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Abstract

Macrophage senescence drives inflammaging, a chronic, age-related inflammation. To date, the protective
mechanisms against inflammaging are poorly defined. Here, we identify DNA-PK-mediated
phosphorylation of murine STATG6 at serine 807 (Ser807) as a crucial post-translational modification for
preventing macrophage senescence. Ser807 phosphorylation blocks STAT6 ubiquitination-mediated
degradation and promotes STAT6 partnering with PU.1 to activate DNA repair genes. Macrophages
lacking Ser807 phosphorylation exhibit DNA repair defects, undergo senescence, and fuel inflammaging.
In vivo, the phosphor-null STAT6 mutant (STAT6(S807A)) accelerates macrophage senescence, tissue
fibrosis, and systemic aging. Adoptive transfer of phosphomimetic STAT6(S807E)-expressing
macrophages rescues accelerated aging. Importantly, phosphorylation of human STAT6 at the
homologous residue (Ser817) is significantly reduced in the lungs of patients with chronic obstructive
pulmonary disease (COPD), correlating with increased DNA damage and senescence. Thus, our findings
reveal a DNA-PK-STAT6 axis enacting a non-canonical type 2 immunity via DNA repair to prevent

macrophage senescence, presenting a therapeutic target for healthy aging.



Introduction

The immune system serves as a critical gatekeeper of organismal health, detecting and
counteracting diverse stresses, including infection and endogenous perturbations® 2. However, aging
drives deterioration of immune surveillance, fostering chronic inflammation (“inflammaging") that
accelerates aging and age-related pathologies®* > 6 78 Central to this process are senescent immune cells,
which secrete pro-inflammatory cytokines and matrix-remodeling factors—collectively termed the
senescence-associated secretory phenotype (SASP)—thereby disrupting tissue homeostasis® 1°. Critically,
as one of the most potent immune cells, macrophages serve as a primary inflammatory mediator in
numerous contexts, particularly in aging. Notably, inflammatory macrophages are implicated in a wide
range of age-related diseases and are key drivers of inflammaging. This central role positions macrophage

dysfunction at the nexus of age-related functional declinet? 121314,

Macrophage functional diversity arises from integration of extracellular signals, including
cytokines, pathogens and tissue environment®® 6, Canonical type 2 immunity, driven by IL-4/1L-13 and
STATG6-dependent alternative activation, exemplifies this plasticity!’. Beyond its established role, STAT6
also counteracts inflammation-related transcription!® 1° and mediates STING-TBK1-triggered antiviral
responses?’. Notably, we recently identified a pivotal role for STAT6 in mitigating aging through the
regulation of DNA repair genes, such as Brcal and Ube2t!3, While STAT6 functions are stimulus-

dependent, the signals driving its non-canonical, senescence-protective activation remain undefined.

Persistent DNA damage and dysregulated DNA damage response (DDR) pathways are hallmarks
of aging and senescence® 2!, DDR kinases—DNA-dependent protein kinase (DNA-PK), ataxia-

telangiectasia mutated (ATM) and ATM- and Rad3-related (ATR)—orchestrate distinct DNA repair



programs?2, Intriguingly, DNA-PK also senses self- and viral DNA, bridging DDR to immune and
inflammatory responses®® 2425, Despite these links, whether DNA damage and DDR contribute to STAT6

non-canonical functions is unknown.

In this study, we identify a DNA-PK-dependent phosphorylation of STATG6 that establishes a non-
canonical, senescence-protective function in macrophages. This modification stabilizes STAT6, enabling
a transcriptional partnership with PU.1 to enhance DNA repair and prevent inflammaging. Importantly,
this phosphorylation is significantly reduced in lungs from chronic obstructive pulmonary disease (COPD)
patients, correlating with heightened DNA damage and senescence markers. Our findings reveal a direct
molecular link between DNA damage sensing and immune cell senescence, presenting a target for

interventions against inflammaging and age-related diseases.

Results

DNA damage enhances STATG6 activation via DNA-PK

To explore non-canonical roles for STAT6 in macrophage senescence, we first assessed whether
DDR activation coincided with STAT6 signaling. Treatment with the DNA-damaging chemotherapy
agent etoposide (Eto) and IL-4 synergistically enhanced phosphorylation of Tyr641—a residue essential
for STAT6 dimerization and canonical activation—in murine thioglycolate-elicited peritoneal
macrophages (Thio-PM) (Fig. 1A, B and Supplementary Fig. 1A). Similarly, irradiation or oxidative
stress potentiated STATG6 activation (Supplementary Fig. 1B, C), and luciferase reporter assays confirmed

elevated STAT6 transcriptional activity in HEK 293T cells (Supplementary Fig. 1D).



