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Abstract

Understanding the connection between senescence phenotypes and mito-
chondrial dysfunction is crucial in aging and premature aging diseases. Loss of
mitochondrial function leads to a decline in T cell function, which plays a
significant role in this process. However, more research is required to
determine if improving mitochondrial homeostasis alleviates senescence
phenotypes. Our research has shown an association between NAD™ and
senescent T cells through the cGAS-STING pathway, which can lead to an
inflammatory phenotype. Further research is needed to fully understand the
role of NAD' in T-cell aging and how it can be utilized to improve
mitochondrial homeostasis and alleviate senescence phenotypes. We demon-
strate here that mitochondrial dysfunction and cellular senescence with a
senescence-associated secretory phenotype (SASP) occur in senescent T cells
and tumor-bearing mice. Senescence is mediated by a stimulator of interferon
genes (STING) and involves ectopic cytoplasmic DNA. We further show that
boosting intracellular NAD™ levels with nicotinamide mononucleotide (NMN)
prevents senescence and SASP by promoting mitophagy. NMN treatment also
suppresses senescence and neuroinflammation and improves the survival
cycle of mice. Encouraging mitophagy may be a useful strategy to prevent
CDS8™ T cells from senescence due to mitochondrial dysfunction. Additionally,
supplementing with NMN to increase NAD™ levels could enhance survival
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1 | INTRODUCTION

Senescence refers to a decline in physiological functions
that occurs with age. Cellular senescence is the gradual
loss of intrinsic cell functions, such as communication
and replication, which leads to the death or elimination
of senescent cells by other cells, this process is necessary
for life at the cellular level and reflects the aging of
individual cells to a certain extent."” As we age, there is
an imbalance between pro-inflammatory and anti-
inflammatory factors, resulting in a low-grade, chronic,
and systemic inflammatory response known as inflam-
matory senescence.”* This state progressively increases
and is closely related to immune senescence. Immuno-
senescence is a decrease in the precision and activity of
the aging adaptive immune system due to thymic
degeneration and other changes.” This affects the
development and function of T cells, B cells, NK cells,
and monocytes.® T cells are particularly important in
immune response and disease resistance, and studies
have found that they undergo the most significant
changes during aging. The decline in T lymphocyte
quantity and function is a major reason for the decline in
immune responses during aging, making the relationship
between T lymphocytes and aging an important focus of
research on the immunological mechanism of aging.”*
In the age, memory T cells are extremely differenti-
ated, leading to the loss of expression of costimulatory
molecules such as CD27 and CD28, which leads to T cell
senescence,”'® and display the molecular hallmarks of
aging (mitochondrial dysfunction and epigenetic remo-
deling)."" In addition, T cell senescence can show signs of
nuclear DNA damage, mitochondrial DNA (mtDNA)
release, and telomere length shortening, and can activate
aging-related signaling pathways.'>"'* When DNA abnor-
mally appears in the cytoplasm, the innate immune
activation pathway of the cyclic guanosine monophos-
phate (GMP)-adenosine monophosphate (AMP) synthase
(cGAS)-STING (stimulator of interferon genes) DNA-
sensing pathway detects the presence of cytosolic is
activated, which increases the release of interferon and
triggers an inflammatory response to exclude foreign
matters.” Studies have reported cytoplasmic chromatin
fragments in a variety of senescent primary cells and
detected the activation of cGAS and STING proteins in
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rates in mice while also reducing senescence and inflammation, and

enhancing mitophagy as a potential therapeutic intervention.

cGAS-STING, mitochondria, nicotinamide mononucleotide, SASP, senescence

senescent cells triggered by various means.'® An impor-
tant feature of senescent cells is senescence-related
secretory phenotype (SASP). SASP can recruit immune
cells, regulate their activities, and alter the tissue
microenvironment.'” Some researchers believe that cells
from patients with the age-related diseases ataxia and
progeria exhibit extranuclear DNA aggregation that
triggers an innate immune response via the DNA-
sensitive cGAS-STING pathway.'® The cyclic GMP-
AMP synthase (cGAS)-STING (stimulator of interferon
genes) DNA-sensing pathway detects the presence of
cytosolic DNA and triggers expression of inflammatory
genes that lead to senescence or to the activation of
defense mechanisms.’”** In addition to enhancing
inflammation, cGAS-STING activation also induces cell
cycle arrest and accelerates cell senescence. This aging
change is rapid, unlike the slower process by which
telomere attrition brings the cell cycle to a standstill. In
Alzheimer's disease mice, mitochondrial autophagy is
weakened in the brain, and a large number of mtDNA is
released into the cytoplasm, which activates the cGAS-
STING pathway, inflammation and aging.*>*> These
results suggest that the activation of STING signaling is
also a potential target of immune cell senescence.
Mitochondrial dysfunction is one of the hallmarks of
aging. The abnormal mitochondrial function leads to the
decrease of mitochondrial membrane potential (A¥m),
the increase of ROS level, the decrease of ATP synthe-
sis.*® Electron transport chain defects, and energy
metabolism imbalance reduce the level of Nicotinamide
adenine dinucleotide (NAD") in cells,”” leading to
irreversible cell growth arrest and cell senescence.
NAD™" is a key coenzyme in cellular energy metabolism
and adaptive response to oxidative stress, and the NAD™-
centered mammalian aging theory suggests that NAD*
levels determine the rate and extent of aging.”®*° In
recent years, studies have found that exogenous supple-
mentation of NAD* precursor nicotinamide mono-
nucleotide (NMN) can repair brain damage, improve
brain mitochondrial respiratory function defects, and
have a certain therapeutic effect on senile degenera-
tive diseases which is an intermediate of the NAD"
rescue synthesis pathway in mammals.® In the aged
mouse model, NMN can improve the health status of
aged mice by increasing NAD™ levels. NMN treatment in
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aged mice can inhibit the senescence of muscle stem
cells, restore their function, and maintain the homeosta-
sis regulation function of mitochondria.’® Long-term
supplementation of NMN can reduce age-related weight
gain, improve insulin sensitivity and eye function,
increase bone mineral density, and enhance immunity.**
In addition, NMN supplementation can also improve the
abnormalities of various metabolic indicators in aged
mice, such as mitochondrial dysfunction and oxidative
stress. Studies have reported that NMN's antiaging effect
of the key is that it can improve or reverse age-related
mitochondrial dysfunction.*® However, little is known
about the effect of NMN supplementation on T cell
senescence progression.

