Received: 18 October 2022 | Revised: 3 April 2023

'.) Check for updates

Accepted: 6 April 2023

DOI: 10.1111/cas.15824

ORIGINAL ARTICLE

Senescent CD8™ T cells acquire NK cell-like innate functions to

Cancer Science fW%15%

promote antitumor immunity

Toshio Kakuda? | Junpei Suzuki® | Yuko Matsuoka® | Tadahiko Kikugawa®! |
Takashi Saika! | Masakatsu Yamashita®

1Department of Urologye, Graduate
School of Medicin, Ehime University,
Toon, Japan

2Department of Immunology, Graduate
School of Medicine, Ehime University,
Toon, Japan

3Translational Research Center, Ehime
University Hospital, Ehime University,
Toon, Japan

Correspondence

Masakatsu Yamashita, Department
of Immunology, Graduate School
of Medicine, Ehime University, 454

Shitsukawa, Toon, Ehime 791-0295, Japan.

Email: yamamasa@m.ehime-u.ac.jp

Funding information

Japan Society for the Promotion

of Science, Grant/Award Number:
20H03504, 22K07121 and 22K15609

Abstract

It has been suggested that aging of the immune system (immunosenescence) results
in a decline in the acquired immune response, which is associated with an increase in
age-related tumorigenesis. T-cell senescence plays a critical role inimmunosenescence
and is involved in the age-related decline of the immune function, which increases
susceptibility to certain cancers. However, it has been shown that CD8" T cells with
the senescent T-cell phenotype acquire an natural killer (NK) cell-like function and
are involved in tumor elimination. Therefore, the role of senescent CD8* T cells in
tumor immunity remains to be elucidated. In this study, we investigated the role of
senescent CD8* T cells in tumor immunity. In a murine model of transferred with B16
melanoma, lung metastasis was significantly suppressed in aged mice (age 230 weeks)
in comparison to young mice (age 6-10weeks). We evaluated the cytotoxic activity
of CD8* T cells in vitro and found that CD8" T cells from aged mice activated in
vitro exhibited increased cytotoxic activity in comparison to those from young mice.
We used Menin-deficient effector T cells as a model for senescent CD8* T cells and
found that cytotoxic activity and the expression of NK receptors were upregulated in
Menin-deficient senescent CD8™ T cells. Furthermore, Menin-deficient CD8* T cells
can eliminate tumor cells in an antigen-independent manner. These results suggest
that senescent effector CD8* T cells may contribute to tumor immunity in the elderly
by acquiring NK-like innate immune functions, such as antigen-independent cytotoxic

activity.
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1 | INTRODUCTION

During differentiation in the thymus, T cells acquire diverse T-cell
receptor (TCR) repertories through reorganization of the TCR genes
and subsequent positive and negative selection. The supply of naive
T cells from the thymus is thought to be reduced in the elderly be-
cause the thymus atrophies with age'? Furthermore, repeated
invasion of the same antigen over a prolonged survival period re-
duced the diversity of the TCR repertoire.s’4 T-cell numbers in the
periphery themselves are maintained by homeostatic proliferation.®
However, it is generally believed that the immune response against
novel antigens is weakened in older individuals, due in part to a bias
in the TCR repertoire, which leads to an increase in age-related car-
cinogenesis and chronic infections.

Age-induced immunity defects are generally viewed as detri-
mental and designated as “immunosenescence”.® One of the major
alterations in immunosenescence is the impaired primary CD8" T-
cell response against infection and reduced vaccine efficacy due
to senescence.” Therefore, T-cell senescence plays a critical role
in immunosenescence and is involved in the age-related decline of
the immune function, which increases susceptibility to infectious
diseases and certain cancers.®? Another alteration in immunose-
nescence is the acquisition of a senescence-associated secretory
phenotype (SASP), which is characterized by a striking increase in
the secretion of pro-inflammatory cytokines, chemokines, matrix
remodeling factors, and pro-angiogenic factors.!%! These factors
deleteriously alter tissue homeostasis, leading to the development
of cancer and chronic inflammation.1%2-%* Senescent T cells induce
increased susceptibility to autoimmune diseases, such as rheuma-
toid arthritis, through SASP.”*>"Y However, it has been shown that
senescent CD4"% T cells with cytotoxic activity are increased in
supercentenarians, who live to be over 110years of age, and that
they may be involved in eliminating cancer. There is also report
that CD8™ T cells with the senescence phenotype acquire an nat-
ural killer (NK) function and are involved in tumor elimination.'®
Therefore, it is still unclear how senescent CD8 T cells act in an-
titumor responses.

We have previously reported that the tumor suppressor Menin
inhibits T-cell senescence, and that Menin-deficient CD4* T and
CD8" T cells can be used as models of senescent T cells.” 2! Menin
acts as a multifunctional scaffold protein and controls various cell
signaling pathways and the expression of various genes such as HOX
and PTN.?? Germinal mutations of MEN1, which encodes MENIN,

1,%® which is an autoso-

cause multiple endocrine neoplasia type
mal dominant syndrome characterized by concurrent parathyroid
adenomas and gastroenteropancreatic tumors.?* We have reported
that Menin controls central carbon metabolism in CD8* T cells by
the inhibitory regulation of Akt/mTOR signaling, and that Menin
deficiency in activated CD8" T cells induces premature senes-
cence, in part by enhancing central carbon metabolism. Moreover,
Menin interacts with H3K4 methyltransferase complexes, including

mixed-lineage leukemia 1 (MLL1).2°"?” Menin is also known to be

associated with several transcription factors, including the JunD
proto-oncogene product (JUND), nuclear factor of kappa light poly-
peptide gene enhancer in B-cells 1 (NF-xB), peroxisome proliferator-
activated receptor gamma (PPAR-y), SMAD family member 3
(SMAD3), and p-catenin.?®2?

In this study, we first demonstrated that the expression of
Menin was reduced in senescent CD8" T cells generated in vitro.
We then examined the role of senescent CD8" T cells in tumor
immunity, mainly using Menin-deficient effector CD8" T cells as
a model. As a result, we newly found that senescent T cells may
play an important role in tumor immunity in aged individuals by
acquiring NK-like innate functions (i.e., antigen-independent cyto-

toxic activity).

