Wang et al. Zool. Res. 2024, 45(5): 961-971
https://doi.org/10.24272/j.issn.2095-8137.2024.030
https://cstr.cn/32248.14.zr.2024.030

Zoological
Research

Myotis bat STING attenuates aging-related inflammation in

female mice

Xi Wang"?3#_ Jing-Kun Jia"?3# Qi Wang"?*#, Jing-Wen Gong', Ang Li?4, Jia Su"?3, Peng Zhou'?*

" Wuhan Institute of Virology, Chinese Academy of Sciences, Wuhan, Hubei 430071, China
2 Guangzhou National Laboratory, Guangzhou International Bio Island, Guangzhou, Guangdong 510005, China

3 University of Chinese Academy of Sciences, Beijing 100000, China

4 State Key Laboratory of Respiratory Disease, First Affiliated Hospital of Guangzhou Medical School, Guangzhou, Guangdong 510005,

China

ABSTRACT

Bats, notable as the only flying mammals, serve as natural
reservoir hosts for various highly pathogenic viruses in
humans (e.g., SARS-CoV and Ebola virus). Furthermore,
bats exhibit an unparalleled longevity among mammals
relative to their size, particularly the Myotis bats, which can
live up to 40 years. However, the mechanisms underlying
these distinctive traits remain incompletely understood. In
our prior research, we demonstrated that bats exhibit
dampened  STING-interferon  activation, potentially
conferring upon them the capacity to mitigate virus- or
aging-induced inflammation. To substantiate this
hypothesis, we established the first in vivo bat-mouse
model for aging studies by integrating Myotis davidii bat
STING (MdSTING) into the mouse genome. We monitored
the genotypes of these mice and performed a longitudinal
comparative transcriptomic analysis on MdSTING and
wild-type mice over a 3-year aging process. Blood
transcriptomic analysis indicated a reduction in aging-
related inflammation in female MdSTING mice, as
evidenced by significantly lower levels of pro-inflammatory
cytokines and chemokines, immunopathology, and
neutrophil recruitment in aged female MdSTING mice
compared to aged wild-type mice in vivo. These results
indicated that MdSTING knock-in attenuates the aging-
related inflammatory response and may also improve the
healthspan in mice in a sex-dependent manner. Although
the underlying mechanism awaits further study, this
research has critical implications for bat longevity
research, potentially contributing to our comprehension of
healthy aging in humans.
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INTRODUCTION

As the only mammals capable of powered flight, bats exhibit a
multitude of distinctive biological traits (Déjosez et al., 2023;
Irving etal.,, 2021; Teeling etal., 2018). Bats are also
recognized as natural reservoir hosts for diverse highly
pathogenic viruses, some of which have precipitated large-
scale infectious diseases in humans, such as SARS-related
coronaviruses and Ebola virus (Déjosez et al., 2023; Irving
etal., 2021; Ruiz-Aravena et al., 2022; Teeling et al., 2018).
Bats are also noted for their unparalleled longevity among
mammals relative to their size (Austad, 2009; Brunet-Rossinni
& Austad, 2004; Power et al., 2022), with those within the
genus Myotis exhibiting the greatest longevity, living up to 40
years (Healy etal., 2014). However, the mechanisms
underlying these unique characteristics, particularly their roles
as viral reservoir hosts and long-lived animals, remain
inadequately understood.

In recent years, research efforts have predominantly
centered on unraveling the coexistence of bats and viruses
(Déjosez et al., 2023; Irving et al., 2021; Ruiz-Aravena et al.,
2022; Teeling et al., 2018). Our work, along with that of other
researchers, has revealed that bats maintain a constitutively
expressed interferon system, with a simultaneous dampening
of stimulator of interferon gene (STING) expression and
inflammatory response (Ahn et al., 2019; Fu et al., 2023; Xie
etal,, 2018; Zhou etal., 2016). These characteristics may
enable early inhibition of viral replication or moderate the
immune response upon viral infection. Notably, a low-level,
overactive inflammatory response is also a hallmark of human
aging, attributed to the senescence-associated secretory
phenotype (SASP), which largely depends on the DNA-cGAS-
STING pathway (Gulen et al., 2023; Pan et al., 2023; Victorelli
et al., 2023; Zhang et al., 2022; Zhao et al., 2023). Therefore,
it is conceivable that the dampened STING/NLRP3
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inflammatory responses observed in bats may contribute to
the mitigation of aging-related inflammation, potentially
extending their healthspan (Ahn et al., 2019; Xie et al., 2018).
Longitudinal comparative transcriptomic analysis has shown
that bats display a unique, age-related gene expression
pattern associated with DNA repair, autophagy, immunity, and
tumor suppression, suggesting these factors may be
instrumental in driving their prolonged healthspan (Huang
etal.,, 2019). However, it is important to note that these
observations are primarily observational and lack in vivo
confirmation. Remarkably, until the bat ASC2-mouse study
conducted last year, in vivo research into bat functional genes
has been scarce due to existing limitations in gene modulation
in these species (Ahn etal., 2023). A recent study
demonstrated prolonged healthspan in a transgenic mouse
overexpressing naked mole-rat hyaluronic acid synthase 2
gene (Zhang et al., 2023), providing a valuable paradigm for
characterizing unique genes associated with lifespan and
healthspan in model organisms.