We next investigated the mechanism underlying DNA damage-induced STATG6 activation. As DNA
damage did not engage JAK1 (Supplementary Fig. 1E), the canonical upstream kinase?®, we next explored
whether DNA damage activates via the cGAS-STING pathway?’. While the STING-TBK1 axis was
reported to promote Tyr641 phosphorylation of STAT6 in an antiviral immune response?’, genetic
ablation or pharmacological inhibition of STING failed to abrogate STAT6 activation by DNA damage
(Supplementary Fig. 1F, G). We therefore focused on DDR kinases (ATM, ATR, DNA-PK, and their
effector CHKSs)?. Inhibition of DNA-PK with NU7026 attenuated DNA damage-induced STAT6
phosphorylation and impaired DNA repair in Thio-PMs. In contrast, inhibitors targeting other kinases,
such as KU55933 (ATM), Berzosertib (ATR), and AZD7762 (CHK1/2), showed no significant effect
(Fig. 1C and Supplementary Fig. 1H). CRISPR/Cas9-mediated knockout of Prkdc (encoding DNA-PK)
prevented STAT6 activation, whereas loss of other DDR kinases had no effect (Fig. 1D). DNA-PK
inhibition also suppressed STATG6 transcriptional activity in RAW 264.7 cells (Fig. 1E). Analogous results
were observed in primary mouse embryonic fibroblasts (MEF) (Supplementary Fig. 11). These data

collectively demonstrate that DNA damage enhances STATG6 activation in a DNA-PK-dependent manner.

DNA-PK directly phosphorylates murine STAT6 at Ser807

Given the specific requirement for DNA-PK (but not downstream CHKSs) in DNA damage-induced
STATG6 Tyr641 phosphorylation (Fig. 1D) and the known activation of DNA-PK Kkinase activity by DNA
damage?®, we hypothesized that DNA-PK directly phosphorylates STAT6. TurbolD-based proximity
labeling confirmed a DNA damage-dependent interaction between DNA-PK and STAT6 in RAW 264.7
cells, which was absent for ATM or ATR (Fig. 2A). This interaction was further validated in situ by

proximity ligation assay upon etoposide treatment in Thio-PMs (Fig. 2B, C and Supplementary Fig. 2A).



Mass spectrometry identified STAT6 residues phosphorylated by DNA-PK, four of which were also
predicted by GPS5.0% (Supplementary Fig. 2B and Supplementary Data 1, 2). Three of the four residues
are evolutionarily conserved across species (Fig. 2D and Supplementary Fig. 2C). Among them, only
mutations at Ser807 (phospho-null S807A or phosphomimetic S807E) altered STAT6 Tyr641
phosphorylation in RAW 264.7 cells (Fig. 2E and Supplementary Fig. 2D). Crucially, the STAT6(S807E)
mutant rescued DNA damage-induced STAT6 activation in DNA-PK-deficient Thio-PMs (Fig. 2F) and
enhanced STATG6 transcriptional activity in RAW 264.7 cells (Fig. 2G), indicating that Ser807
phosphorylation is functionally critical.

To directly monitor Ser807 phosphorylation, we generated a phospho-specific antibody
(Supplementary Fig. 2E). As expected, DNA-PK inhibition or genetic loss (Prkdc, Ku70, or Ku80)
abolished Ser807 phosphorylation in Thio-PMs (Fig. 2H-J, and Supplementary Fig. 2F). Notably, this
modification was independent of canonical STAT6 signaling, as IL-4—induced Tyr641 phosphorylation
(or its inhibition) under Eto treatment did not affect Ser807 phosphorylation (Fig. 2K). Moreover, DNA
damage robustly induced Ser807 phosphorylation even ina STAT6 Y641F mutant (Fig. 2L), confirming
its independence from Tyr641 modification. Consistent with STAT6-DNA-PK interactions occurring
primarily in the cytoplasm (Fig. 2B and Supplementary Fig. 2G), pharmacological inhibition of EPAC
(mediating DNA-PK nuclear export®®) reduced Ser807 phosphorylation (Supplementary Fig. 2H, 1).
Collectively, these data establish that DNA-PK directly phosphorylates STAT6 at Ser807 to drive its

activation in response to DNA damage.



Phosphorylation at Ser807 stabilizes STAT6 by impeding ubiquitin-mediated degradation

Since STAT6 activation is modulated by both kinase signaling and negative regulators (e.g.,
dephosphorylation, degradation; see Fig. 3A), we investigated how Ser807 phosphorylation enhances
Tyr641 phosphorylation. Ser807 phosphorylation did not alter STAT6’s association with JAK1 or IL-
4Ra, nor did DNA damage regulate JAK1 activity (Supplementary Fig. 1E, 3A), excluding upstream
kinase involvement. Strikingly, the phosphomimetic STAT6(S807E) mutant exhibited prolonged Tyr641
phosphorylation after extended IL-4 stimulation (4h vs. 30 min; Fig. 3B, C) and an extended half-life (Fig.
3D, E), indicating Ser807 phosphorylation stabilizes STAT6.