2 | MATERIALS AND METHODS
2.1 | Mice

C57BL6 mice were purchased from Clea Japan, Inc. C57BL6 mice of
6-10weeks of age and 230weeks of age were used as young mice

and old mice, respectively. Meninf/flox

mice and Cre transgenic (Tg)
mice under the control of the Cd4 promoter were purchased from
The Jackson Laboratory. In addition, we generated WT OT-1 Tg
mice or Menin KO OT-1 Tg mice by crossing WT mice or Menin KO
mice with OT-1 Tg mice. WT and Menin KO mice of 10-16 weeks of
age were used in in vivo experiments. All the animal experiments
received approval from the Ehime University Administrative Panel

for Animal Care.

2.2 | Reagents and antibodies

The antibodies used for cell surface and intracellular staining are
described in Appendix S1.

2.3 | Invivo B16 melanoma transfer

B16 melanoma cells (2x 10° cells in 100pL of PBS per mouse) were
intravenously injected through the tail vein. Lungs were removed
and photographed front and back on day 14 after inoculation. The
regions of lung metastasis appeared grossly black. The percentage
of black area in the lungs was calculated using the Image J software

program.
2.4 | Depletion of NK cells in vivo
NK cells were depleted by intraperitoneal administration of anti-

asialo GM1 pAb (cat#146002; BiolLegend). Normal rabbit serum
(cat#140-06571; Wako) was used as a control. In brief, antibodies

518017 SUOWILIOD BANIEID 3| [ddle 3} A PeuBAOB 32 SOILE YO ‘88N J0 3N 0 ARICI1T BUIIUO AB|IA UO (SUONIPUOD-PLE-SLLLBILIOY" A3 1M ARG PUIIUO//SAIY) SUOIPUOD PUE SWLB | 84} 39S *[£202/50/60] UO AIGIT8UIIUO AB]1M *AISIoAIUN WIYT Ad 1Z85T SeO/TTTT'0T/I0P/L00 /B| W AZRIq1Bu|U0//SANY WOA POpeOIUMOQ ‘0 ‘900L6VET



KAKUDA ET AL.

Cancer Science XUIF A A

(50pL) were administered intraperitoneally 1day before transplan-

tation of B16 melanoma cells.

2.5 | Depletion of T cells in vivo

CD8" or CD4" T cells from mice with B16 lung metastasis were de-
pleted of antibodies. CD8" T cells and CD4" T cells were depleted
using anti-CD8 mAb (cat#100767; BioLegend) and anti-CD4 mAb
(cat#100461; BioLegend), respectively. These antibodies were ad-
ministered intraperitoneally on day -1 (200pg), day 2 (150pg) and
day 5 (150 ug) when B16 cells were transferred. The lungs were re-
moved on day 14 after B16 inoculation and photographed.

2.6 | CD8" T-cell stimulation and differentiation
in vitro

CD8™ T cells were prepared from spleen using a MojoSort Mouse
CD8™ T cell isolation kit (cat#480035; BioLegend). In naive CD8"
T (CD44"°"CD62L"&") cell preparation, biotin anti-CD44 mAb
(cat#103004; BioLegend) was added. In the case of total CD8"
T cells, anti-CD44 mAb was not added. After isolation, the cells
(7.5%10°) were stimulated with immobilized anti-TCR-p mAb (3pg/
mL, H57-597; BioLegend) and anti-CD28 mAb (1pg/mL, 37.5;
BioLegend) with IL-2 (10ng/mL; cat#575406; BioLegend) for 2days.
The cells were then transferred to a new plate and further cultured
with IL-2 (10ng/mL) for 5days.

2.7 | Invitro killing assay

EL4 is a thymoma cell line in mice. E.G7 is OVA expressing EL4. CD8*
T cells were effector cells (E) and tumor cells were target cells (T).
E.G7 and EL4 were labeled with 0.1uM and 1uM Cell Proliferation
Dye eFluor 670 (cat#65-0840; BioLegend), respectively. CD8" T cells
(0,0.1, 0.3, 1x 10° cells) were co-cultured with a 1:1 mixture of E.G7
and EL4 cells (1x 10° cells) in a 96-well U-bottom plate for 6h. The
number of surviving E.G7 and EL4 cells was analyzed by flow cytom-
etry. The percentage of surviving cells (sCell) was calculated using the
following formula: sCell (%)=sCell/average of sCell (E:T=0:1)x100.
Cytotoxic rate (%) was calculated as follows: 100 - sCell (%).

2.8 | Library preparation and sequencing

Total RNA was extracted from CD8" T cells obtained from young
and aged mice on day 7 after TCR stimulation using an RNeasy Plus
Micro Kit (Qiagen). Purified RNA samples were used to prepare
cDNA libraries using a QuantSeq 3'mRNA-Seq Library Prep Kit for
Illumina (Lexogen). Sequencing of the samples was performed using
a NextSeq500 instrument (lllimuna) using a NextSeq 500/550 High
Output Kit v2.5 (Single-Reads 75 bp).

2.9 | RNA-sequencing analyses

CLC Genomics workbench 22.0 (Qiagen) was used to trim single
reads and align them to the mm10 mouse reference genome. The
gene expression was determined by the score of Transcripts Per
Million (TPM) mapped reads. Heatmapper was used to visualize
the gene expression (http://www.heatmapper.ca).?° The data were
deposited in the GSE214771 and GSE215391 databases.

2.10 | Intracellular staining

The cells were stimulated with or without an immobilized anti-TCR-f
mAb (3pg/mL) for 6h with monensin (2uM, cat#M5273; Sigma-
Aldrich). Intracellular staining was then performed as previously
described.®' Flow cytometry was performed using a Gallios
instrument (Beckman Coulter), and the results were analyzed using
the FlowJo software program (BD Biosciences).

2.11 | Quantitative reverse transcripts PCR

Total RNA was isolated using TRI reagent (cat#TR118; MOR, OH,
USA), and complementary DNA (cDNA) was synthesized using a
superscript VILO cDNA synthesis kit (cat#11754; Thermo Fisher
Scientific). Quantitative reverse transcript PCR (qRT-PCR) was per-
formed using a Step One Plus Real-Time PCR System (Thermo Fisher
Scientific). The primers are described in Appendix S2.