In this study, we demonstrated that the development
of T-cell senescence induced by malignant tumor cells is
a general feature in the suppressive tumor micro-
environment. We found that senescence causes an
accumulation of cytoplasmic DNA, partly released from
damaged mitochondria, triggering a STING-dependent
senescence phenotype in the brain and in vitro. Boosting
NAD™" levels with NMN removes damaged mitochondria
by stimulating mitophagy and prevents senescence and
SASP in aging models. Our findings link the tumor
microenvironment directly to senescence, SASP, and
impaired mitochondrial homeostasis.

2 | RESULTS

2.1 | Development of T cell senescence
is a general feature of the tumor
microenvironment

Tumor-reactive T cells are known to be suppressed and
dysfunctional in the tumor microenvironment, which
presents a major obstacle to successful tumor immuno-
therapy.**° We investigated the existence of senescent T
cell populations in the tumor microenvironment in vivo.
We used the murine mammary cancer cell line mela-
noma cell line B16F0 to establish melanoma tumors.>> T
cells from the spleen were isolated and analyzed after
tumor diameters reached 10—15mm. We observed
elevated SA-B-gal* CD8" T cells from B16F10 tumor-
bearing mice, but not in control tumor-free mice
(Figure 1A,B). SASP-associated and senescent T cells
were characterized by a decreased ratio of CD4" and
CDS8* T cells (Figure 1C). Compared with CD8" T cells
from tumor-free and B16F10-bearing mice, tumor-
bearing mice displayed significantly higher expression
(Figure 1D). Furthermore, CD8" T cells from the spleen
in B16F0-bearing mice displayed increased mRNA
expression of genes encoding IL1-§, IL-6, TNF-a, and
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IFN-y relative to tumor-free mice (Figure 1E). We also
evaluated the proteins level of senescence markers SASP
by enzyme-linked immunosorbent assay (ELISA)
(Figure 1F). Based on our findings, it appears that
cancers may employ T cell senescence induction as a key
tactic, potentially to cause T cell malfunction and avoid
immune monitoring.

2.2 | Mitochondrial dysfunction in
senescent CD8" T cells

During the process of cellular aging, all functions can
become damaged, including the important role of
mitochondria as the energy factory of cells. As a result,
we conducted an investigation into the effects of
senescent CD8* T cell dysfunction on mitochondrial
function. Our findings align with recent studies that have
reported the association between cellular senescence and
mitochondrial defects.'**”** We found that senescent
cells displayed higher reactive oxygen species (ROS) and
lower ATP levels compared with control cells, while the
mitochondrial membrane potential (A¥m) becomes
depolarized (Figure 2A,B,C). As NAD™ plays important
roles in DNA repair, mitochondrial homeostasis, senes-
cence, and longevity in cells, worms, and mice. We
examined here whether the NAD" level and NAD™/
NADH ratio were indeed disturbed in the senescent
CDS8* T cells. As shown in our results, NAD™" levels and
the NAD"/NADH ratio in senescent cells were both
lower than those in the control cells (Figure 2D).