We previously identified a universal replacement of the
serine 358 residue (a critical activation residue) in STING in
bats, leading to attenuated downstream interferon responses
and antiviral activity (Xie etal.,, 2018). In recent years,
extensive research has explored the role of STING in the
human aging process (Huang et al., 2023; Pan et al., 2023;
Paul et al., 2021). Studies have shown that the cGAS-STING
pathway acts as a driver of the senescence-associated
secretory phenotype (SASP) in humans, and inhibiting cGAS-
STING signaling may be a potential strategy for impeding
neurodegenerative processes in old age (Gulen et al., 2023;
Zhang etal., 2022; Zhao etal.,, 2023). Consequently, we
hypothesized that the uniquely dampened character of STING
in bats may contribute to their relatively extended healthspan.
In this study, we established a Myotis davidii bat STING
(MdSTING)-knock-in - mouse model and conducted a
comprehensive comparative analysis of aging-related
genotypes with wild-type (WT) mice over a 3-year period. To
the best of our knowledge, this represents the first animal
model in the field of bat aging, paving the way for unraveling
the mechanisms underpinning the exceptional longevity
observed in bats.

MATERIALS AND METHODS

Establishment of Myotis STING mouse model
C57BL/6J WT mice were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (China). The design,
establishment, and validation of MdJSTING mice were
conducted by the authors and Shanghai Biomodel Organism
Science & Technology Development Co., Ltd. (China)
(Figure 1; Supplementary Figure S1). Briefly, the MdSTING**
(MdSTING) mice utilized in this study were generated through
micro-injection of a donor vector, in vivo-transcribed Cas9
mRNA, and gRNA (GTGACCTCTGGGCCGTGGGA) into
fertilized ovum (C57BL/6J background). The donor vector
contained 5/3' homologous arms and MdSTING-WPRE-poly
A sequences. The MdSTING-WPRE-poly A sequences were
precisely inserted downstream of the ATG start codon in the
third exon of the mouse Sting gene, guaranteeing accurate
transcriptional expression of the bat STING gene.
Simultaneously, the mouse Sting gene was disrupted through
targeted knockout during the knock-in procedure.

All animal experiments conducted in this study received
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approval from the Ethics Committee of the Wuhan Institute of
Virology, Chinese Academy of Sciences, under approval
number WIVA43202105. The experiments were conducted
according to the fundamental guidelines for the welfare of
experimental animals.

Cell culture and transfection

293T cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) (Gibco, USA) supplemented with 10% (v/v)
fetal bovine serum (FBS) (Gibco, USA) under 5% CO, at
37°C. Myotis davidii, Homo sapiens, and Mus musculus
STING genes were cloned into the pCAGGS vector with a C-
terminal S-tag. Before transfection, the correctness of STING
plasmids was confirmed by sequencing. Transfections were
conducted using Lipofectamine 3000 reagent (Thermo
Scientific, USA) according to the manufacturer’'s protocols.
Primary mouse bone marrow cells were harvested and
differentiated into bone marrow-derived macrophages
(BMDMs) over 6 days using RPMI 1640 supplemented with
10% (v/v) FBS and 20 ng/mL macrophage colony-stimulating
factor (M-CSF) (PeproTech, USA) under 5% CO, at 37°C.
Splenocytes were obtained by pressing spleen tissues through
a cell strainer using a disposable abrasive stick. The collected
splenocytes were then treated with 1xred blood cell (RBC)
lysis buffer (eBioscience, USA). Subsequently, the
splenocytes were washed twice with phosphate-buffered
saline (PBS) and resuspended in RPMI 1640 supplemented
with 10% (v/v) FBS.