2.12 | Immunoblotting

The cell lysates were obtained using NE-PER Nuclear and
Cytoplasmic Extraction Reagents (cat#78833; Thermo Fisher
Scientific). The lysates were separated on an SDS polyacrylamide gel
and then subjected to immunoblotting with specific antibodies. The
antibodies for immunoblotting were as follows: anti-Menin antibody
(cat#A300-105A; Bethyl Laboratories), anti-beta Actin antibody
(cat#4970; Cell Signaling Technology).

2.13 | Library preparation and processing of ChlP-
seq data

The Magna ChlPkitwasused forthe ChIP assay (EMD-Millipore). Anti-
Menin antibody and anti-histone H3K27 ac antibody (Cat#39133;
Active motif) were used. The library for ChIP-sequencing (ChlIP-seq)
was prepared using the NEBNext ChIP-seq Library Prep Master Mix
Set for Illumina (NEB) and sequenced using Hiseq 1500 (single reads
50bp). The data analyses were performed as previously described.3?
For visualization of the ChIP-seq results, the data were converted to
a wiggle file format and were uploaded to the IGV platform (Broad
Institute).
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2.14 | Statistical analyses

Two-tailed unpaired t-tests and a one-way analysis of variance with
Tukey's multiple comparison test were conducted using the Prism 9
software program. A value of P<0.05 was considered statistically

significant.
3 | RESULTS
3.1 | CDS8" T cells from aged mice exhibit antigen-

independent NK cell-like cytotoxic activity

First, we addressed the differences in antitumor activity in aged (age
>30weeks) and young (age 6-10 weeks) mice using a B16 melanoma
lung metastasis model. B16 melanoma was intravenously trans-
ferred from the tail vein into mice, and the amount of lung metastasis
was measured on day 14 after transfer. As shown in Figure 1A, lung

metastases were significantly reduced in aged mice in comparison
to young mice. To assess the involvement of NK cells, we depleted
NK cells by administering anti-asialo GM1 antibody and performed
a B16 melanoma lung metastasis assay (Figure 1B). The depletion
of NK cells with a high asialo GM1 expression was confirmed in the
spleen (Figure S1A). Although the numbers of CD8* T cells mod-
erately expressing asialo GM1 were increased in aged mice, asialo
GM1* CD8" T cells showed only a partial reduction in number by
anti-asialo-GM1 antibody treatment (Figure S1A). The lung metas-
tases were increased in both NK cell-depleted young and aged mice;
however, NK cell-depleted aged mice still had fewer lung metastatic
melanomas than younger mice (Figure 1C). We performed in vitro
killing assay to compare cytotoxic activity of CD8" T cells from
young mice and those from aged mice using OT-1 TCR, which spe-
cifically recognize ovalbumin peptide, transgenic mice. To determine
the OVA antigen-specific cytotoxic activity, an OVA-expressing
EL4 thymoma (E.G7-OVA) cell line was used as a target. Antigen-
specific cytotoxic activity in effector CD8" T cells from aged mice

(A) (B)
3 50 z .
= L4 I.p.' . "
Young 2 4 Anti-asialo GM1 antibody,

2 0d eTe Control rabbit serum

-

)

L 2 [ 10 14 days

K V| |

Aged 'cEB 10 o t l
. 6258
2 B16 melanoma assay
Young Aged
(©)
Control serum Anti-asialo GM1
- I 100

< o —
c 80 [e)
2 a2
w5 60 . [Xe]
o *
= 40 —
I o
5 20 & @ Control serum
E O Anti-asialo GM1
-

(D) (E) (F)
OT-ICD8 T OT-ICD8 T WTCD8T
1004 E.G7 . > 100 EL4 100, EL4
£ w0 . & g — Young . g wd Young .
e 8 — Aged ° = Aged
S 60 S 60 “ T 60
L L ©
X 4 § 40 . 'g 40 " *
s == Young ° 5 2
g 20 — Aged S 20 2
%) 9¢ o 3
0
0 . g T T T 0 ¥ T T T . - . .
0:1 0.1:1 0.3:1 1:1 0:1 0.1:1 0.3:1 11 0:1 0.1:1 0.3:1 1:1
E:T Ratio E:T Ratio E:T Ratio

FIGURE 1 Increased antitumor activity in aged mice and CD8" T cells from aged mice. (A) The amounts of B16 lung metastasis on day
14 after tumor inoculation in young mice (6-10 weeks, n=5 per group) and aged (230weeks, n=5 per group) mice. (B) Experimental design
of B16 lung metastasis in mice with NK cell depletion. (C) Lung metastasis of B16 melanoma on day 14 after tumor transplantation in NK

cell-depleted young and aged mice (n=5 per group). (D) and (E) CD8™" T cells were prepared from young and aged OT-1 Tg mice. The CD8* T
cells were stimulated with anti-TCR- mAb plus anti-CD28 mAb with IL-2 for 2days, and then the cells were further expanded with IL-2 for
5days. CD8" T cells and tumor cells were co-cultured for 6 h. The E:T ratio was set to 0:1, 0.1:1, 0.3:1, and 1:1, respectively. The results of a
killing assay of OT-1 Tg CD8" T cells against E.G7 (D) and EL4 (E). (F) The results of a killing assay of non-Tg CD8" T cells on day 7 after initial
stimulation. The results of (D-F) are based on triplicate wells of a single representative experiment. The error bar displayed indicates the
mean+SEM (A, C and D-F). *P<0.05, **P<0.01, ***P<0.001, ****P <0.0001, two-tailed unpaired t-test (A and D-F) and a one-way ANOVA
with Tukey's multiple comparison test (C).
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FIGURE 2 Theincreased expression of granzymes in CD8* T cell

s from aged mice. CD8" T cells were prepared from young (6-10 weeks)

and aged (230 weeks) mice. The cells were stimulated and cultured in as Figure 1. (A) A heatmap of the expression of CD8" effector- and

NK-related genes in young and aged CD8™" T cells was determine by
intracellular staining of IFN-y and TNF-« in the cells (n=3 biological
A, Gzm B, and Gzm C in the cells (n=3 biological replicates). (D) The

RNA-seq (n=3 biological replicates). (B) Representative results of
replicates). (C) Representative results of intracellular staining of Gzm
Prf1 mRNA expression in the cells. The gene expression levels were

determined by qRT-PCR. The results are presented relative to the expression of 18s rRNA (n=3 technical replicates). (E) Representative
staining profile of FceR1y. The percentages of FceR1y" cells are shown. The results of (B)-(E) are representative of at least three independent
experiments with similar results. The error bar displayed indicates the mean+SD (B-D). *P<0.05, **P<0.01, ***P<0.001, ****P <0.0001

(two-tailed unpaired t-test).

was slightly but significantly higher than that of CD8" T cells from
young mice (Figure 1D). Surprisingly, OT-1 CD8" T cells from aged
mice showed high cytotoxic activity against EL4 cells that did not
express OVA (Figure 1E). In contrast, OT-1 CD8* T cells from young
mice showed less cytotoxic activity against EL4 cells. Furthermore,
CD8™ T cells from non-TCR Tg aged B6 mice also showed antigen-
independent cytotoxic activity against EL4 (Figure 1F).

