
authors did not investigate these CCR6*Th17, CCR6"¢Th, CCR6*Treg, CCR6™¢Treg T-
lymphocyte subsets in their study.

IR-induced senescence of CCR6*Th17 cells is associated with expression of H2A.J despite
completion of DDR.

We found no significant differences in the decay and residual levels of YH2AX foci post-IR in
CCR6*Th17 compare to CCR6™¢Th and Treg (Fig. 3A & 3B). Similarly, 1Gy IR of quiescent
bone marrow cells (30), or 2Gy IR of quiescent young and old haematopoietic stem cells did not
yield residual YH2AX foci 24 hours post-IR (30,36). After much higher levels of IR (15Gy) in
the presence of an apoptosis inhibitor, an increase in persistent YH2AX foci was observed for the
IR-induced senescence of quiescent endothelial cells (37).

Senescent cells are metabolically active and exhibit widespread modifications in protein
expression and secretion corresponding to the SASP that may damage neighboring healthy
tissues (38). The accumulation of Histone variant H2A.J promotes inflammatory genes
expression (16).

In our study, ATM inhibition did not affect p16™+* (Fig. 4A), SA-B-Gal (Fig. 4B), and two
SASP factors secretion, VEGF-A and IL-8 (Fig. 4D & 4E) after IR of resting (TCR-
nonstimulated) CCR6*Th17 and CCR6"¢Th. This contrasts with a previous study showing that
senescence of TCR-stimulated CD4* Th lymphocytes was induced by Treg in part via DNA
damage and ATM activation (39). Therefore, ATM-dependent signaling pathways are not
necessary for senescence induction after IR of resting Th lymphocytes.  Moreover, ATM
inhibition prevented H2A.J expression in irradiated CCR6*Th17 (Fig. 4C). Thus, increased
H2A.J levels are not required for the expression of the VEGF-A and IL-8 under these conditions
in contrast to a role for accumulated H2A.J in the expression of SASP genes during etoposide-
induced senescence of fibroblasts (16). This suggests that H2AJ may not be a marker for
premature senescence in T cells. Alternatively, H2A.J expression should be evaluated in
replicative senescent T cells (in aged patients for instance) as already shown in replicative
senescent fibroblasts (16). The striking inhibition of H2A.J accumulation observed after pre-
treatment with the ATM inhibitor suggests that ATM is activated after IR of CCR6*Th17 despite
the apparent absence of residual YH2AX foci 24 hours post-IR (Fig. 3A & 3B). ATM can be
activated by oxidative stress, but NAC did not inhibit H2A.J expression after IR, and H>O»-
induced increased H2A.J expression was similar in CCR6*Th17 and CCR6™¢Th (Fig. 3E). This



suggests a specific regulation of H2A.J expression during irradiation of CCR6*Th17, presumably
through a transient activation of ATM by DNA DSBs (Fig. 4C), independently of ROS.

Inhibition of the MEK-ERK pathway also blocked H2A.J expression. Since the MEK-ERK
pathway is known to be activated in an ATM-dependent fashion in response to DNA damage
(40-42), we suggest that ATM-MEK-ERK cascade defines a pathway required for H2A.J
expression after IR that might be particularly active in CCR6*Th17 compared to other CD4*T
lymphocytes. In support of this, previous results showed that the MEK1/2-ERK1/2 signaling
pathway is critical for proper Th17 differentiation and activation (43—45).

Signaling pathways of IR-induced senescence

We found that activation of the p38-MAPK, ERK1/2, JNK and mTOR signaling pathways were
required for increased expression of SA-B-Gal, pl6™4s and VEGF-A (but not IL-8),
independently of ATM activity (Fig. 4). Remarkably, inhibition of ROS with N-acetyl-cysteine
profoundly inhibited all senescence features including IL-8 expression with the exception of
H2A.J accumulation (Fig. 4). It thus appears that ROS are crucial for IR-induced senescence of
the CCR6'Th17 and CCR6"¢Th, presumably by activating downstream signaling pathways
including MAPKs and mTOR. It is well-documented that IR can trigger ROS formation and
ROS-induced senescence via p38-MAPK and ERK1/2 activation leading to p16™™“? expression
(46,47). Inhibition of VEGF-A expression by individual inhibition of ROS, MAPKs, or mTOR
suggests that these represent a single interdependent signaling pathway which might be related to
the critical role of MEK-ERK shown in Th17 (43—45). The ROS-MAPKs-mTOR pathway can
potentially activate VEGF-A expression via HIF-1a (48,49). In contrast, IL-8 secretion was
blocked only by NAC, so we suggest that ROS activate at least two independent downstream
signaling pathways in CCR6*Th17 that contribute to IL-8 expression (Fig. 4E).