Mechanistically, Ser807 phosphorylation reduced proteasomal (but not lysosomal) degradation of
STATG6 (Fig. 3F and Supplementary Fig. 3B). DNA damage diminished K48-linked ubiquitination of
STAT6 in a DNA-PK-dependent manner (Fig. 3G), and the S807E mutant displayed reduced
ubiquitination versus wild-type (WT) STAT6 (Supplementary Fig. 3C). Relative to WT STAT6, S807E
impaired STAT6’s interaction with RING finger protein 128 (RNF128), an E3-ligase for Tyr641-
phosphorylated STAT6% (Fig. 3H-J). However, Ser807 phosphorylation did not affect STAT6’s
interaction with Cbl proto-oncogene B (CBL-B), another STAT6-associated E3-ligase®?, whose
expression was less than RNF128 in macrophages (Supplementary Fig. 3D, E). When combining
prediction by GPS-Uber and analysis of qPTM database®* 34, we identified six potential RNF128-
catalyzed ubiquitination residues including Lys228, Lys319, Lys366, Lys450, Lys595 and Lys636
(Supplementary Fig. 3F). Of those, we used mutagenesis assays to identify that RNF128 ubiquitinated
STATG6 at Lys319 and Lys595 (Fig. 3K and Supplementary Fig. 3G). Lys450 of STAT6 was ubiquitinated
by TRAF3%, which did not affect STAT6 stabilization after IL-4 stimulation (Supplementary Fig. 3H).

We next determined that the K319R, but not the K595R mutant, was resistant to RNF128-mediated



STATG6 degradation (Fig. 3L). Consistently, the K319R mutant rescued the instability of the non-
phosphorylatable S807A mutant (Fig. 3M). These data indicate that Ser807 phosphorylation of STAT6
inhibits its interaction with RNF128, thereby suppressing RNF128-catalyzed K319 ubiquitination and
proteasomal degradation.

In parallel, we assessed phosphatases (SHP1, PTPN1, PTPN2) reported to dephosphorylate
STAT6-Tyr641 and inactivate it® 3" 38, S807E reduced STAT6’s interaction with PTPN1 but not
SHP1/PTPN2 (Fig. 3N, O, and Supplementary Fig. 3l, J). However, PTPNL1 inhibition only modestly
enhanced Tyr641 phosphorylation in S807E (Fig. 3P). Collectively, these data demonstrate that Ser807
phosphorylation primarily enhances STAT6 activation by counteracting RNF128-dependent ubiquitin-

proteasome degradation.

Ser807 phosphorylation of STAT6 orchestrates DNA repair in macrophages via PU.1 synergy

Given STAT6’s established role in DNA repair™® and our discovery that DNA-PK phosphorylates
STATG at Ser807 during DNA damage, we hypothesized that Ser807 phosphorylation regulates DNA
repair. To test potential roles of Ser807-phosphorylation-mediated STAT6 activation in vivo, we
generated Stat658%7 and Stat658°’E knock-in mice by CRISPR/Cas9 technology (Supplementary Fig. 3N—
P). Above all, molecular activities of phosphomimetic S807E were consistent in primary macrophages
from these knock-in mice (Supplementary Fig. 3Q, R). Next, RNA-seq of Thio-PMs revealed distinct
transcriptomes across  Stat6"V"WT, Stat6S807AS807A gnd Stat6SeO7E/SEE  genotypes  (Fig. 4A  and
Supplementary Fig. 4A). Gene Set Enrichment Analysis (GSEA) showed enhanced "DNA Repair" gene
signatures in Stat6S8"E/S87E macrophages, while inflammatory and senescence pathways dominated

in Stat6S807AS807A ce||s (Fig. 4B). Both homologous recombination (HR) and nonhomologous end joining



(NHEJ) repair pathways were potentiated in Stat6S8°"&/S87E macrophages, confirmed by DNA repair
reporter assays (Supplementary Fig. 4A-D). Consistently, Stat652’%- macrophages exhibited accelerated
DNA repair and reduced YH2AX foci—effects abrogated by blocking Tyr641 phosphorylation (Fig. 4C,
D and Supplementary Fig. 4E-G). Mechanistically, Ser807 phosphorylation enabled STAT6 to bind to
the loci of DNA repair genes (such as Brcal and Ube2t) and transactivate them (Fig. 4E and
Supplementary Fig. 4H).

Although Ser807 phosphorylation occurred in MEFs, Brcal/Ube2t induction was minimal
(Supplementary Fig. 4l), suggesting macrophage-specific cofactors. Integrating transcriptomics with
transcription factor (TF) prediction of Brcal and Ube2t by AnimalTFDB®, we identified three TFs may
serve as cofactors: PU.1, TAL1 and SPI-C (Fig. 4F). Among these, PU.1 emerged as a key focus due to
its established role as a master regulator of macrophage homeostasis*’. Reanalysis of a public single-cell
sequencing dataset*! revealed that Spil (encoding PU.1) was uniquely highly expressed in macrophages
(with minimal Spil expression detected in some B cells), but not in other cell types (Supplementary Fig.
4], K). Co-IP and proximity assays revealed direct STAT6-PU.1 binding, strengthened by Ser807
phosphorylation (Fig. 4G, H and Supplementary Fig. 4L). PU.1 recruitment to Brcal/Ube2t loci was
enhanced by phosphomimetic STAT6 and diminished by non-phosphorylatable STAT6 (Fig. 41 and
Supplementary Fig. 4M). Critically, PU.1 inhibition abolished STAT6-driven DNA repair gene
expression and functional repair, while its expression enhanced their transcription (Fig. 4J, K and
Supplementary Fig. 4N). Strikingly, ectopic PU.1 expression enabled the phosphomimetic STAT6(S807E)
mutant to induce transcription of DNA repair genes in MEFs (Supplementary Fig. 40). These data
indicate that Ser807-phosphorylated STAT6 cooperates with PU.1 to drive macrophage-specific DNA

repair programs.