3.2 | Theincreased expression of effector
molecules in CD8™" T cells from aged mice

We performed RNA sequencing (RNA-seq) using effector CD8* T
cells generated in vitro to elucidate the molecular mechanisms under-
lying the increased antigen-independent cytotoxic activity in CD8"
T cells from aged mice. The results of RNA-seq revealed that the
mRNA expression of effector CD8 T cell- and several NK cell-related

molecules was increased in CD8* T cells from aged mice in comparison
to those from young CD8™ T cells (Figure 2A). The intracellular staining
revealed that the ratio of IFN-y- and TNF-a- producing cells in CD8*
T cells from aged mice were comparable to those from young mice
(Figure 2B). The expression of cytotoxic granules, including granzyme
A, granzyme B, and granzyme C, was higher in CD8 T cells from aged
mice (Figure 2C). In contrast, no difference in the expression of per-
forin mRNA was observed between aged and young mice (Figure 2D).
Interestingly, some effector CD8* T cells from aged mice expressed

the y subunit of the high affinity IgE receptor (FceRI) (Figure 2E).
3.3 | Effector CD8" T cells from aged mice exhibit
a senescence-like phenotype

It has been reported that senescent CD8* T cells have an enhanced
inflammatory function and increased expression of NK cell-related
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genes.>® We examined whether in vitro generated effector CD8*
T cells from aged mice undergo cellular senescence. It is generally
known that cellular senescence is accompanied by cellular hyper-
trophy and flattening.3* As shown in Figure 3A, flattening and hy-
pertrophy of cells was observed in CD8" T cells from aged mice at
day 12 after in vitro anti-TCR- mAb plus anti-CD28 mAb stimula-
tion in the presence of IL-2. The number of senescence-associated
B-galactosidase (SA-pgal) positive cells was also markedly increased
in CD8"* T cells derived from aged mice (Figure 3B). In senescent
CD8™ T cells, the expression of both CD27 and CDé2L is decreased,
and the expression of inhibitory receptors such as PD-1 and Tim3
is increased.®>"% The ratio of CD27'°" CD62L"" cells was higher in
cultured CD8" T cells from aged mice than those from young mice
(Figure 3C). In addition, the expression of PD-1 and Tim3 was also
increased in cultured CD8" T cells from aged mice in comparison to
those from young mice (Figure 3D). We have previously reported
that Menin-deficient T cells express senescent T-cell-like phenotype
after antigen stimulation.!” 2! We found that the protein expression
of Menin in the nucleus of cultured CD8" T cells from aged mice was
decreased in comparison to that in cultured CD8* T cells from young
mice (Figure 3E). These results indicate that cellular senescence is
rapidly induced in CD8* T cells from aged mice after TCR stimula-

3.4 | Increased NK-like cytotoxic activity in Menin-
deficient CD8* T cells

To assess whether the reduction of the Menin expression in cultured
CD8™ T cells from aged mice is associated with increased antitumor
activity and the acquisition of NK cell-like innate immune functions,
we subsequently analyzed T cell-specific Menin-deficient (Menin KO)
mice. Lung metastasis of B16 melanoma was significantly reduced
in Menin KO mice in comparison to WT mice (Figure 4A). We then
performed a cell depletion assay using the administration of anti-
CD8 mAb or anti-CD4 mAb to determine whether the decrease in
lung metastasis of B16 melanoma in Menin KO mice was mediated by
CD8" T cells (Figure 4B). As shown in Figure 4C, the removal of CD8"
T cells by the administration of anti-CD8 mAb canceled the reduc-
tion of B16 melanoma lung metastasis in Menin KO mice (Figure 4C).
In contrast, the elimination of CD4" T cells by anti-CD4 antibody
administration failed to reverse the tendency for decreased B16
melanoma lung metastasis in Menin KO mice (Figure 4D). Next, we
performed an in vitro killing assay to confirm the presence of in-
creased NK cell-like cytotoxic activity in Menin KO effector CD8% T
cells. In a cytotoxic assay targeting the EL4 thymoma cell line, Menin
KO effector CD8™" T cells showed higher cytotoxic activity than WT

tion in vitro. effector CD8" T cells (Figure 4E). Menin KO CD8" T cells expressing
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FIGURE 3 CDS8" T cells from aged mice show a senescent-T cell like phenotype. CD8" T cells were prepared from young (6-10 weeks) and
aged (230 weeks) mice. The cells were stimulated with anti-TCR-p mAb plus anti-CD28 mAb with IL-2 for 2days, and then further expanded
with IL-2 for the indicated days. (A) The results of cellular morphology of CD8" T cells was measured on day 12 after initial stimulation in
vitro. (B) The expression of SA-pgal in CD8™ T cells was measured on day 12 (n=3 biological replicates). (C) The surface staining profile of
CD27 and CD62L on the cells on day 7. (D) Representative results of surface staining of Tim-3 and PD-1 in the cells on day 7 (n=3 biological
replicates). (E) The results of immunoblotting of Menin in the cells on day 7. The amount of B-Actin was used as the loading control. The
results of (A-E) are representative of at least three independent experiments with similar results. The error bar displayed indicates the
mean+SD (B and D). ***P<0.001, ****P<0.0001 (two-tailed unpaired t-test).
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FIGURE 4 Increased antitumor activity in Menin KO mice and CD8™" T cells. (A) The amounts of B16 lung metastasis on day 14 after tumor
inoculation in WT mice and Menin KO mice (n=5 per group). (B) Experimental design of the B16 lung metastasis model and depletion of
CD4* T cells or CD8" T cells in vivo. (C) Depletion of CD8" T cells in WT (n=3 per group) and Menin KO mice (n=4 per group). (D) Depletion
of CD4* T cells in WT and Menin KO mice (n=4 per group). (E) Naive CD8" T cells from WT or Menin KO mice were stimulated with anti-
TCR-p mAb plus anti-CD28 mAb with IL-2 for 2days, and the cells were then further expanded with IL-2 for an additional 5days. The results
of the killing assay of WT and Menin KO CD8" T cells on day 7. (F) The results of the killing assay of WT and Menin KO OT-1 CD8™" T cells on
day 7. The results of (E) and (F) are based on triplicate wells of a single representative experiment. The results are representative results of
three independent experiments with similar results. The error bar displayed indicates the mean+SEM (A and C-F). *P<0.05, ***P<0.001,