Mouse genotype determination

Genotype determination of mice was performed at 2 weeks of
age. Toes were excised and lysed in 300 yL of 50 mmol/L
NaOH at 95°C for 30 min. Subsequently, 25 yL of 1 mol/L
Tris-HCI (pH 8.0) was added and thoroughly mixed. Following
treatment, the lysed samples were utilized as templates
for polymerase chain reaction (PCR)-based genotype
determination. The following primers were used: Primer F :5'-
GGGGCTCACATGTACACGCTCTG-3’; PrimerR: 5- CGCGCA
CAGCCTTCCAGTAG-3.

Lifespan study and sample collection

The WT/MdJSTING™ mice utilized in this study were
segregated by sex and housed in the animal facility of the
Wuhan Institute of Virology, Chinese Academy of Sciences.
Each cage accommodated six mice, maintained under a 12-h
light/dark cycle at a constant room temperature of 25°C. The
lifespan of the WT/MdSTING** mouse cohorts (n=6 males or
females for STING mice, n=5 males/9 females for WT mice)
was monitored, starting from 3 months of age until death.
Blood samples were also collected from each mouse using
EDTA-2Na (BBI, China) as an anticoagulant at 3 (n=26), 6
(n=26), 9 (n=26), 12 (n=26), 15 (n=23), 18 (n=21), 24 (n=13),
and 29 (n=3) months. Weight and mortality were recorded
prior to each blood collection. Mice surviving until the 29th
month were anesthetized and then euthanized. For
pathological confirmation of the blood transcriptome data,
female mice were selected at 1.5 and 13 months of age (n=4)
and anesthetized with avertin, followed by blood sample
collection from the eyeballs, and subsequent euthanasia.
Tissue samples from the heart, liver, spleen, lung, kidney,
intestine, brain, and muscle were collected and partitioned into
multiple portions for further analysis. Tissues intended for
reverse transcription-quantitative real-time polymerase chain
reaction (RT-qPCR) were directly preserved in tubes
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Figure 1 Validation of successful establishment of bat STING knock-in mice

A: Schematic of bat STING knock-in mouse generation. Primers (F and R) used for genotype identification were designed. B: Representative
images of agarose gel electrophoresis for MdSTING mice genotyping. C: Western blot analysis of STING protein to detect exogenous transfected
STING plasmids in 293T cells (left) or endogenous expression of STING in BMDM cells from WT (n=3) or MdSTING mice (n=3) (right). D: mRNA
expression of STING gene in different organs of mice (n=4 for each group). Primers used for STING gene were mouse- or bat-specific, as shown in
Supplementary Table S1. E: Splenocytes of WT and MdSTING mice (n=3, cells from three mice each group) were transfected with cGAMP
(2 pg/mL), induction of Ifnb and Cxcl10 genes was determined by RT-gPCR. Primers are listed in Supplementary Table S1. Data are mean+SEM.

P-values were obtained using two-tailed unpaired t-test, ns: Not significant; ": P<0.05; ™: P<0.01; ™ P<0.001; ™": P<0.0001.
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containing VeZol Reagent (R411-02, Vazyme, China), along
with beads for tissue homogenization. Tissues intended for
hematoxylin and eosin (H&E) staining and
immunohistochemical (IHC) analysis were fixed in 4%
paraformaldehyde (PFA) (BL539A, Biosharp, China). Blood
samples were fractionated for RNA extraction and enzyme-
linked immunosorbent assay (ELISA) testing.