As the cytosolic mtDNA derived from damaged
mitochondria is a potential inflammatory mediator, we
sought to identify the mtDNA release in senescent CD8"
T cells. To quantify the mtDNA release amount, we
separated cytosol from the whole cell for the qPCR
experiment. Senescent T cells and healthy T cells were
fractionated into cytoplasmic and nuclear fractions to
quantify the level of DNA containing specific mitochon-
drial (mt-CytB, mt-16S, and mt-Dloopl) and nuclear
(Tert) genes by qPCR, respectively.”® Meanwhile, the
cytoplasmic DNA extracted in this study was of high
purity, and no obvious nucleolysis occurred. Consis-
tently, the levels of free mtDNA in the cytoplasm of
senescent CD8* T cells were significantly higher than
those of the control (Figure 2E), indicating that the
release of mtDNA from damaged mitochondria into
cytoplasm may serve as a possible trigger for inflamma-
tion and senescence in CD8" T cells. Based on the
findings, it can be concluded that T cell senescence leads
to mitochondria damage resulting in increased ROS and
membrane potential, decreased ATP levels, and ulti-
mately the release of mtDNA into the cytoplasm.
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FIGURE 1 Development of T cell senescence is a general feature of the tumor microenvironment. Mice were subcutaneously injected with
melanoma B16F10 cells to induce T cell senescence, and purified CD8" T cells were sorted from the spleen, CD8" T cells purified from spleen in
tumor-free mice served as controls. (A) CD8* T cells were incubated in the presence of plate-bound anti-CD3 (2ug/mL) and anti-CD28 (1yg/mL)
for 3 days and then stained for SA-B-gal. Arrows indicate SA-B-gal™ T cells. Scale bars, 20 um. (B) SA-B-gal activity was measured using the SPiDER-
fGal Cellular Senescence Plate Assay Kit. Data are presented from three independent experiments. n =9 different representative CD8* T cells.
(C) Lymphocytes were isolated from spleen and CD4™ T cell and CD8" T cell were analyzed by flow cytometry, n= 3. (D, E) Relative genes
expression for senescence (D), and SASP (E) between CD8* T cells of tumor-free mice and B16F10-bearing mice. (F) The culture supernatants of
activated CD8* T cells from tumor-free mice and B16F10-bearing mice were prepared. The IL-1f, IL-6, TNF-a and IFN-y level in the supernatants
was detected by sandwich ELISA. All statistical significance was calculated by Student's ¢ test. Data are shown as mean + SD. *p < 0.05, **p < 0.01,
***p < 0.001, ¥***p < 0.0001. SA-f-gal, senescence-associated (-galactosidase.
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FIGURE 2 Mitochondrial dysfunction in senescent CD8" T cells. (A) Cellular ATP level in senescent T cells (STs) and healthy T cells
(HTs). (B) The representative ROS staining images in CD8" T cells. Scar bar, 200 um. (C) Mitochondrial membrane potential (A¥m) was
measured by Mitochondrial membrane potential assay kit with JC-1. Scar bar, 200 um. (D) The relative NAD* level and NAD*/NADH ratio
in STs and HTs. (E) qRT-PCR quantification of cytosolic DNA extracted from digitonin-permeabilized cytosolic extracts of control and
senescent CD8" T cells. Normalization was carried out as described in Methods. All statistical significance was calculated by Student's t-test.
Data are shown as mean + SD. *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001. ROS, reactive oxygen species.
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2.3 | The cGAS-STING-IRF3 pathway
was activated in senescent CD8*' T cells

It has been previously reported that senescent cells
release damaged DNA into the cytoplasm where it can
activate the cytoplasmic DNA sensing STING-mediated
pathway, which triggers the production of SASP factors,
thereby promoting senescence phenotypes.’”*'*° We
next tested whether the cGAS-STING pathway was
activated in senescent CD8" T cells. Likewise, the
increased mRNA levels of cGAS, STING, TBK1, and
IRF3 in senescent CD8* T cells were confirmed by qRT-
PCR, as well as the mentioned earlier IL-13, IL-6, TKF-a
and IFN-y (Figure 3A). Immunofluorescence also
showed that the expression of STING was upregulated
and clustered around the nucleus (Figure 3B). In
addition to the activation of the cGAS and STING, the
downstream targets, TBK1 and IRF3, were also activated
in increased phosphorylated form, as well as the
senescence-induced mRNA expression of several ISGs
downstream of cGAS/STING: Ifitl, Isgl5, and Ccl5
(Figure 3C). Expectedly, we found that the expression
of ¢cGAS and STING increased significantly in the
senescent CD8™ T cell (Figure 3D). Unexpectedly, PINK1
was highly expressed which is a serine/threonine kinase,
regulates mitochondrial dysfunction and initiates mito-
phagy.”” However, the function of PINK1 in the aging
process, especially in the CD8* T cell, remains
unknown.*' Taken together, these results suggested that
the cGAS-STING-IRF3 pathway was activated in senes-
cent CDS™ T cells.

2.4 | Inhibition of STING inhibits
activation of the cGAS-STING and
alleviates cellular senescence

Our research aimed to determine if the tumor micro-
environment affects the aging of CD8* T cells through
the cGAS-STING pathway. To explore the effects of CD8*
T cell senescence, we used H-151 (2uM, MCE, #HY-
12693), a specific inhibitor of STING. Our immuno-
fluorescence results showed that STING enrichment was
reduced in H-151-treated cells, and the treatment
significantly reduced the expression of senescence
signaling mediators (Figure 4A). Protein and mRNA
level results revealed that the cGAS-STING pathway was
activated during aging, but after using inhibitors, cGAS
remained highly expressed (Figure 4B,D), while STING
and its downstream molecules were significantly
decreased (Figure 4B,C,D,E). Additionally, H-151 treat-
ment resulted in a significant reduction in the expression
of senescence signaling mediators and SASP, as

determined by ELISA and gq-PCR (Figure 4F,G). We
further investigated senescence in H-151 treated cells
with an senescence-associated (-galactosidase (SA-{3-gal)
assay, which showed a decreased percentage of SA-f3-gal-
stained cells in H-151 treated cells compared to senescent
CDS8" T cells (Figure 4H). This suggests that activated
STING plays a key role in senescence phenotypes.

2.5 | NMN ameliorates STING-mediated
senescence by improving mitochondrial
functions and reduces cytoplasmic mtDNA

We then investigated whether boosting intracellular
NAD™ levels with NMN could prevent senescence. The
result shows that NMN (100 uM, Absin, #abs47048054)
supplementation for 3 days restored NAD" levels and
upregulated the NAD*/NADH ratio in senescent CD8* T
cells (Figure 5A). Consistent with the results observed in
STs, there was a significant enrichment of mtDNA in the
cytoplasmic fraction from senescent cells compared with
control cells (Figure 5B). However, NMN supplementa-
tion reduced cytosolic mtDNA content (Figure 5B).
Further, NMN decreased the ROS and mitochondrial
membrane potential in CD8" T cells, while the intra-
cellular ATP was increased was observed after NMN
treatment (Figure 5C—E).