***¥*P <0.0001 (two-tailed unpaired t-test).

the OVA-specific OT-1 TCR also showed increased antitumor activ-
ity (Figure 4F), indicating that Menin KO effector CD8" T cells have
enhanced NK cell-like innate cytotoxic activity.

3.5 | Menin restricts the expression of cytotoxic
molecules in effector CD8* T cells

Next, we used RNA-seq to analyze the gene expression profile of in
vitro-generated Menin KO effector CD8* T cells. RNA-seq revealed
that the mRNA expression of effector CD8" T cell-related molecules
was increased in Menin KO effector CD8" T cells in comparison to
that in WT CD8™" T cells (Figure 5A). The ratio of IFN-y- and TNF-a-
producing cells in Menin KO effector CD8" T cells was comparable
to that in WT CD8* T cells (Figure 5B). The mRNA level of perforinil

in Menin KO CD8™ T cells was higher than that in WT CD8" T cells
(Figure 5C). The expression of granzyme A, granzyme B, and gran-
zyme C was increased in Menin KO CD8" T cells (Figure 5D). These
results suggest that Menin limits the effector function of CD8* T
cells. We and other groups have reported that Menin binds to the
enhancer regions at target gene loci and regulates the gene expres-
sion.}”38 Therefore, we performed ChIP sequencing (ChlP-seq) to
assess the binding of Menin to the granzyme gene loci and the his-
tone H3K27 acetylation status, an active enhancer marker. The spe-
cific binding of Menin to the 5’ upstream region of the perforini,
granzyme a, granzyme b, and granzyme c gene loci were detected in
effector CD8" T cells (Figure 5E, upper panel). The level of histone
H3K27 acetylation at the perforin1, granzyme a, and granzyme c gene
loci, but not granzyme b was increased in Menin KO CD8" T cells
(Figure 5E, lower panel).
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FIGURE 5 Menin KO CD8™" T cells have higher cytotoxic activity. Naive CD8" T cells from WT and Menin KO mice were stimulated and
cultured in as Figure 4. (A) The result of RNA-seq analyses of WT and Menin KO CD8" T cells on day 7 (n=23 biological replicates). A heatmap
of the expression of CD8-effector related genes. (B) Representative results of intracellular staining of IFN-y and TNF-a in the cells on day

7 (n=3 biological replicates). (C) The results of the prf1 mRNA expression in WT and Menin KO CD8™" T cells on day 7 as determined by
quantitative RT-PCR (n=3 technical replicates). (D) Representative results of intracellular staining of GzmA, GzmB and GzmC in the cells

on day 7. (E) The results of Menin binding and the levels of histone H3K27ac at the gzma, gzmb, gzmc, and prf1 gene loci in the cells on day
10 were determined using ChIP sequencing. The results of (B-D) are representative result of three independent experiments. The error bar
displayed indicates the mean+SD (B-D). *P <0.05, ****P<0.0001 (two-tailed unpaired t-test).

3.6 | Menin restricts the expression of NK-cell-
related molecules in effector CD8™ T cells

RNA-seq demonstrated that the expression of NK cell-associated
surface molecules was higher in Menin KO effector CD8* T cells than
in WT CD8" T cells (Figure 6A). The high expression of Cd244, Ncr1,
Kirblc (Nk1.1), Fcerlg, Fcgr3, and Tyrobp (Dap12) in Menin KO effec-
tor CD8* T cells was confirmed by qRT-PCR (Figure 6B). Flow cytom-
etry showed that CD244 and NK1.1 were expressed on all Menin
KO effector CD8" T cells, with higher expression levels than on WT
effector CD8™ T cells (Figure 6C). Furthermore, FceR1y-poitive cells
were increased in Menin KO CD8" T-cell culture in comparison to
that in WT CD8" T-cell culture (Figure 6D). The specific binding
of Menin to the Cd244, Klirblc, and Fcerlg gene loci was detected
by ChIP-seq (Figure 6E, upper panel). The level of histone H3K27

acetylation of the Cd244, Klrblc, and Fcer1g gene loci was increased
in Menin KO CD8™* T cells (Figure 6E, lower panel). These results sug-
gest that Menin negatively regulates enhancer activity and limits the
expression of cytotoxic molecules and NK-cell related molecules in
effector CD8" T cells.

4 | DISCUSSION

In this paper, our findings show that senescent CD8" T cells may
play a role in antitumor immunity in the elderly by acquiring NK cell-
like innate immune functions. We show that CD8" T cells from aged
mice exhibit NK cell-like antigen-independent cytotoxic activity, ac-
companied by increased expression of cytotoxic granules and NK
receptors after activation in vitro. Furthermore, CD8" T cells from
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FIGURE 6 Theincreased expression of NK-related molecules in Menin KO CD8* T cells and control by the epigenetic reduction of Menin.
(A) A heatmap of the expression of CD8-effector related genes in (Figure 5A) cells (n=3 biological replicates). (B) The mRNA expression of
NK-related genes in WT and Menin KO CD8™ T cells on day 7 was analyzed by quantitative RT-PCR. The results are presented relative to the
expression of 18s rRNA with the standard deviation (mean+SD, n=3 technical replicates). (C) Representative staining profile of CD244 and
NK1.1 in WT and Menin KO CD8™ T cells on day 7. The median fluorescence intensity (MFI) is shown. (D) Representative staining profile of
FceR1y in WT and Menin KO CD8™ T cells on day 7. The percentages of FceR1y* cells are shown. (E) The results of the Menin binding and the
levels of histone H3K27 acetylation at Cd244, FceR1y, and Kirb1c gene loci in the WT and Menin KO CD8™ T cells on day 10 were determined
using ChIP-seq. The results of (B-D) are representative of at least three independent experiments with similar results. ***P<0.001,