RNA extraction and RNA sequencing

Total RNA from blood samples was extracted using VeZol
Reagent (R411-02, Vazyme, China) following the
manufacturer’s instructions. In brief, tissue samples in VeZol
were initially homogenized using the Tissue Cell-destroyer
1000 (NZK, China) at recommended settings, followed by total
RNA extraction as per the provided manual. RNA samples
obtained from mouse blood were submitted to BGI (Beijing,
China) for sequencing. RNA sequencing (RNA-seq) library
construction and subsequent sequencing procedures were
conducted at BGI. The filtered sequencing data were
processed using a standard pipeline. In Linux, raw reads were
aligned to the respective homologous genomes using HISAT2
(v.2.1.0) (Kim etal., 2019) and SAMtools (v.1.17) (Danecek
etal., 2021). For data originating from WT mice, the mouse
genome (GCF_000001635.27) (https://www.ncbi.nim.nih.gov/
datasets/genome/GCF_000001635.27/) was employed as a
reference, while the edited genome was utilized for data
derived from MdASTING mice. Subsequently, StringTie
(v.2.2.1) (Shumate et al., 2022) was employed for transcript
assembly and qualification, using high-quality genome
annotation. Only samples exhibiting an overall alignment rate
exceeding 80% were selected for subsequent analyses.
Genes consistently expressed across all samples were
subjected to differential expression analysis using the R
program (v.4.3.1) (https://www.r-project.org/). Samples were
categorized based on age and sex. Transcriptomic alterations
in gene expression were compared between MdSTING and
WT mice. DESeq2 (v.1.40.2) (Love et al., 2014) was used for
differential gene expression analysis, with all parameters set
to default. Raw read quality was assessed using FastQC
(v.0.11.9) (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). The counts matrix was analyzed using R
(v.4.2.1) (https://www.r-project.org/). The DESeq2 (v.1.36.0)
package in R was employed for normalization and
identification of differentially expressed genes (DEGs) (Love
etal., 2014). Gene set enrichment analysis (GSEA) was
conducted using the R package clusterProfiler (v.4.4.4) (Wu
etal., 2021). The fractions of neutrophils and
monocytes/macrophages were inferred using ImmucCellAl-
mouse (v.0.1.0) (Miao etal., 2022). All statistical analyses
were performed using Stats (v.4.2.1) (https://search.r-
project.org/R/refmans/stats/html/00Index.html). Data
visualization was achieved using pheatmap (v.1.0.12)
(https://cran.r-project.org/web/packages/pheatmap/index.html)
and ggplot2 (v.3.3.6) (Wickham, 2016).

Quantitative real-time PCR (qPCR)

The qPCR experiments were conducted using the CFX Duet
Real-Time PCR system (Bio-Rad, USA). The PCR settings
and mix preparation were based on the instructions provided
by the HiScript Il One Step RT-gPCR SYBR Green Kit (Q221,
Vazyme, China). Specific primer pairs were employed to
assess mMRNA levels of the corresponding genes
(Supplementary Table S1).
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Western blot analysis

The 293T and BMDM cells were lysed using western and IP
lysis buffer (Beyotime, China) supplemented with protease
and phosphatase cocktail inhibitors (Thermo Fisher, USA) for
15 min. The lysates were then mixed with 6xsodium dodecyl
sulfate (SDS) loading buffer and boiled at 95°C for 10 min.
Equal amounts of protein were loaded onto gels for SDS-
polyacrylamide gel electrophoresis (SDS-PAGE), then
transferred onto 0.22 um polyvinylidene fluoride (PVDF)
membranes. The membranes were subsequently blocked with
rapid blocking solution for 10 min, then incubated with primary
antibodies (anti-S-tag, 1:3 000, Abcam, UK; anti-GAPDH,
1:5 000, Proteintech, China; anti-STING, 1:1 000, Cell
Signaling Technology, USA) overnight at 4°C and washed with
TBS containing 0.1% Tween for 30 min. The membranes were
then incubated with secondary antibodies (horseradish
peroxidase = (HRP)-conjugated  anti-mouse/rabbit  IgG,
1:10 000, Proteintech, China) at room temperature for 1 h,
followed by washing for another 30 min. Finally, the
membranes were exposed to an ECL chemiluminescent
substrate (Vazyme, China) using a ChemiDoc XRS" imaging
system (Bio-Rad, USA).

ELISA

Plasma samples from female mice aged 1.5 and 13 months
were collected (four mice per group). The plasma
concentration of interleukin-1p (IL-1B8) was quantified using a
mouse IL-1B ELISA Kit (CMEO0015, 4ABio, China) according to
the manufacturer’s instructions.

H&E staining and IHC analysis

The livers of female mice aged 1.5 and 13 months were
collected (n=4 in each group). Fresh tissues were fixed in 4%
paraformaldehyde for 24 h, embedded in paraffin, and
sectioned into 4-um-thick slices for histological and IHC
analyses. For histological assessment, the sections were
stained with hematoxylin (Servicebio, China) to visualize the
nuclei and then with eosin (Servicebio, China) to delineate the
cytoplasm. This staining facilitated the observation of normal
tissue morphology as well as the infiltration of immune cells.
For IHC, sections were incubated with anti-mouse Ly6G
primary antibody (GB11229, 1:300, rabbit, Servicebio, China),
then stained with fluorescently labeled secondary antibodies
(anti-rabbit FITC, GB22403, 1:200, Servicebio, China) and
4’ 6-diamidino-2-phenylindole (DAPI, G1012, Servicebio,
China) for nuclear staining. Fiji Imaged (NIH, USA) software
was used for analysis of inflammatory cell area and positive
cell counts in IHC staining.