In addition, higher Chil3 expression in Stat6S87¥/S87E Thjo-PMs might indicate its STAT6-
mediated polarization (Supplementary Fig. 4A). From experimental results, we found no changes during
M1-polarization among them (Supplementary Fig. 5A). Although some M2-polarization associated genes
were upregulated in Stat6S87E/S807E Thio-PMs, efficient polarization was induced in Stat6Se07A/S807A Thig-
PMs, similar to wild-type (Supplementary Fig. 5B), suggesting minimal effect of Ser807 phosphorylation
on macrophage polarization.

Ser807 phosphorylation of STAT6 suppresses macrophage senescence and preserves
immunosurveillance

Given the established link between DNA repair and senescence resistance?, we hypothesized that
Ser807 phosphorylation  protects macrophages from senescence. Indeed, macrophages
from Stat658°"4- knock-in mice exhibited profound senescence hallmarks upon DNA damage, including
elevated expression of senescence markers and SASP factors as well as anti-apoptosis genes, decreased
LaminB1 protein, abundant ROS, reduced proliferative capacity (fewer Ki-67/EdU™ cells), increased SA-
B-Gal activity and lipofuscin accumulation (Fig. 5A-G, and Supplementary Fig. 5C-G). To isolate cell-
intrinsic effects, we co-transferred equal numbers of Stat6"W™™WT, Stat6S87ASE7A ~ gnd StatGSeO7E/SE0TE
resident peritoneal macrophages (Res-PM) into recipient mice (Fig. 5H). After 14
days, Stat6Se07A'S87A Res-PMs were significantly decreased, confirming their senescence susceptibility in
vivo (Fig. 5l and  Supplementary  Fig. 5H). We next assessed  functional
consequences. Stat6S87AS87A Thio-PMs showed impaired phagocytosis in vitro (Supplementary Fig. 51—
L) and defective clearance of both bacteria and senescent cells in vivo (Fig. 5J, K). Collectively, these
data demonstrate that Ser807 phosphorylation preserves macrophage homeostasis by preventing

senescence and maintaining immunosurveillance competence.



Loss of Ser807 phosphorylation induces tissue senescence and impairs mouse healthspan

Based on the established links between DNA damage, inflammation, and aging®, we investigated
the role of STAT6 Ser807 phosphorylation in organismal aging. Compared with StatGS807E/S807E
mice, Stat6S807A/S807A gnes exhibited profound aging phenotypes including impaired motor coordination
(rotarod, hanging tests), reduced endurance (treadmill), cognitive decline (Y-maze working memory), and
decreased bone density (Fig. 6A—E). On molecular level, loss of Ser807 phosphorylation was associated
with robust expression of senescence markers and SASP in epididymal white adipose tissue (eWAT),
liver and lung from Stat6S807AS807A mice (Fig. 6F, G and Supplementary Fig. 6A), and enhanced SA-B Gal
activity was present in eWAT (Fig. 6H), indicating that loss of Ser807 phosphorylation accelerates aging.
Through cell separation, macrophages (F4/80+ cells) were found as major senescence contributor in these
tissues (Supplementary Fig. 6B—F). Besides, we also found similar aging phenotypes in female mice
(Supplementary Fig. 6G-L).

To assess therapeutic potential, we transferred bone-marrow derived macrophages (BMDM) into
accelerated-aging Stat6”;Lyz2¢"® mice'® (Supplementary Fig. 7B). We first determined the optimal
number of BMDMs for transfer. In preliminary experiments, transferring 2x10° cells effectively reduced
senescence in eWAT (Supplementary Fig. 7C). Only Stat6""- or Stat658°’®- macrophages rescued motor
function and reduced tissue senescence (Supplementary Fig. 7D-G). Furthermore, we used naturally aged
mice to validate the efficacy of macrophage transfer (Fig. 61). Critically, in naturally aged mice, transfer
of Stat6S8078/5807E BMDMs improved healthspan metrics: body weight, motor function, working memory,
and physical performance (Fig. 6J-N, and Supplementary Fig. 7H). On molecular level, transfer of these
macrophages effectively attenuated age-related organ senescence, as demonstrated by significant

reductions in key senescence markers, including SASP factors and SA-B-Gal activity across organs (Fig.



60-Q, and Supplementary Fig. 71, J). These data establish adoptive transfer of Ser807-phosphorylated

STAT6 macrophages as a potent strategy to counteract aging-associated decline.