Meanwhile, we have pretreated senescent CD8* T
cells with NMN and quantified the activation of the
cGAS-STING pathway. The results showed that NMN
could reduce the expression of cGAS, STING, p-TBK1
and p-IRF3, which was similar to that of STING inhibitor
H-151(Figure 5F,G,H,I). In addition, NMN supplementa-
tion could also significantly block the elevated secretion
of IL-1B, IL6, TNF-a and IFN-y in the supernatant and
reduce the mRNA of senescent CD8" T cells
(Figure 5J,K). Notably, the number of SA-3-gal positive
cells was also significantly decreased after NMN treat-
ment (Figure 5L). Taken together, these data directly
indicated that NMN can significantly improve the
senescence state of T cells and reduce the secretion of
aging-related inflammatory factors via inhibition of the
STING pathway.

2.6 | NMN prevents neuroinflammation
and senescence in mice

Our studies suggest that preventing the generation of
senescence in tumor-specific T cells is critical for
antitumor immunity. Our current in vitro studies have
indicated that activation of the cGAS-STING pathway is a
checkpoint for control of T cell senescence and function
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FIGURE 3 The cGAS-STING-IRF3 pathway was activated in senescent CD8* T cells. (A) Expression of cGAS, STING, TBK-1, and IRF-3
in control HTs and STs analyzed by real-time qPCR. (B) Transcription levels of ISGs in CD8* T cells from Tumor-free and B16F10-bearing

mice were analyzed by qRT-PCR. (C) Immunofluorescence microscopic analysis of STING (green) in HTs and STs. Scar bar, 100 um. DAPI
was used to stain cell nuclei. (D) Protein concentrations of cGAS, STING, p-TBK1, TBK-1, p-IRF3, IRF-3, Pink1, and P21 were analyzed by
Western blot analysis (left) and further quantitatively analyzed and compared against 3-actin expression using densitometry (right). All
statistical significance was calculated by Student's ¢ test. Data are shown as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001.

mediated by tumor cells. Therefore, we performed an
intraperitoneal injection of NMN (500 mg/kg per mouse)
once every 3 days in tumor-induced immunosenescence
mice for 21 days. B16F10 tumor cells grew quickly in

untreated mice and NMN treatment promoted the
inhibition of tumor growth. Furthermore, Kaplan—Meier
survival analysis showed that mice treated with NMN
survived longer than the other group (Figure 6A).
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We also compared the tumor formation rates of B16F10,
and B16F10+ NMN in syngeneic C57BL/6 mice. As
expected, tumor growth was significantly slowed in NMN
treated mice (Figure 6B). In particular, we compared the
spleens of three different groups of mice and found that
the spleen tissue of tumor-induced senescence mice was
significantly enlarged, which was alleviated by NMN
treatment (Figure 6C). We than confirmed the molecular
changes in vivo from different organs after NMN
treatment. We observed that administration of NMN
inhibited mRNA expression of IL-183, IL-6, IFN-y, and
P21 in the brain, liver, and spleen (Figure 6D,E,F).
Furthermore, NMN treatment markedly increased CD4*
and CD8" T cells fractions in spleen (Figure 6G).
Meanwhile, the NAD*/NADH ratio of brain and spleen
were also decreased in B16F10-treated mice and
increased after NMN treatment (Figure 6H,I). In addi-
tion, NMN treatment markedly decreased cGAS, STING
formation and prevented senescence in spleen
(Figure 6J). According to the data, it appears that NMN
treatment has the potential to improve antitumor
activity, reduce neuroinflammation, improve aging con-
ditions, and prolong the survival period of mice through
the STING pathway. These findings are promising and
may have significant implications for improving health
outcomes.

3 | DISCUSSION

With the continuous extension of life expectancy, there is
an urgent need to understand the common molecular
pathways by which aging results in a progressively
higher susceptibility to diseases. Our study suggests that
disrupted mitochondrial balance is a significant factor in
the aging of CD8* T cells. We discovered that damaged
mitochondria release cytoplasmic mtDNA, which partly
activates STING and worsens senescence and SASP.
Additionally, we found that raising NAD" levels can
enhance mitochondrial function, decrease cytoplasmic
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DNA, and prevent STING activation, which ultimately
improves motor function, prevents inflammation, and
slows the aging process in CD8" T cells.

Mitochondrial dysfunction is closely linked with senes-
cence phenotypes, and compromised mitophagy is consid-
ered a hallmark of neurodegenerative diseases.**** Inflam-
matory cytokines play a crucial role in initiating and
sustaining cellular senescence, thereby triggering an innate
immune response that removes senescent cells. Inflamma-
tion and autoimmune syndromes are frequently observed in
aging individuals.***® Cellular senescence is widely believed
to be a major mechanism of aging-related dysfunction,
resulting from irreversible growth arrest induced by telomere
shortening or various stress responses, including DNA
damage.* To prevent chromosomal instability and safeguard
genomic stability, DNA damage responses activate perma-
nent cell cycle arrest. T cells can undergo senescence due to
both short-term and long-term stressors. Naive T cells
usually undergo telomere shortening due to homeostatic
proliferation, while memory T cells have shorter telomeres
due to their increased replicative history. Additionally, the
DNA damage response is activated in T cells proliferating in
response to antigen recognition, which may result in less
effective vaccine responses in older individuals.*”*® These
findings underscore the critical role of inflammatory
responses in aging, potentially linked to the upregulation
of the STING pathway. Here, we observed accumulation of
cytoplasmic dsDNA in vitro, which stimulates the STING
pathway. Activation of STING subsequently initiates a robust
proinflammatory response and senescence, associated with
the deficient health span in our model mice. Senescence
phenotypes are rescued by inhibiting of STING, suggesting
that STING is a central regulator of this phenotype.