Statistical analysis

Data are presented as meanzstandard error of the mean
(SEM), unless stated otherwise. The term ‘n’ denotes the
number of animals per test group, with age and sex also
noted. Randomly selected littermates were utilized for all
experiments. Statistical analyses were conducted using
GraphPad Prism v.8.4.3 (GraphPad, USA). P-values were
derived from a two-tailed unpaired t-test. Lifespan data were
analyzed using Kaplan-Meier survival curves, with P-values
calculated using the log-rank test. All relevant P-values are
depicted in the figures.

RESULTS

Establishment of Myotis bat STING knock-in mice
To elucidate the role of STING in the extended healthspan
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observed in bats, we engineered knock-in mice harboring the
Myotis davidii STING gene (MdSTING), which notably
dampens interferon activation in response to viral or cGAMP
stimulation (Xie etal., 2018). Employing CRISPR-Cas9
technology (Ma et al., 2018), we introduced the Myotis davidii
STING gene into exon 3 of the mouse Sting gene in C57BL/6J
WT mice (Figure 1A; Supplementary Figure S1). Homozygous
MASTING™ mice were generated through heterozygous
breeding, and the correct insertion of the MdSTING gene was
confirmed via genomic DNA sequencing or PCR analysis
(Figure 1B; Supplementary Figure S1A and Data S1). We also
detected STING protein expression in the mice, which
matched the size of the exogenously transfected STING
protein (Figure 1C). Notably, the molecular weight of
MASTING was naturally higher than that of human or mouse
STING, likely due to differences in post-translational
modifications such as glycosylation, as MdSTING contains
more O-glycosylation sites compared to that of mice and
humans (Supplementary Figure S1B). The expression pattern
of the MdSTING gene across various mouse organs was also
verified, revealing no discernible differences compared to WT
mice (Figure 1D). Furthermore, to validate the functionality of
bat STING, we stimulated splenocytes from WT and bat
STING knock-in mice with cGAMP. The data revealed that bat
STING knock-in mice exhibited a dampened type | interferon
response (Figure 1E), consistent with our previous study (Xie
et al.,, 2018). Collectively, the Myotis davidii STING gene was
successfully inserted into the mouse genome, demonstrating a
correct size, similar expression pattern, and reduced interferon
activation, comparable to the exogenously transfected Myotis
STING protein in WT mice.

Longitudinal comparative transcriptomic analysis reveals
reduced aging-related inflammation responses in bat
STING knock-in mice

To explore whether MdSTING attenuates aging-related
inflammation and further improves the healthspan in mice, we
conducted a longitudinal comparative study involving both WT
and MdSTING mice. The cohort, comprising an equal number
of male and female mice, underwent continuous lifespan and
body weight monitoring. Additionally, blood samples were
collected from each mouse via retro-orbital bleeding at 0, 3, 6,
9, 12, 15, 18, 24, and 29 months of age for subsequent
transcriptomic analysis (Figure 2A). The monitoring period
spanned 37 months in total. Results revealed that both WT
and bat STING knock-in mice maintained similar body weights
throughout their lifespan (Supplementary Figure S2). Although
not statistically significant, female MdSTING mice
demonstrated a trend toward extended median lifespan
compared to control mice, a pattern not observed in male mice
(Supplementary Figure S2). However, this observation of
prolonged lifespan was based on a relatively small cohort size,
and future studies are needed, including more animals of both
sexes, for more robust conclusions.

Given the possible extended median lifespan observed in
female MdSTING mice, we further explored whether this gene
contributed to an overall improvement in health status. Based
on longitudinal comparative transcriptomic analysis of mouse
blood during the aging process, we identified consistent
patterns of gene regulation, both up-regulation and down-
regulation, in aged mice (after 12 months) compared to their
younger counterparts. Notably, female MdSTING mice
exhibited a marked alleviation in aging-related genes and

pathways compared to WT female mice (Figure 2). These
findings were not observed in male mice (Supplementary
Figure S3). These results suggest that the introduction of
MASTING may play a potential role in mitigating aging-related
inflammation responses, contributing to the overall enhanced
health status in these mice.