****P <0.0001 (two-tailed unpaired t-test).

aged mice exhibit a senescence-like phenotype and morphology,
with increased SA-Bgal activity. We have previously reported that
Menin-deficient CD8" T cells show early senescence after activation
in vitro.2%2! In this study, we found that the expression of Menin
in in vitro-generated effector CD8" T cells from aged mice is mark-
edly decreased in comparison to that from young mice. Like effec-
tor CD8" T cells from aged mice, Menin KO effector CD8" T cells
induced in vitro showed the increased expression of cytotoxic pro-
teins, such as perforin and granzymes, NK cell-related cell surface
molecules. In addition, Menin KO effector CD8* T cells exhibited NK
cell-like antigen-independent cytotoxic activity. These results sug-
gest that effector CD8" T cells from aged mice acquire NK cell-like
innate functions through the downregulation of Menin.

In the present study, it is not clear why the expression of Menin
is reduced when CD8* T cells from aged mice are activated. We
have observed that the protein expression of Menin is strongly

downregulated in effector CD8* T cells from aged mice, whereas
the expression of Menin mRNA showed no reduction (J.S., and M.Y.
unpublished observation). These results indicate that the expression
of Menin protein may be regulated by post-transcriptional machin-
ery. Several microRNA have been reported to be upregulated in ter-
minally differentiated CD8* T cells.®? Among them, miR-24 has been
reported to inhibit the translation of Menin in BON1 cells (a human
cell line derived from pancreatic neuroendocrine tumor).4° Although
it remains to be confirmed whether miR-24 is actually involved in the
regulation of the Menin expression in senescent CD8™ T cells, stud-
ies to identify senescent-associated microRNA may become import-
ant not only for studying T-cell senescence, but also for the analysis
of the innate lymphoid cell-like T-cell innate immune response.
Menin is a component molecule of the Mixed-linage leukemia
1 (MLL1) and MLL2 complexes with histone H3K4 methyltransfer-
ase activity.?> The MLL1/MLL2 complexes are thought to preserve
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the gene expression through the maintenance of histone H3K4 tri-
and di-methylation of the active promoter region.**"*® In contrast,
Menin also forms a complex with HDACs and suppresses the gene
expression. In this paper, we show the binding of Menin to the NK
cell related gene loci, such as perforinl, granzyme a, granzyme b, and
granzyme c, Cd244, Kirblc, and Fcer1g. An increased level of histone
H3K27 acetylation at those gene loci was detected in Menin KO
effector CD8" T cells. We previously reported that the increased
expression of senescent-associated secretary phenotype (SASP)-
related gene in Menin KO effector CD8" T cells was restored by
deletion of the Utx, a histone H3K27 demethylase.?! Utx has been
reported to be a component molecule of the MLL3 and MLL4 com-
plexes.***> The MLL3 and MLL4 complexes have been reported to
not only demethylate histone H3K27 at the inactive and bivalent
enhancer region, but also acetylate via histone acetyltransferase in
the complexes.*® Therefore, it is likely that Menin associates with
HDACs and inhibits the NK cell-related innate gene expression in
effector CD8" T cells via repression of enhancer activity. The loss
of Menin in senescent CD8" T cells resulted in the enhanced ex-
pression of NK cell-related genes and the subsequent acquisition of
NK cell-like innate functions, (e.g., antigen-independent cytotoxic
activity).

In the present study, RNA-seq revealed that the expression of
NK receptors was increased in senescent CD8" T cells and Menin
KO effector CD8" T cells. The expression of adaptor molecules that
transduce activation signals was also upregulated, such as FceR1y.
However, it is still unclear which NK receptors and adaptor molecules
are important in the antigen-independent innate cytotoxic activity
of senescent CD8* T cells. Recently, a population of FceR1y-positive
innate immunocompetent CD8™ T cells called innate-like T cells with
high cytotoxic potential (ILTCK) was identified and reported to be
responsible for antitumor immunity via antigen-independent cyto-
toxic activity.47 We have shown that some senescent CD8" T cells
and Menin KO CD8" T cells express FceR1y. Thus, FceR1y-positive
cells may be important for antigen-independent cytotoxic activity in
senescent CD8" T cells. Furthermore, we demonstrated that CD8™"
T cells that moderately expressed asialo GM1 were increased in the
spleen and lungs of aged mice compared to young mice (Figure S1).
Asialo GM17CD8" T cells reportedly proliferate and produce IFN-y
in response to IL-12 plus IL-2*8. Furthermore, asialo GM1*CD8* T
cells co-expressed IL-18 receptor (M.Y. and J.S., unpublished obser-
vation). Given these findings, the asialo GM1*CD8*-T cell population
may include senescent CD8* T cells. These cells are activated by cy-
tokines (i.e., IL-12, IL-18, and IL-2) and exert antitumor effects against
various types of tumor cells in an antigen-independent manner.

Our findings indicate that senescent CD8* T cells may support
immune responses by acquiring NK cell-like innate immune func-
tions in elderly individuals with reduced numbers of naive CD8" T

cells and TCR repertoires.

AUTHOR CONTRIBUTIONS
Toshio Kakuda, Junpei Suzuki, Tadahiko Kikugawa, Takashi Saika, and
Masakatsu Yamashita contributed to the conception and design of this

study. Toshio Kakuda, Junpei Suzuki, and Yuko Matsuoka conducted
the experiments and analyzed the data. Toshio Kakuda and Masakatsu
Yamashita drafted and revised the manuscript. Junpei Suzuki and
Masakatsu Yamashita made important revisions to the manuscript.
The final manuscript was read and approved by all authors.

ACKNOWLEDGMENTS

This study was supported by the Division of Medical Research
Support the Advanced Research Support Center (ADRES), Ehime
University. We thank Aya Tamai for the maintenance of the mice.