As we age, there is a reduction in the NAD" pool
experienced by cells and tissues. This can lead to a loss of
mitochondrial homeostasis and senescence phenotypes in
senescent CD8" T cells.***° Damaged mitochondria can also
activate inflammatory mediators, contributing to senescence
phenotypes. To inhibit senescence and SASP in senescent
cells, it is important to explore ways to improve

FIGURE 4 Inhibition of STING inhibits activation of the cGAS-STING and alleviates cellular senescence. (A) Immunofluorescence
microscopic analysis of STING (green) in HTs, STs, and treated with H-151. Scale bars, 100um. DAPI was used to stain cell nuclei. (B)
Expression of cGAS, TBK-1, and IRF-3 in control HTs, STs, and treated with H-151 analyzed by real-time qPCR. (C) Transcription levels of
ISGs in HTs, STs and treated with H-151 were analyzed by qRT-PCR. (D) Protein concentrations of cGAS, STING, p-TBK1, TBK-1, p-IRF3,
IRF-3, Pink1, and P21 were analyzed by Western blot analysis (left) and further quantitatively analyzed and compared against $-actin

expression using densitometry (right). (E, F) qPCR analysis for senescence markers P16 and P21 (E) and SASP in HTs, STs and treated with
H-151 (F). (G) The culture supernatants of activated HTs, STs and treated with H-151 were prepared. The IL-18, IL-6, TNF-ot and IFN-y level
in the supernatants was detected by sandwich ELISA. (H) SA-f-gal activity was measured using the SPIDER-BGal Cellular Senescence

Plate Assay Kit. Data are presented from three independent experiments. Data shown are means + SD from three independent experiments.

*p < 0.05, **p < 0.01, **p < 0.001. One-way ANOVA was performed. ANOVA, analysis of the variance; SA-3-gal, senescence-associated

f3-galactosidase.
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mitochondrial function.”* Studies have shown that mito-
chondrial stress can increase levels of proinflammatory
cytokines and senescence. In CD8" T cells of tumor-bearing
mice, impaired mitochondria can lead to the release of
mtDNA into the cytoplasm, which activates senescence
phenotypes. Boosting cellular concentration of NAD™ can
help suppress the accumulation of cytoplasmic dsDNA by
activating mitophagy, which clears damaged mitochondria.
These findings suggest that enhancing mitophagy through
NMN can prevent senescence in tumor-bearing models.

Boosting cellular concentration of NAD* can suppress
the accumulation of cytoplasmic dsDNA by activating
mitophagy, which clears damaged mitochondria.”® These
findings suggest that enhancing mitophagy through NMN
can prevent senescence in tumor-bearing models. Addition-
ally, studies have reported that NMN treatment can down-
regulate the activation of cGAS-STING pathway in senescent
mouse brains, reducing neuroinflammation.>* NMN can also
improve nonhomologous end joining-mediated double-
strand break repair by increasing NAD*/SIRT1 signaling.>
Other NAD"-dependent sirtuin members, including SIRT6
and SIRTS3, also contribute to the DNA repair improvements
by NAD* supplementation. It is noteworthy that in addition
to the regulation of senescence by mitophagy, NMN may
also bring health benefits to tumor-bearing mice through
multiple other mechanisms.

We discovered that NMN treatment had varying effects
on protein levels in spleen of senescent mice. NMN reduced
the levels of cGAS and STING proteins, while it increased
those protein levels in the spleen of senescent mice. This
difference may be due to varying NAD" levels in young and
senescent mice, as well as age or localized drug effects on
specific tissues. It's common knowledge that NAD* levels
decrease with age. In our experiment, we used tumor-
bearing mice and treated them with NMN, resulting in stable
weight gain, slower tumor progression, and longer survival
periods compared to the untreated group. However, further
NAD™ supplementation may disturb the NAD* metabolome

i g YT

balance and have unintended effects. Additionally, we only
checked the brain and spleen in our experiment, so we're
unsure if NMN supplementation would have similar effects
in other tissues. For senescent mice, our data and previous
reports showed a significant decrease in NAD™ levels
compared to young mice. As NAD" is crucial for various
molecular processes, including DNA repair, mitochondrial
functions, and cellular senescence, NAD" supplementation
is critical and beneficial in settings where NAD™ levels are
low, such as tumor-bearing or normal aging. However, it
remains to be determined if NAD* supplementation is
advisable for healthy young humans.

In conclusion, our results demonstrate a correlation
between the cGAS-STING pathway and inflammatory and
senescence phenotypes. We found that the activation of
cGAS-STING is partly caused by cytoplasmic dsDNA
released from damaged mitochondria, which occurs in
tumor-induced senescence of CD8* T cells. Furthermore, we
observed that supplementing with NAD™ can help remove
damaged mitochondria through mitophagy, which inhibits
inflammation and senescence in senescent models. There-
fore, our data suggest that targeting the maintenance of
mitochondrial quality could have potential roles in prevent-
ing senescence and inflammation in age-related diseases.