Ser807 phosphorylation of STAT6 confers protection against senescence-driven pulmonary fibrosis

Based on the critical role of alveolar macrophages (AM) in lung homeostasis and their susceptibility
to DNA damage-induced dysfunction®?, we assessed the pathophysiological relevance of STAT6 Ser807
phosphorylation. Initially, Ser807 phosphorylation conservatively regulate STAT6 activation and
transcription of DNA repair genes in AMs (Fig. 7A and Supplementary Fig. 3Q). Following bleomycin
challenge (a DNA-damaging agent), AMs from Stat6S8"A/S807A mijce exhibited exacerbated senescence
markers (Fig. 7B-D). Conversely, Stat6S8"E/S8’E mice displayed significantly attenuated pulmonary
fibrosis, and improved survival (Fig. 7E-G). Through immunoblot analysis, we documented that cellular
senescence, collagen deposition and SMAD2/3 activation were greatly reduced in StatGSe07E/S807E
compared with Stat6S807A/S807A mice (Fig. 7H). Importantly, adoptive transfer of Stat6S807&/S807E AMs into
bleomycin-treated mice mitigated fibrosis, as evidenced by suppressed fibrotic marker expression,
restored alveolar architecture, and improved histological scores. Conversely, transfer
of Stat6Se07A/S807A AMs exacerbated pathology (Fig. 7I-L). These data indicate that STAT6 Ser807

phosphorylation preserves AM function to protect against senescence-driven lung fibrosis.

Ser817 phosphorylation of STAT6 is reduced in the lungs of COPD patients

Based on proteogenomic identification of human STAT6 phosphorylation at Ser817* (homologous
to murine Ser807; shown in Supplementary Fig. 2C), we investigated its functional conservation. We first
validated the phospho-specific antibody against human pSTAT6-Ser817 (Supplementary Fig. 8A). We

next demonstrated that DNA-PK directly phosphorylated STAT6-Ser817 upon DNA damage in THP-1-



differentiated macrophages, as well as the primary human monocyte-derived macrophages (nMDM) (Fig.
8A and Supplementary Fig. 8B). Importantly, phosphomimetic STAT6(S817E) enhanced IL-4-induced
Tyr641 phosphorylation (Supplementary Fig. 8C). Functionally, Ser817 phosphorylation promoted DNA
repair, suppressed senescence, and enhanced phagocytosis in human macrophages (Fig. 8C—F and
Supplementary Fig. 8D), confirming its evolutionary conservation.

Analysis of human tissues (GTEX) revealed positive correlations between PRKDC (DNA-PK) and
DNA repair genes (UBE2T, BRCA1) in lung and adipose tissue** (Supplementary Fig. 8E). As a leading
cause of death and disability, COPD is highly associated with aging and environmental stress® %°. In
COPD, we observed an accumulation of senescent macrophages in patient lungs (Fig. 8G—I), a marked
reduction of STAT6-Ser817 phosphorylation (Fig. 8J, K), and strong negative correlations between
pSer817 levels and DNA damage/senescence (Fig. 8L, M). These findings nominate STAT6-Ser817

hypophosphorylation as a biomarker and therapeutic target in COPD pathogenesis.

Discussion

Macrophages are pivotal regulators of tissue homeostasis, and their senescence drives age-related
pathologies® 7 11 13.46. 47 However, the molecular pathways governing macrophage senescence remain
poorly defined. Here, we identify the DNA-PK-STAT6-PU.1 axis as a critical guardian against
macrophage senescence, revealing how DNA damage reprograms STAT6 into a DNA repair effector
(Supplementary Fig. 8F). We demonstrate that DNA-PK-mediated phosphorylation of STAT6 at Ser807

(Ser817 in humans) creates a molecular rheostat: it stabilizes STAT6 by blocking RNF128-dependent



ubiquitination, licenses PU.l-coordinated transcription of DNA repair genes (Bcral, Ube2t), and
ultimately confers a non-canonical type 2 immunity to shield macrophages from senescence. This
pathway’s conservation in humans—and its disruption in COPD—highlights STAT6 phosphorylation as
a druggable nexus linking genomic stress to immune resilience.

While mitochondrial dysfunction and microbiota are reported as important factors in T and B cell
senescence, DNA damage plays a central role in cellular senescence?4® 4°50 yet, how immune cells—
particularly macrophages—orchestrate resistance remained unclear. Our work positions STAT6 as a
molecular integrator of DDR and immune signaling: DNA-PK-mediated Ser807 phosphorylation
converts STAT6 from a canonical cytokine transducer!” into a DNA repair effector. This non-canonical
type 2 immunity pathway diverges fundamentally from IL-4—driven responses, instead leveraging PU.1
collaboration for targeted gene regulation. The mechanistic elegance lies in DNA-PK (a DNA sensor)
directly modifying STAT6 (an immune transducer) to activate repair—a rapid, integrated response to
genotoxic stress. Indeed, our data suggest that DNA damage-induced Ser807 phosphorylation of STAT6
is primarily mediated by DNA-PK rather than other DDR kinases (e.g., ATM, ATR), highlighting its
specificity in this pathway. However, given that DNA-PK can also be activated by self-DNA or viral
DNA fragments in other immunological contexts?® 24 2° it will be important for future studies to explore
whether additional kinases might phosphorylate STATG6 at Ser807 and what functions this modification

may serve outside of the DNA damage response.