To determine the molecular pathways underlying the
observed differences between aged MdSTING and WT mice,
we conducted GSEA on DEGs (Subramanian et al., 2005).
Notably, pathways associated with neutrophil and TNF
activation exhibited time-dependent lower expression in the
aged MdSTING mice (Figure 2B), indicating a potential role in
STING-dependent aging-related inflammation (Victorelli et al.,
2023). Additionally, enrichment of epidermal cell differentiation
was also identified, likely due to regular retro-orbital bleeding
damage. Further analysis revealed 4 864 pathways displaying
consistent differences across all time points. Pathways linked
to neutrophil activation, degranulation, and leukocyte
inflammatory response were significantly down-regulated in
aged MASTING mice compared to WT mice (Figure 2C, D).
Conversely, pathways associated with the cell cycle were
significantly up-regulated in aged MdSTING mice (Figure 2E).
Given that cell cycle arrest is a hallmark of aging (Cai et al.,
2022), our findings suggest that the blood transcriptome of
aged MdSTING mice may exhibit characteristics akin to those
of younger mice.

To further elucidate the implications of differential genes
and pathways, we analyzed the inferred proportions of
neutrophils, monocytes, and macrophages in both WT and
MdSTING mice at each time point (Figure 2F, G). Results
indicated that MASTING mice exhibited lower overall levels of
inflammatory myeloid cells, including neutrophils, monocytes,
and macrophages, compared to WT mice (Figure 2F, G).
Additionally, we examined the expression differences of a
panel of inflammation-related genes in the blood transcripts
between aged MdSTING and WT mice. Notably, genes such
as Lcn2 (neutrophil cytokine signaling), Ngp (neutrophilic
granule protein), Cxcr2 (neutrophil, mononuclear macrophage
chemokine receptor), Ifngr1 (interferon gamma receptor),
Nifam1 (monocyte pro-inflammatory responses), Tnfaip3
(ameliorates degeneration of inflammatory response), lI1b
(major inflammatory cytokine), /I7r (T cell activation-related
receptor), and //17ra (1117 receptor, related to Th17 response)
were significantly lower in aged MdSTING female mice at
various time points during the aging process (Supplementary
Figure S4), but this pattern was not observed in aged male
mice (Supplementary Figure S3). Collectively, these data
suggest that female MdSTING mice exhibit alleviated aging-
related inflammation.

Bat STING reduces pro-inflammatory cytokines and
chemokines in vivo

Our data suggest that MdSTING mice exhibit improvement in
the blood profiles of aging-associated secretory cytokines
(SASP) during the aging process. To validate these findings in
vivo, we selected two groups of mice —young (1.5 months)
and aged (13 months)—for both the WT and MdSTING strains
for further comparison. The 13 months group was specifically
chosen because it exhibited the most substantial differences
in healthspan according to our previous results. We then
dissected the mice and compared the expression levels of
various SASP cytokines and the recruitment of pro-
inflammatory white blood cells across different mouse organs
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Figure 2 Longitudinal comparative blood transcriptomic analysis reveals lower aging-related inflammation in bat STING knock-in female

mice

A: Schematic of longitudinal monitoring and blood testing. B: GSEA plots showing trend of significantly changed pathway in aged MdSTING female
mice during aging (upper, down-regulated; lower, up-regulated). C: Number of common or unique pathways at each time point. m: months. D: Top
five pathways down-regulated at all time points in MdSTING female mice compared to WT female mice. E: Top five pathways up-regulated at all
time points in MdSTING female mice compared to WT female mice. F, G: Neutrophil (F) and monocyte/macrophage (G) fractions in WT female
mice or MASTING female mice, compared by ImmuCellAl, at each time point. Change trends are shown on right. Male mouse data are shown in

Supplementary Figure S3.
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Figure 4 Bat STING reduces aging-related immunopathology

A: Immunopathological analysis of liver tissues from 1.5- and 13-month-old WT and MdSTING female mice. H&E staining (40%) showed infiltration
of inflammatory cells (black arrow) and Kupffer cells (yellow arrow) in each mouse group. Scale bars: 20 ym. B: Quantification of inflammatory cell
infiltration area (n=4 for each group). C: Immunostaining of Ly6G, representing infiltration of neutrophils. D: Quantification of Ly6G-positive cells
(n=4 for each group). E: mRNA expression levels of Mpo, Cd11b, Cxcr2, and Cxcr4 genes, representing activation of neutrophils (n=4 for each
group). Data are mean+SEM. P-values were obtained using two-tailed unpaired t-test, ns: Not significant; : P<0.05; : P<0.01; ™": P<0.001; ™":
P<0.0001.

(Figures 3, 4; Supplementary Figure S5).