4 | MATERIALS AND METHODS

41 | Animals

C57BL/6 (B6) mice were primarily used in this study.
Animals were maintained on a 12-h light/12-h dark cycle at
22°C, and Standard Laboratory Diet and water were given ad
libitum. Mice were randomly assigned to control or
experimental groups. All animal experimental protocols
were approved by Ethics Committee of Harbin Medical
University and conformed to the Guide for the Care and Use

FIGURE 5 NMN ameliorates STING-mediated senescence by improving mitochondrial functions and reduces cytoplasmic mtDNA. (A)
The relative NAD™ level and NAD*/NADH ratio in HTs, STs and treated with NMN. (B) DNA was harvested from cytoplasmic and nuclear
fractions of HTs, STs with or without NMN treatment, and mtDNA/Tert was analyzed by qPCR. n = 4 cultures per group. (C) Cellular ATP
level in HTs, STs with or without NMN treatment. (D) The representative ROS staining images in CD8" T cells. Scar bar, 200 um. (E)
Mitochondrial membrane potential was measured by Mitochondrial membrane potential assay kit with JC-1 respectively. Scar bar, 200 um.
(F) Senescence and SASP markers were analyzed by immunoblotting in CD8" T cells, including cGAS, STING, p-TBK1, p-IRF3, Pink1 and
P21 protein levels. Quantification of protein levels are shown in the right. (G) Expression of cGAS, STING, TBK-1, and IRF-3 in control HTs,
STs with or without NMN treatment analyzed by real-time qPCR. (H) Transcription levels of ISGs in HTs, STs with or without NMN
treatment were analyzed by qPCR. (I) Expression of senescence markers P16 and p21 in control HTs, STs with or without NMN treatment
analyzed by real-time qPCR. (J, K) The culture supernatants and mRNA of activated HTs, STs with or without NMN treatment were
prepared. The IL-1f, IL-6, TNF-a and IFN-y level in the supernatants was detected by sandwich ELISA (K) and relative genes expression
were analyzed by qRT-PCR (J). (L) SA-B-gal activity was measured of CD8" T cell using the SPiDER-BGal Cellular Senescence Plate Assay
Kit. Data shown are means + SD from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA was performed.
ANOVA, analysis of the variance; ROS, reactive oxygen species; SA-f-gal, senescence-associated -galactosidase.
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FIGURE 6 NMN prevents neuroinflammation and senescence in mice. (A, B) Tumor volume and Kaplan-Meier survival curves for
C57BL/6 mice inoculated with PBS, B16F10 cells, and B16F10 cells+NMN. (C) Photograph of spleen from mice that were challenged by
PBS, B16F10 cells, and B16F10 cells + NMN (n = 5). (D, E, F) Relative mRNA levels of IL-1§3, IL-6, IFN-y, and P21 in the brain, liver, and
spleen were analyzed by real-time qPCR. (G) Lymphocytes were isolated from spleen and CD4" T cell and CD8* T cell were analyzed by
flow cytometry, n = 3. (H) The relative NAD* level and NAD*/NADH ratio in Brain, Liver and Spleen. (I) Protein concentrations of cGAS,
and STING were analyzed by Western blot analysis. Data shown are means + SD from three independent experiments. *p < 0.05, **p < 0.01,
***p < 0.001. Log-rank test (A) or one-way ANOVA (D-H) were performed. ANOVA, analysis of the variance.
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of Laboratory Animals published by the US National
Institutes of Health.

To analyze T cell responses in the tumor micro-
environment, mouse melanoma cell line B16F10 (5 x 10°
per mouse) in a total volume of 100 uL of buffered saline
was subcutaneously injected into the back of C57BL/6
mice, respectively. Tumor size was measured every 2
days with caliper, and tumor volume was calculated on
the basis of two-dimensional measurements. Mouse
survival was determined on the basis of the tumor sizes
calculated according to a standard formula (length X
width® x 0.5). The experiments were terminated for
ethical considerations at the end point (tumor volume,
>1500 mm3), and mouse survival was then determined.
Spleen was harvested, and CD4* and CD8* T cells were
purified for subsequent SA-B-gal staining. In addition,
CD4* and CD8™" T cells from indicated organs of normal
littermates were harvested and used as negative controls.

4.2 | Cell culture and treatment

Mouse CD8* T cells were purified by Miltenyi enrich-
ment kits (Miltenyi Biotec) and activated in the
presence of plate-coated anti-mouse CD3 (2 pg/mL),
anti-mouse CD28 (1 pg/mL) antibodies. T cells were
maintained in T cell medium containing 10% fetal bovine
serum, L-glutamine, 3-mercaptoethanol, and recombinant
human IL-2 (50 U/mL) for 3 days. Melanoma (B16F10)
cell lines were purchased from the American Type Culture
Collection. Tumor cell lines were cultured in RPMI 1640
containing 10% fetal bovine serum.

4.3 |
assay

SA-B-gal staining and quantitative

SA-f-gal activity in senescent T cells was detected as
previously described. For tumor cell-induced senescent
mice, isolated CD8* T cells and anti-CD3-activated were
cultured for additional 3 days and then stained with SA-
-gal staining reagent (Cell signaling technology, #9860)
at PH=6, according to manufacturer's instructions.
Quantitation of SA-f-gal activity was evaluated using
Cellular Senescence Plate Assay Kit-SPIiDER-8Gal, a
fluorogenic substrate for f-galactosidase (Dojindo),
following the manufacturer's instructions.

4.4 | NAD' detection

NAD" and NADH were measured with a commercially
available NAD"/NADH Microplate Assay Kit (Absin,
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#abs580008) according to the manufacturer’s protocol. For
cells, 1x 10° cells homogenized in 100 uL Assay Buffer 1/II
and sonicate (with power 20%, sonication 2 s, intervation 1s,
repeat 30 times). For mice tissue, 50 mg were homogenized
in 100 uL Assay Buffer I/ll. Incubate at 60°C for 20 min;
centrifuged at 8000g, 4°C for 10 min, take the supernatant
into a new centrifuge tube and add 100 uL. Assay Buffer II/I,
mix; keep it on ice for detection. Standard curves
(0.5-50 uM) were generated for quantification.