Notably, Ser807 phosphorylation represents a novel independent regulatory event, yet its function
in modulating transcription is dependent on Tyr641 phosphorylation, the classical activation switch for
STAT6. Ser807 phosphorylation creates a structural barrier that impedes RNF128 binding, suppressing

K319 ubiquitination and proteasomal degradation. This extends STAT6’s functional half-life, enabling



sustained DNA repair activity after damage—a safeguard against senescence. Beyond stabilizing STATS,
Ser807  phosphorylation  licenses its  partnership with  PU.1.  This macrophage-specific
collaboration explains why STAT6 enhances DNA repair more robustly here than in other cells. PU.1, a
pioneer factor, likely facilitates chromatin access at repair gene loci, while phospho-STATG6 provides
stimulus-dependent recruitment. This model aligns with paradigms of lineage-determining and signal-

dependent transcription factor synergy, here repurposed for senescence prevention.

Macrophages play a role in the immunosurveillance of senescent cells®®, and this phagocytic
function is impaired in aged mice®: 52535455 | oss of Ser807 phosphorylation triggers a vicious cascade:
DNA repair deficiency results in senescence, which in turn impairs phagocytosis.
Stat658°"~~ macrophages exhibited significant reduction in bacterial/senescent cell clearance, mirroring
phagocytic defects in aged macrophages. This collapse in immunosurveillance permits accumulation of
noxious agents and senescent cells, fueling tissue fibrosis and inflammaging. Crucially, adoptive transfer
of Stat6Se"E/S807E macrophages alleviates these deficits, positioning macrophage rejuvenation through
enhanced immunosurveillance as a therapeutic strategy analogous to emerging senolytic CAR-T

approaches®: 5758,

In COPD patients—where aging intersects with environmental stress® >—we observed significant
reductions in STAT6-Ser817 phosphorylation that correlated strongly with DNA damage and senescence
markers. This pathway’s disruption explains the accumulation of senescent macrophages in COPD lungs
and aligns with the disease’s hallmark sterile inflammation®®. This may explain the limited clinical
efficacy of IL4R blockade in COPD®® 5, In this case, IL4R blockade inhibits type 2 inflammation in
pulmonary epithelial cells and smooth muscles to reduce COPD exacerbation. Counterproductively, it

also inhibits macrophage DNA repair, which aggravates macrophage senescence and consequently



impairs senescent cell clearance to increase COPD exacerbation. Importantly, phosphomimetic STAT6 is
sufficient to rescue repair and phagocytosis in human macrophages. This positions STAT6 Ser817
phosphorylation as both a candidate biomarker for pathological aging and a therapeutic target. Future
studies could explore modulating this pathway (e.g., via DNA-PK activators or STAT6 phosphomimetics)
to combat age-related diseases.

In summary, we delineate a linear DNA-PK-STAT6-PU.1 pathway that safeguards macrophage
homeostasis. By reprogramming STAT6 into a damage-responsive stability switch, this pathway
establishes a non-canonical type 2 immunity axis that counteracts senescence across molecular, cellular,
and organismal levels. Its dysregulation in COPD underscores broad relevance; its amenability to
therapeutic augmentation (e.g., phosphomimetic macrophages) offers new avenues to target age-related
disease. While this study provides significant advances, the findings are based on experiments with
limited sample sizes. Future studies should focus on validating these mechanisms in larger-scale

preclinical animal models and exploring relevant genetic variations in large human cohorts.



Methods

Mice

Animal studies followed the protocols approved by the Institutional Animal Care and Use Committee
(IACUC) of Peking University. All mice were housed at temperature (22 £ 1 °C) and humidity (60% +
10%) controlled specific pathogen-free (SPF) environment under 12 h-12 h light-dark cycle, and provided
with a normal diet (Xietong Shengwu, #1010063) and water ad libitum. Age and strain of mice were noted
in the figure legends. Experimental/control animals were bred separately. Cas9'%9*(026179, C57BL/6),
Stat6” (005977, C57BL/6), Sting™ (017537, C57BL/6) and Lyz2C' (004781, C57BL/6) mice were
purchased from The Jackson Laboratories; Stat65897~* and Stat658°7E'* knock-in mice were generated by
Cyagen Biosciences on C57BL/6 background by CRISPR/Cas9-mediated genome editing. Stat6” mice
(TO05778, C57BL/6) were from GemPharmatech, and CD45.1 (C57BL/6, JAX002014) mice from
Laboratory Animal Resource Center of Tsinghua University. Stat6”- mice were crossed with Stat6S807A*
or Stat6%8’E* ones to obtain Stat658%7A- or Stat658%7F- offspring. Isoflurane (RWD, #R510-22) was used

to anesthetize mice. Male mice were used unless otherwise specified.

Human samples

Human lung samples were obtained from smokers with COPD, smokers without COPD and non-smoker
controls, all receiving surgery for solitary lung tumors at Peking University Third Hospital. Lung tissues
at maximum distance from the lesions and without tumor invasion or signs of obstructive pneumonia were
collected by a pathologist. Characteristics of the study subjects are shown in Supplementary Table 1. The
Ethics Committee of Peking University Third Hospital approved the study, and signed informed consent
was obtained from all the study subjects.

Human fresh blood samples were collected from five healthy donors (four males and one female, 18-25
year-old), which were approved by the Ethical Committee on Human Research of Peking University

(IRB00001052-25157), and all donors signed informed consent.