Given the marked down-regulation of the TNF pathway in
MASTING female mice, we initially measured Tnf-a mRNA
expression in aged female mice and serum cytokine levels
across different mouse groups. Consistent with our gene

expression results, both Tnf-a and IL-1B proteins were up-
regulated during the aging process in WT female mice but not
in MdSTING female mice (Figure 3A, B). We then assessed a
panel of SASP-related cytokines and chemokines in various
organs, including the liver, kidney, heart, spleen, intestine,
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lung, blood, and muscle. As observed in previous aging-
related mouse models (Zhang etal., 2023), the liver and
kidney exhibited the most pronounced phenotypic differences
(Figure 3C, D; Supplementary Figure S5). Compared to young
mice, aged WT mice displayed a substantial increase in
SASP-related cytokines (Tnf, lI1b, and //17 in the liver and Tnf,
II1b, and 1I6 in the kidney) and SASP-related chemokines
(Cxcl9, Cxcl10, and Ccl2 in the liver and Cxcl10, Ccl2, and
Mmp12 in the kidney). In contrast, most of these genes either
exhibited lower expression or showed no age-dependent up-
regulation in MdSTING mice. Additionally, one or more SASP-
related genes (Birch & Gil, 2020) were up-regulated in aged
WT mice but not in MdSTING mice in other organs
(Supplementary Figure S5A-F). These findings suggest that
aging increases the expression of inflammatory genes, and
STING plays a regulatory role during this process, with
dampened MdSTING resulting in reduced aging-related
proinflammatory cytokines.

Bat STING reduces aging-related immunopathology in
mice

Subsequently, we assessed physiological changes during the
aging process, specifically immunopathological analysis of the
liver, a site showing significant SASP-related cytokine
differences between the WT and MdSTING mice. The liver is
susceptible to various degenerative changes, including
increased inflammation and fibrosis, diminished regenerative
capacity, and reduced repair ability after injury, leading to the
development of related diseases during aging (Hoare et al.,
2010; Zhang et al., 2023). Here, we compared 13-month-old
MdSTING and WT mice, given that mice started to show
aging-related inflammation at this time point. Results showed
that mild fatty lesions were observed in the aged livers (13
months) of all groups. Notably, significant foci of inflammatory
cell infiltration, particularly in the Kupffer cells, were observed
in the aged WT mice but not in the MdSTING mice (Figure 4A,
B). These findings suggest that MdSTING mice exhibit
reduced aging-related immunopathology compared to their
WT counterparts.

Additionally, we observed a significant influx of neutrophils
exclusively in aged WT mice (Figure 4C, D), aligning with our
prior observation of low neutrophil activation in MdSTING
mice. To further identify indicators of liver neutrophil activation,
we examined the expression of immune cell markers and
cytokine receptors through gPCR. Results revealed a notably
higher expression of Cd71b myeloid cell markers and
neutrophil activation-related indicators, such as Mpo, Cxcr2,
and Cxcr4, in aged WT mice compared to MdSTING mice
(Figure 4E). These findings, coupled with limited pathological
changes, reduced immune cell recruitment, and mitigated
inflammation during aging in MdSTING mice, underscore the
crucial role of bat STING in enhancing healthspan in mice.

DISCUSSION

To the best of our knowledge, this study represents the first in
vivo exploration of the potential mechanisms underlying the
exceptional longevity observed in bats. Through the utilization
of a knock-in mouse model, our results showed that Myotis bat
STING attenuated aging-related pro-inflammatory cytokines
and chemokines and inhibited the recruitment of pro-
inflammatory immune cells in a sex-dependent manner in
mice. These findings were supported by both longitudinal
comparative  transcriptomic analysis and subsequent

experimental validation. Building upon our previous
identification of a dampened STING-interferon response (Xie
etal.,, 2018), our results suggest that STING may play an
important role in the extended lifespan of bats.