4.5 | ATP detection

ATP levels were measured with a commercially available
ATP Microplate Assay Kit (Absin, abs580117) according to
the manufacturer's protocol. Collect cell into centrifuge tube,
discard the supernatant after centrifugation, add 1 mL Assay
buffer I for 5x 10° cell, sonicate (with power 20%, sonicate
3, interval 10, repeat 30 times), centrifuged at 8000g, 4°C
for 10 min, take the supernatant into a new centrifuge tube,
and keep it on ice for detection. Standard -curves
(0.02-2.5 mM) were generated for quantification.

4.6 | Flow cytometry analysis

T cell protein expression was determined by flow
cytometry analysis after surface staining with anti-
mouse specific antibodies, PE anti-mouse CD8a
Antibody (BioLegend) and PerCP/Cyanine5.5 anti-
mouse CD4 antibody (BioLegend) on ice for 30 min
and then washing with phosphate-buffered saline. All
stained cells were analyzed on an LSR II cytometer
(BD Biosciences), and data were analyzed with
FlowJo software (BD Biosciences).

4.7 |
assays

Intracellular ROS production

For determination of ROS production, CDS8* T cells were
treated with 10uM 2’,7’-Dichlorodihydrofluorescein
(DCFH-DA) (Beyotime) at 37°C for 30 min and then
washed with PBS 3 times as manufacturer's protocols.

4.8 | Mitochondrial membrane
potential detection

Mitochondrial membrane potential measured with
JC-1 which is a marker of mitochondrial activity. In
normal undamaged nucleate cells, mitochondrion
have a high mitochondrial transmembrane potential
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(A¥m). Breakdown of AWm is characteristic of
damage. Cells containing forming J-aggregates have
high AWm, and show red fluorescence. Cells with low
A¥m are those in which JC-1 maintains (or reacquire)
monomeric form, and showing green fluorescence.
Depolarization of AYm was measured by JC-1 which
accumulates in mitochondrial matrix, driven by AWm,
and expressed as an increase of red to green
fluorescent reflecting the transformation of JC-1
aggregates into monomers when mitochondrial mem-
brane becomes depolarized.

49 | ELISA

Supernatants were harvested and centrifuged at 1000g to
remove cell debris and dead cells. ELISA was performed
following the instructions of the Mouse IL1-8
(#abs520001), IL-6 (#abs520004), TNF-a (#520010), and
IFN-y (#520007) ELISA Set from Absin.

410 |
STING

Immunofluorescence staining of

Cells were cultured in 35 mm glass-bottomed poly-p-
lysine-coated dishes, fixed in 4% buffered formalin
with PBS, permeabilized with cold PBS containing
0.1% Triton X-100 for 30 min, and blocked with 4%
bovine serum in PBS for 1 h at room temperature. This
was followed by incubation with primary anti-STING
(Cat No: 19851-1-AP, Proteintech) antibody at 4° for
16h, and then with CoraLite488-conjugated Goat
Anti-Rabbit IgG(H + L) (1:400) antibody at room
temperature for 1 h. Cells were costained with DAPI
(MBDO0015, Sigma-Aldrich) to visualize the nuclei.
Immunofluorescence images were then taken under a
fluorescence microscope.

411 | RNA extraction and quantitative
reverse transcription polymerase chain
reaction (PCR) analyses

The total RNAs of the CD8* T cells and tissues were
extracted with TRIzol reagent (Invitrogen). Reverse-
transcribed complementary DNA was performed with
random primers. Subsequently, 7500 Real-Time PCR
System (AB Applied Biosystems, Mannheim, Ger-
many) was used to run programs of real-time PCR
following the manufacturer's instructions. 3-actin was
used for internal crossing normalization. The primers
used for the different genes are listed in Table 1.
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412 | Quantification of mtDNA in
cytosolic extracts

CD8* T cells (approximately 2 x 10°) isolated from the
spleen of Tumor-free, B16F10-bearing and B16 + NMN
mice were divided into 2 equal aliquots. One aliquot was
resuspended in roughly 500 uL of 50 uM NaOH and
boiled for 30 min to solubilize DNA. Approximately
50 uL of 1M Tris-HCI (pH 8.0) was added to neutralize
the pH of the lysate, and the extracts served as
normalization controls for total mtDNA. The second
aliquot was resuspended in roughly 500 puL buffer
containing 150 mM NaCl, 50 mM HEPES (pH =7.4),
and 20 pg/mL digitonin. The homogenates were incu-
bated for 10 min to allow selective plasma permeabiliza-
tion, and then centrifuged at 980g for 3 min, 3 times to
pellet intact cells. The first pellet was saved as the “Pel”
fraction for WB analysis. The cytosolic supernatants were
transferred into fresh tubes and spun at 17000g in a
microcentrifuge for 10min to pellet any remaining
cellular debris, yielding cytosolic preparations free of
nuclear, mitochondrial, and ER contamination. DNA
was then purified from these pure cytosolic fractions
using the DNA Clean and Concentrator-5 kit (ZYMO
Research). qPCR was performed for both whole-cell
extracts and cytosolic fractions using nuclear DNA
primers (Tert) and mtDNA primers (CytB, 16S, and
Dloopl), and the Ct values obtained for mtDNA
abundance for whole-cell extracts served as normaliza-
tion controls for the mtDNA values determined from the
cytosolic fractions. The primers used for the different
genes are listed in Table 1.