CONCLUSION

To our knowledge, this is the first study to demonstrate high sensitivity of CCR6*Th17 to IR-
induced senescence. We show that IR-induced senescence of CCR6*Th17 promotes IL-8 and
VEGF-A secretion that may contribute to IR-induced normal tissue damage and even facilitate
tumor recurrence and metastasis after radiotherapy. IR-induced senescence in CCR6*Th17
lymphocytes was largely independent of ATM activity, but highly dependent on ROS generation
and MEKs/ERK/INK pathways as seen by the strong suppressing action of N-acetyl-cysteine
and MEKSs inhibitors. Our data are encouraging for further research using CD4* T lymphocytes
subtypes as potential intrinsic radiosensitivity hallmarks, and Bcl-2 /Bcl-xI and the MAPKs
pathways as target for senolytic drugs to overcome late inflammation after radiotherapy.
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FIGURE LEGENDS

Figure 1: Resistance to IR-induced apoptosis of CCR6*Th17 lymphocytes

(A) Representative flow cytometric gating strategy illustrating lymphocyte CD4*T-lymphocyte
subsets in PBMC:s. Cells treated with 2Gy-IR and analyzed by flow cytometry 48 hours post-IR.
(B-C) %Apoptosis (%eApoptosis 2Gy — %Apoptosis 0Gy) at 48 hours within CCR6*Th17/
CCR6"¢Th/Treg (B), and within CCR6*Treg/CCR6"¢Treg (C). n=6, mean +/- SEM.

(D-E) Epifluorescence microscopy was applied to assess cleaved caspase-3 in
CCR6*Th17/CCR6"¢Th/Treg at 24 hours after 2 Gy IR. Image acquisition was performed with a
Zeiss Axio Imager microscope driven by MetaSystems software. At least 120 cells are counted
in one experiment. n=4, mean +/- SEM.

(F) qRT-PCR data showing expression of anti-apoptotic genes Bcl2, Bel-xL LF.

Figure 2: IR-induced senescence in CCR6*Th17 lymphocytes

(A) Representative images of SA-B-Gal staining of CCR6*Th17/CCR6"¢Th17/Treg at 48 hours
after 2 Gy IR. Senescent cells are blue after SA-B-Gal cytoplasmic staining.

(B) % SA-B-Gal positive cells. 200-800 cells per experimental condition were counted. n=4,
mean +/- SEM.

(C) Representative images of p16™4* immunofluorescence in CCR6*Th17/ CCR6™¢Th/Treg at
24 hours after 2 Gy IR.

(D-E) % pl16™42 positive cells. 150-500 cells per condition were counted. n=4, mean +/- SEM.
(D) Cells were treated with 2 Gy IR. (E) Cells were treated with H2O> at the indicated
concentrations for 72 hours.

(F) qRT-PCR showing expression of p21¢drla jn CCR6*Th17/CCR6™ETh/Treg. n=5, mean +/-
SEM.

(G-H) Comparative cytokine production of CCR6*Th17/CCR6™¢Th at 72 hours after 2 Gy IR
(n=7). (G) plate-bound anti-CD3¢ (Sug/mL) antibody and soluble anti-CD28 (2ug/mL) antibody
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were used as a positive control (n=4). Selected cytokine levels are shown as the fold change over
the non-irradiated conditions.

Figure 3: IR-induced senescence of CCR6*Th17 lymphocytes is associated with expression
of H2A.]J despite completion of the DDR

(A) Immunofluorescence of YH2AX foci in CCR6 Th17/CCR6
30 min, and 24 hours after 2 Gy IR.

(B) Quantification of YH2AX foci at 0, 15, 30, 45 min, 1, 6 and 24 hours after 2 Gy IR. At least
120 cells per experimental condition were counted in each experiment. n=4, mean +/- SEM.

(C) Representative images of H2A.J immunofluorescence in CCR6*Th17/CCR6™€Th at 72 hours
after 2 Gy IR with or without peptide competition (PC) of H2A.J antibodies.

(D-E) % H2A.J positive cells. 200-500 cells per experimental condition were counted. n=4,
mean +/- SEM. (D) Cells were treated with 2 Gy IR (E) Cells were treated with H,O, at the

indicated concentrations for 72 hours.

neg

Th/Treg lymphocytes at 0, 15,

Figure 4: Effect of pharmacological inhibitors pretreatment on irradiated

CCR6'Th17/CCR6"*Th

(A-C) % of pl6™™, B-Gal positive cells, and H2A.J were evaluated. 200-600 cells per

experiment condition were counted, mean +/- SEM, n=5 for p16™42 & H2A.J (A&C), n=3 for B-
Gal (B)
(D-E) Comparative cytokine production of CCR6 Th17/CCR6"*Th 72 hours after 2 Gy IR.

VEGF-A (D) and IL-8 (E) levels are shown as the fold change over the non-irradiated. n=5,
mean +/- SEM.

neg,

neg,
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