Generation of primary macrophages
Generation of bone marrow-derived macrophages (BMDM) was performed as previously described*®. For

isolation of peritoneal macrophage, 3% thioglycolate sodium medium was intraperitoneally injected into



male 8-12-week-old mice. After 3-day induction, peritoneal cavity was rinsed three times with 3 mL PBS.
Then, precipitation of rinse solution was collected and plated in petri dishes. Macrophages were
subsequently digested with 5 mM EDTA and cultured in DMEM supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin—streptomycin (P/S). For gene overexpression or gRNA-mediated deletion,
cells were infected with AAV (DJ) (MOI: 400,000) for 24 h, then replaced with new medium and cultured
for 48 h. For isolation of alveolar macrophages, bronchoalveolar lavage fluid (BALF) were collected from
anesthetized (isoflurane) mice. The cells of BALF were washed by PBS, then plated in petri dishes with
DMEM supplemented with 10% FBS and 1% P/S. After 2h culture, the cells were washed with PBS, and
the adherent cells were considered as alveolar macrophages for further experiments.

For isolation of tissue F4/80+ macrophages, fresh tissues were cut into pieces and digested by 2 mg/mL
type 1 collagenase, while Liberase for lung, with 10 U/mL DNase I in Hank’s Balanced Salt Solution
(HBSS) for 40 min at 37C. After lysis of red blood cells, the cell suspension was incubated with MACS
anti-F4/80 beads (Miltenyi Biotec, #130-110-443) following the manufacturer’s protocol. Double positive
selected cells by LS column (Miltenyi Biotec, #130-042-401) were used as F4/80+ cells, and others were
used as F4/80- cells.

Generation of primary human monocyte-derived macrophage was performed following previous protocol
with slight modifications®. Briefly, peripheral blood mononuclear cells (PBMC) were isolated from fresh
blood of healthy donors via Ficoll-Paque PLUS Media (GE Healthcare, # 17-1440-02) gradient. After
wash by PBS, purified PBMCs were resuspended by PRMI 1640 (10% FBS, 2 mM L-glutamine and 1%
P/S) and incubated in 37 °C 5% CO2 for 1.5 h. Removing unattached cells, the adherent cells (monocytes)
were differentiated with PRMI 1640 supplemented with 50 ng/mL hM-CSF, 10% FBS, 2 mM L-

glutamine and 1% P/S. After 5-day differentiation, the mature hMDMs were used for further experiments.

Cell culture and treatment

HEK 293T (CRL-3216), RAW 264.7 (TIB-71) and THP-1 (HIB-202) cells were obtained from the
American Type Culture Collection. These cells, except THP-1 in PRMI 1640, were incubated in DMEM
supplemented with 10% FBS and 1% P/S at 37 °C in a humidified 5% CO2 incubator. For differentiation
of human macrophages, THP-1 cells were exposed to 100 ng/mL PMA (Sigma-Aldrich, #P1585) for 3

days. After pooled knock-out of STATG6 via lentivirus (selected by puromycin), THP-1 macrophages were



overexpressed STAT6 mutants via AAV method. For senescence induction, macrophages were treated
with etoposide (5 uM, 12 h, Sigma-Aldrich, #E1383), then incubated in fresh complete culture medium
for 3 days. For DNA repair assay, cells were challenged with 10 uM etoposide for 2h, then incubated in
fresh medium for indicated time as a repair period. IL-4 (20 ng/mL, PeproTech, #214-14), DNA-PK
inhibitor NU7026 (10 uM, Selleck Chemicals, #S2893), ATM inhibitor KU55933 (10 uM, Selleck
Chemicals, #S1092), ATR inhibitor Berzosertib (0.5 uM, Selleck Chemicals, #S7102), CHK1/2 inhibitor
AZD7762 (1 uM, Selleck Chemicals, #51532), STATG6 inhibitor AS1517499 (2 uM, Selleck Chemicals,
#58685), STING inhibitor H151 (1 uM, Selleck Chemicals, #56652), PTP1B inhibitor (2 uM, Santa Cruz,
#sc-222227), PU.1 inhibitor DB2313 (10 nM, MedChem Express, #HY-124629), EPAC inhibitor ESI-09
(10uM, Selleck Chemicals, #57499), hiL-4 (20 ng/mL, PeproTech, #200-04), LPS (100 ng/mL, Sigma-
Aldrich, #L2630), IFNy (20 ng/mL, PeproTech, #315-05) were used. For protein stability assay, cells
were incubated with CHX (50 ug/mL, Sigma-Aldrich, #239763) for indicated time. Proteosome inhibitor
MG132 (10 pg/mL, Selleck Chemicals, #52619) and lysosome inhibitor Lys05 (10 uM, Selleck
Chemicals, #58369) were used. For detection of ROS level, probe DCFH-DA (10 uM, MedChem Express,
#HY-D0940) was used.