4.13 | West blotting analysis

Western blot analysis was performed according to
manufacturer's instructions. Briefly, cell or tissue trans-
formed into cold radio-immunoprecipitation assay lysis
buffer containing phenylmethylsulfonyl fluoride (1:100
dilution) (Beyotime Biotechnology) for 30 min. Then,
samples were centrifuged at 4°C for 10min at
12000 rpm. Supernatants were recovered, and total
amounts of protein were determined using the bicinch-
oninic acid method (Boster Biological Technology). A
50 ug of protein were loaded on 10% sodium dodecyl
sulfate-polyacrylamide gel and transferred onto a poly-
vinylidene difluoride membrane (Millipore). To avoid
nonspecific binding, 5% (wt/vol) dry nonfat milk in tris-
buffered saline with Tween 20 (TBST) was used for
blocking. After 2h, the membranes were incubated with
primary antibodies to cGAS/STING/p-TBK1/TBK1/p-
IRF3/IRF3/P21 (1:1000 dilution, CST), Pinkl (1:2000
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TABLE 1 Oligonucleotide primers for qPCR.

Target
Mouse-f-actin (F)
Mouse-f-actin (R)
Mouse-cGAS (F)
Mouse-cGAS (R)
Mouse-STING (F)
Mouse-STING (R)
Mouse-TBK1 (F)
Mouse-TBK1 (R)
Mouse-IRF3 (F)
Mouse-IRF3 (R)
Mouse-Pink1 (F)
Mouse-Pink1 (R)
Mouse-P21 (F)
Mouse-P21 (R)
Mouse-P16 (F)
Mouse-P16 (R)
Mouse-Ccl5 (F)
Mouse-Ccl5 (R)
Mouse-Isgl5 (F)
Mouse-Isgl5 (R)
Mouse-Ifitl (F)
Mouse-Ifitl (R)
Mouse-IL13 (F)
Mouse- IL13(R)
Mouse-IL6 (F)
Mouse-IL6 (R)
Mouse-TNF-a (F)
Mouse-TNF-a (R)
Mouse-IFNy (F)
Mouse-IFNy (R)

Mouse-nucDNA
Tert (F)

Mouse-nucDNA
Tert (R)

Mouse-mtDNA
CytB (F)
Mouse-mtDNA
CytB (R)

Mouse-mtDNA
16S (F)

Sequence

CTAAGGCCAACCGTGAAAAG
ACCAGAGGCATACAGGGACA
GGAAATAGTTTTCAAGGAGAGACC
TGCATCCAGCTCTTGAAACTC
TCCTGGGCCTTCAGAGCTT
GTACAGTCTTCGGCTCCCTG
TGCCGTTTAGACCCTTCGAG
GTGCCTGAAGACCCTGAGAA
CAATTCCTCCCCTGGCTAGA
TTCCACGGGATCCTGAACCT
GACCTGAAATCCGACAACATCC
CCATCAGACAGCCGTTTCC
CAGCAGAATAAAAGGTGCCACA
GACAACGGCACACTTTGCTC
TGAATCTCCGCGAGGAAAGC
TGCCCATCATCATCACCTGAA
ATATGGCTCGGACACCACTC
CTTCGAGTGACAAACACGACTG
TCTGACTGTGAGAGCAAGCAG
ACCTTTAGGTCCCAGGCCATT
TCTGCTCTGCTGAAAACCCA
CACCATCAGCATTCTCTCCCAT
TGCCACCTTTTGACAGTGATG
ATGTGCTGCTGCGAGATTTG
ACAAAGCCAGAGTCCTTCAGAG
TGTGACTCCAGCTTATCTCTTGG
AAGTTCCCAAATGGCCTCCC
CCACTTGGTGGTTTGTGAGTG
GGCTGTTTCTGGCTGTTACTG
ATTTTCATGTCACCATCCTTTTGCC
CTAGCTCATGTGTCAAGACCCTCTT

GCCAGCACGTTTCTCTCGTT

GCTTTCCACTTCATCTTACCATTTA

TGTTGGGTTGTTTGATCCTG

CACTGCCTGCCCAGTGA

WiILEY—*
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TABLE 1 (Continued)

Target Sequence
Mouse-mtDNA ATACCGCGGCCGTTAAA
16 S (R)

Mouse-mtDNA AATCTACCATCCTCCGTGAAACC

Dloopl (F)

Mouse-mtDNA TCAGTTTAGCTACCCCCAAGTTTAA

Dloopl (R)

dilution, Absin), B-actin (1:4000 dilution, Absin) over-
night at 4°C. After washing the membranes with TBST
for three times, membranes were incubated with goat
anti-rabbit or goat anti-mouse secondary antibodies
conjugated to immunoglobulin G- horseradish peroxi-
dase (1:10000 dilution). Followed by additional washing
with TBST, the proteins were visualized using enhanced
chemiluminescence. Bands were quantified with Image J
(National Institutes of Health).

4.14 | Statistical analysis

Quantitative data are presented as the mean + SD. Aanalysis
of the variance (ANOVA) with Tukey post hoc test (one-way
ANOVA for comparisons between groups) was applied to
compare values among different experimental groups using
GraphPad Prism (GraphPad Software). Statistical differences
of two groups were assessed using unpaired Student's ¢ test,
t-test with Welch's correction for variance where appropriate.
*p < 0.05 was considered statistically significant, **p < 0.01
was considered highly significant, ***p<0.001 and
*%p < 0.0001 were considered extremely significant. The
Kaplan-Meier estimator and log-rank (Mantel-Cox) test was
used for survival analysis of tumor-bearing mice.
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