FUNDING INFORMATION
This work was supported by JSPS KAKENHI Grant Number
20H03504, 22K07121, 22K15609.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest in association with the
present study.

ETHICS STATEMENT

Approval of the research protocol by an Institutional Reviewer
Board: N/A.

Informed Consent: N/A.

Registry and the Registration No. of the study/trial: N/A.

Animal Studies: The animal experiments were approved by the Ehime
University Animal Experiment Committee (approval no. 05K020-
1,16) and conducted in accordance with the laws and regulations
concerning animal experiments, animal care and keeping standards,

and basic guidelines.

ORCID

Masakatsu Yamashita “= https://orcid.org/0000-0002-8975-3513

REFERENCES

1. Lynch HE, Goldberg GL, Chidgey A, Van den Brink MR, Boyd R,
Sempowski GD. Thymic involution and immune reconstitution.
Trends Immunol. 2009;30:366-373.

2. Palmer DB. The effect of age on thymic function. Front Immunol.
2013;4:316.

3. Busch DH, Pilip I, Pamer EG. Evolution of a complex T cell receptor
repertoire during primary and recall bacterial infection. J Exp Med.
1998;188:61-70.

4. Trautmann L, Rimbert M, Echasserieau K, et al. Selection of T
cell clones expressing high-affinity public TCRs within human
cytomegalovirus-specific CD8 T cell responses. J Immunol.
2005;175:6123-6132.

5. den Braber |, Mugwagwa T, Vrisekoop N, et al. Maintenance of pe-
ripheral naive T cells is sustained by thymus output in mice but not
humans. Immunity. 2012;36:288-297.

6. Linton PJ, Dorshkind K. Age-related changes in lymphocyte devel-
opment and function. Nat Immunol. 2004;5:133-139.

7. Chou JP, Effros RB. T cell replicative senescence in human aging.
Curr Pharm des. 2013;19:1680-1698.

8. Finkel T, Serrano M, Blasco MA. The common biology of cancer and
ageing. Nature. 2007;448:767-774.

9. Gavazzi G, Krause KH. Ageing and infection. Lancet Infect Dis.
2002;2:659-666.

518017 SUOWILIOD BANIEID 3| [ddle 3} A PeuBAOB 32 SOILE YO ‘88N J0 3N 0 ARICI1T BUIIUO AB|IA UO (SUONIPUOD-PLE-SLLLBILIOY" A3 1M ARG PUIIUO//SAIY) SUOIPUOD PUE SWLB | 84} 39S *[£202/50/60] UO AIGIT8UIIUO AB]1M *AISIoAIUN WIYT Ad 1Z85T SeO/TTTT'0T/I0P/L00 /B| W AZRIq1Bu|U0//SANY WOA POpeOIUMOQ ‘0 ‘900L6VET


https://orcid.org/0000-0002-8975-3513
https://orcid.org/0000-0002-8975-3513

KAKUDA ET AL.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Rodier F, Campisi J. Four faces of cellular senescence. J Cell Biol.
2011;192:547-556.

Tchkonia T, Zhu Y, van Deursen J, Campisi J, Kirkland JL. Cellular
senescence and the senescent secretory phenotype: therapeutic
opportunities. J Clin Invest. 2013;123:966-972.

Kuilman T, Michaloglou C, Mooi WJ, Peeper DS. The essence of
senescence. Genes Dev. 2010;24:2463-2479.

Davalos AR, Coppe JP, Campisi J, Desprez PY. Senescent cells as
a source of inflammatory factors for tumor progression. Cancer
Metastasis Rev. 2010;29:273-283.

Ohtani N, Hara E. Roles and mechanisms of cellular senescence in
regulation of tissue homeostasis. Cancer Sci. 2013;104:525-530.
Lindstrom TM, Robinson WH. Rheumatoid arthritis: a role for im-
munosenescence? J Am Geriatr Soc. 2010;58:1565-1575.

Cavanagh MM, Weyand CM, Goronzy JJ. Chronic inflammation
and aging: DNA damage tips the balance. Curr Opin Immunol.
2012;24:488-493.

Macaulay R, Akbar AN, Henson SM. The role of the T cell in age-
related inflammation. Age (Dordr). 2013;35:563-572.

Pereira Bl, De Maeyer RPH, Covre LP, et al. Sestrins induce nat-
ural killer function in senescent-like CD8(+) T cells. Nat Immunol.
2020;21:684-694.

Kuwahara M, Suzuki J, Tofukuji S, et al. The Menin-Bach2 axis is
critical for regulating CD4 T-cell senescence and cytokine homeo-
stasis. Nat Commun. 2014;5:3555.

Yamada T, Kanoh M, Nabe S, et al. Menin plays a critical role in the
regulation of the antigen-specific CD8" T cell response upon liste-
ria infection. J Immunol. 2016;197:4079-4089.

Suzuki J, Yamada T, Inoue K, et al. The tumor suppressor menin
prevents effector CD8 T-cell dysfunction by targeting mTORC1-
dependent metabolic activation. Nat Commun. 2018;9:3296.
Matkar S, Thiel A, Hua X. Menin: a scaffold protein that con-
trols gene expression and cell signaling. Trends Biochem Sci.
2013;38:394-402.

Brandi ML, Gagel RF, Angeli A, et al. Guidelines for diagnosis
and therapy of MEN type 1 and type 2. J Clin Endocrinol Metab.
2001;86:5658-5671.

Cherif C, Nguyen DT, Paris C, et al. Menin inhibition suppresses
castration-resistant prostate cancer and enhances chemosensitiv-
ity. Oncogene. 2022;41:125-137.

Yokoyama A, Wang Z, Wysocka J, et al. Leukemia proto-
oncoprotein MLL forms a SET1-like histone methyltransferase
complex with menin to regulate Hox gene expression. Mol Cell Biol.
2004;24:5639-5649.

Yokoyama A, Somervaille TC, Smith KS, Rozenblatt-Rosen O,
Meyerson M, Cleary ML. The menin tumor suppressor protein is an
essential oncogenic cofactor for MLL-associated leukemogenesis.
Cell. 2005;123:207-218.