Aging in humans is a risk factor for many chronic diseases,
such as cancer (Cai etal., 2022). Beyond research into
human aging, there is increasing interest in exploring longevity
in animals to unravel potential anti-aging mechanisms
(Stenvinkel & Shiels, 2019; Tian etal.,, 2017; Zhao etal.,
2021). Two mammals that have recently gained significant
attention are naked-mole rats and bats, noted for their
extended lifespans relative to similarly sized mammals (Baid
et al.,, 2024; Gorbunova et al., 2020; Huang et al., 2019; Oka
et al.,, 2023; Zhang et al., 2023). However, a major challenge
in studying these animals is the lack of in vivo animal models
and appropriate reagents. Recent research has shown that
overexpressing high-molar-mass hyaluronic acid (HMM-HA)
from the naked-mole rat significantly enhances healthspan in
mice, providing valuable insights through the use of transgenic
mice as a tool for studying non-model animals (Zhang et al.,
2023). Similarly, while studies suggest that bats may possess
unique aging-related pathways, the lack of in vivo data has
hindered the validation of these conclusions (Huang et al.,
2019; Irving et al., 2021; Li et al., 2023). In this context, our
data hold important implications, showing that bat genes can
mitigate aging-related inflammatory responses and potentially
extend healthspan in mice. These findings highlight the utility
of genetically modified mice as an in vivo model for
investigating the anti-aging mechanisms of bats. The success
of this model paves the way for further exploration of bat
genes involved in DNA damage repair (e.g., P53, ATM, and
SETX) (Zhao et al., 2023), which exhibit positive selection and
are believed to play a role in bat longevity (Zhang et al., 2013).

Our study revealed that reduced STING functionality
contributes to anti-aging effects. During the human aging
process, senescence and SASP are pivotal and largely
depend on the cGAS-STING pathway, which recognizes
fragmented nuclear or mitochondrial DNA (Gulen et al., 2023;
Hu & Shu, 2023; Victorelli et al., 2023). These aging-related
danger signals contribute to a low-level pro-inflammatory
state, eventually leading to chronic organ aging (Cai et al.,
2022). Consequently, STING has emerged as an intriguing
target for interventions aimed at addressing aging-related
diseases (Huang et al., 2023; Pan et al., 2023; Zhang et al.,
2022; Zhao et al., 2023). Previous research has shown that
blockade of STING using the small molecule H-151
suppresses the inflammatory phenotypes of senescent human
cells and tissues and attenuates aging-related inflammation in
multiple peripheral organs and the brain in mice (Gulen et al.,
2023). In comparison, bat STING, while naturally dampened,
retains functionality (Xie et al., 2018). Our data demonstrate a
similar effect, with reduced cytokine release and immune cell
recruitment akin to the effects observed with H-151 or HMM-
HA in mice (Gulen etal., 2023; Zhang etal.,, 2023). This
suggests that bat STING could be a promising target for anti-
aging studies, offering potential avenues for further research
and therapeutic development.

Our study has several limitations, suggesting areas for
improvement in future research. First, although our in vitro
data showed attenuated aging-related inflammation in Myotis
STING knock-in mice, we failed to observe a significant
improvement in healthspan. Thus, further investigation into
aging-related immunopathology in both male and female
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Myotis STING knock-in mice should be performed to clarify
sex-specific effects on aging (Xiao et al.,, 2024), especially
given our findings of attenuated aging-related inflammation in
MASTING female mice. This discrepancy may be due to the
relatively small cohort size of mice compared to other aging
cohorts, with the number of mice used simply insufficient for a
lifespan study. Consequently, the results of this study should
be considered preliminary. A more robust aging study with an
appropriate number of animals is required to derive definitive
aging results in future work. Second, while our data suggest a
significant role for STING in bats, the precise mechanisms by
which STING modulates aging-related inflammation in our
model remains to be elucidated. The dampened interferon and
inflammation pathways mediated by bat STING protein may
play a role, but other signaling pathways may also be
involved, especially considering the complexity of the aging
process (Benayoun et al., 2015; Lopez-Otin et al., 2023; Zhao
etal., 2023). Validating the role of bat STING using bat
models remains a critical step. Given the challenges
associated with establishing bat colonies, conducting cell
senescence studies using bat pluripotent stem cells or bat
organoids (Déjosez et al., 2023) may be a viable alternative in
future research. Third, there is potential to develop small
molecules that dampen, rather than completely inhibit, the
functionality of human STING (Pan etal., 2023; Zou et al.,
2023), mimicking the natural dampening observed in bats.
Additionally, exploring whether bat STING confers mice with
resistance to viral-induced inflammation would be interesting.
Such studies may shed light on the unique coexistence
between bats and viruses, providing valuable insights into the
complex relationship between the bat immune system and
viral infections.

In summary, utilizing an in vivo model for studying bat anti-
aging mechanisms, this study provides preliminary evidence
demonstrating that Myotis bat STING reduces aging-related
pro-inflammatory responses and pathology, possibly
improving healthspan in mice. These findings underscore the
potential of bat STING as a promising target for anti-aging
studies and offer insights into the mechanisms that could be
harnessed for improving healthspan in mammals.
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