Chen YX, Yan J, Keeshan K, et al. The tumor suppressor menin reg-
ulates hematopoiesis and myeloid transformation by influencing
Hox gene expression. Proc Natl Acad Sci USA. 2006;103:1018-1023.
Balogh K, Racz K, Patocs A, Hunyady L. Menin and its interacting
proteins: elucidation of menin function. Trends Endocrinol Metab.
2006;17:357-364.

Wu T, Hua X. Menin represses tumorigenesis via repressing cell
proliferation. Am J Cancer Res. 2011;1:726-739.

Babicki S, Arndt D, Marcu A, et al. Heatmapper: web-enabled heat
mapping for all. Nucleic Acids Res. 2016;44:W147-W153.

Kuwahara M, Yamashita M, Shinoda K, et al. The transcription
factor Sox4 is a downstream target of signaling by the cytokine
TGF-beta and suppresses T(H)2 differentiation. Nat Immunol.
2012;13:778-786.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

— 11
Cancer Science Auiry o

Suzuki J, Maruyama S, Tamauchi H, et al. Gfi1, a transcriptional re-
pressor, inhibits the induction of the T helper type 1 programme in
activated CD4 T cells. Immunology. 2016;147:476-487.

Covre LP, De Maeyer RPH, Gomes DCO, Akbar AN. The role of se-
nescent T cells in immunopathology. Aging Cell. 2020;19:e13272.
Herranz N, Gil J. Mechanisms and functions of cellular senescence.
J Clin Invest. 2018;128:1238-1246.

Decman V, Laidlaw BJ, Doering TA, et al. Defective CD8 T cell re-
sponses in aged mice are due to quantitative and qualitative changes
in virus-specific precursors. J Immunol. 2012;188:1933-1941.

Song Y, Wang B, Song R, et al. T-cell immunoglobulin and ITIM do-
main contributes to CD8(+) T-cell Inmunosenescence. Aging Cell.
2018;17:€12716.

ZhangJ,He T, Xue L, Guo H. Senescent T cells: a potential biomarker
and target for cancer therapy. EBioMedicine. 2021;68:103409.
Dreijerink KMA, Groner AC, Vos ESM, et al. Enhancer-mediated on-
cogenic function of the Menin tumor suppressor in breast cancer.
Cell Rep. 2017;18:2359-2372.

Teteloshvili N, Dekkema G, Boots AM, et al. Involvement of
MicroRNAs in the aging-related decline of CD28 expression by
human T cells. Front Inmunol. 2018;9:1400.

Marini F, Brandi ML. Role of miR-24 in multiple endocrine neopla-
sia type 1: a potential target for molecular therapy. Int J Mol Sci.
2021;22:7352.

Yao T, Cohen RE. A cryptic protease couples deubiquitination and
degradation by the proteasome. Nature. 2002;419:403-407.

Pan G, Tian S, Nie J, et al. Whole-genome analysis of histone H3
lysine 4 and lysine 27 methylation in human embryonic stem cells.
Cell Stem Cell. 2007;1:299-312.

Gu B, Lee MG. Histone H3 lysine 4 methyltransferases and de-
methylases in self-renewal and differentiation of stem cells. Cell
Biosci. 2013;3:39.

Kim JH, Sharma A, Dhar SS, et al. UTX and MLL4 coordinately regu-
late transcriptional programs for cell proliferation and invasiveness
in breast cancer cells. Cancer Res. 2014;74:1705-1717.

Wang L, Shilatifard A. UTX mutations in human cancer. Cancer Cell.
2019;35:168-176.

Herz HM, Mohan M, Garruss AS, et al. Enhancer-associated H3K4
monomethylation by Trithorax-related, the drosophila homolog of
mammalian MII3/MIl4. Genes Dev. 2012;26:2604-2620.

Chou C, Zhang X, Krishna C, et al. Programme of self-reactive innate-
like T cell-mediated cancer immunity. Nature. 2022;605:139-145.
Kosaka A, Lee U, Wakita D, et al. Interleukin-12-responding
asialoGM1tCD8" central memory-type T cells as precursor
cells for interferon-gamma-producing killer T cells. Cancer Sci.
2006;97:1236-1241.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Kakuda T, Suzuki J, Matsuoka Y,

Kikugawa T, Saika T, Yamashita M. Senescent CD8" T cells
acquire NK cell-like innate functions to promote antitumor
immunity. Cancer Sci. 2023;00:1-11. doi:10.1111/cas.15824

518017 SUOWILIOD BANIEID 3| [ddle 3} A PeuBAOB 32 SOILE YO ‘88N J0 3N 0 ARICI1T BUIIUO AB|IA UO (SUONIPUOD-PLE-SLLLBILIOY" A3 1M ARG PUIIUO//SAIY) SUOIPUOD PUE SWLB | 84} 39S *[£202/50/60] UO AIGIT8UIIUO AB]1M *AISIoAIUN WIYT Ad 1Z85T SeO/TTTT'0T/I0P/L00 /B| W AZRIq1Bu|U0//SANY WOA POpeOIUMOQ ‘0 ‘900L6VET


https://doi.org/10.1111/cas.15824

	Senescent CD8+ T cells acquire NK cell-­like innate functions to promote antitumor immunity
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Mice
	2.2|Reagents and antibodies
	2.3|In vivo B16 melanoma transfer
	2.4|Depletion of NK cells in vivo
	2.5|Depletion of T cells in vivo
	2.6|CD8+ T-­cell stimulation and differentiation in vitro
	2.7|In vitro killing assay
	2.8|Library preparation and sequencing
	2.9|RNA-­sequencing analyses
	2.10|Intracellular staining
	2.11|Quantitative reverse transcripts PCR
	2.12|Immunoblotting
	2.13|Library preparation and processing of ChIP-­seq data
	2.14|Statistical analyses

	3|RESULTS
	3.1|CD8+ T cells from aged mice exhibit antigen-­independent NK cell-­like cytotoxic activity
	3.2|The increased expression of effector molecules in CD8+ T cells from aged mice
	3.3|Effector CD8+ T cells from aged mice exhibit a senescence-­like phenotype
	3.4|Increased NK-­like cytotoxic activity in Menin-­deficient CD8+ T cells
	3.5|Menin restricts the expression of cytotoxic molecules in effector CD8+ T cells
	3.6|Menin restricts the expression of NK-­cell-­related molecules in effector CD8+ T cells

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	ETHICS STATEMENT
	REFERENCES