Aging-related phenotype analysis

For evaluating physical fitness of mice, rotarod, hanging, treadmill and Y maze tests were performed as
previously reported®®. The details were as follows. For rotarod test, mice were trained on six-lane mouse
rotarod (KEWBASIS, KW-6C) for two days before formal tests. The speed of rotarod started at 6 rpm,
accelerated to 40 rpm within 5 min, maintained 40 rpm for 3 min, then accelerated to 60 rpm within 2
min, and maintained for 3 min. Twice for each mouse (with an interval over 15 min), and the better score
was recorded. For hanging endurance test, mice were allowed to grab the wire with their forelimbs only.
Scores were recorded as hanging maintenance (sec) x body weight (g), then averaged from 3 trials for
each mouse. For treadmill test, mice were acclimatized to a treadmill for three consecutive days before
formal tests. With 5° incline, mice ran at 10 m/min for the first 10 min, then 13 m/min for 5 min, and
followed by increases of 2 m/min every 5 min until exhaustion defined by inability to remain on the
treadmill for >5s. For Y maze exploration test, we performed as previously described®3. Mice could freely

explore three arms of Y maze in 10 min. The orders of arms explored were recorded. A complete



exploration (A-B-C) was considered as a correct selection. Bone density of mice was measured by Dual-

energy X-ray absorptiometry (DXA, GE medical system).

Bleomycin-induced pulmonary fibrosis

For induction of pulmonary fibrosis, 3-month-old mice were anesthetized (isoflurane), then intranasally
administered with 2 mg/kg bleomycin sulfate (Selleck Chemicals, #S1214) dissolved in 0.9% saline.
Alveolar macrophages were collected from bronchoalveolar lavage fluid of mice 7 days after bleomycin
treatment. Lung samples were collected 20 days after bleomycin treatment. For histological analysis, the
collected lung samples were fixed in 4% paraformaldehyde over 24 h, dehydrated, and embedded in
paraffin for sectioning. Paraffin sections (5 um) were stained with hematoxylin and eosin, Masson’s
trichrome (Leagene, #DC0033), or Sirius red (Leagene, #DC0041) according to the manufacturers’
instructions. Images were captured on an OLYMPUS BX51. The fibrosis scores were evaluated following
a previous report®, For survival analysis, death or serious weight loss (30% loss) of mice was recorded
at period of 40 days after bleomycin treatment. The mice with serious weight loss were euthanized by

COz2exposure.

Transfer of macrophages

BMDMs with indicated genotypes were generated. Then, mature BMDMs were digested, resuspended,
calculated, and diluted. To determine the optimal number of macrophages for transfer, we compared
mRNA expression of senescence markers in eWAT from Stat6™";Lyz2¢" mice that received the indicated
BMDMs. For final transfer, about 2x10° BMDMs were transferred to anesthetized (isoflurane) recipient
mice via retro-orbital injection each 5 weeks. The phenotypes of recipient mice were analyzed 5 weeks
after second transfer.

To compare in vivo homeostasis of macrophages in Fig. 5H and 51. Resident PMs were isolated from mice
with indicated genotypes by MACS anti-F4/80 beads (Miltenyi Biotec). These resident PMs were cultured
in medium (5 ng/mL M-CSF, 15% FBS in PRMI-1640), then transfected with marker proteins (mCherry
or GFP) via AAV. 3 days after transfection, labeled cells were recorded labeling efficiency and counted.
Equal number of resident-PMs (three different genotypes) were mixed well. 2x10° mixed resident-PMs

were suspended with PBS, and intraperitoneally injected into one CD45.1 mouse. 14 days after transfer,



the peritoneal cells were collected from recipient mice and more than 8x10° CD45.2+ cells were obtained
and further analyzed by flow cytometry.

For transfer of alveolar macrophages, anesthetized CD45.1+ mice were transferred 1x10° BALF AMs
with indicated genotypes in 100 uL PBS by intratracheal instillation. 2 days after transfer, recipient mice

were challenged with bleomycin to induce pulmonary fibrosis.

TurbolD

TurbolD is performed as previously described®. Briefly, cells expressed with STAT6-Turbo-Flag or
Turbo-Flag were incubated with 50 uM biotin (Sigma-Aldrich, #B4501) for 10 min after Eto treatment.
The labeling was stopped by transferring cells onto ice and washing five times with ice-cold PBS. Then
the cells were lysed by RIPA buffer with protease cocktail inhibitors, and the biotinylated proteins were
enriched by streptavidin magnetic beads (Thermo Fisher, #88816) with rotation at 4 °C overnight. The

biotinylated protein was detected by immunoblot.

Mass spectrometry

To identify potential phosphorylation sites of STAT6, RAW 264.7 cells were overexpressed with STAT6-
HA. 48 hours after transfection, cells were treated with 10 uM etoposide for 2 h, then lysed for
immunoprecipitation using anti-HA beads (Thermo Fisher, #88836). Immunoprecipitates were separated
by SDS-PAGE and then Coomassie blue staining was carried out. Bands of interest were cut from the gel
and then in-gel digestion was performed using sequencing grade-modified trypsin. The peptides (1 sample
in control group and 1 in Eto group) were analyzed by liquid chromatography—tandem mass spectrometry
(LC-MS/MS) with nano-LC combined with Orbitrap Q Exactive mass spectrometer. The MS/MS spectra
from each LC-MS/MS run were searched against the selected database using the Proteome Discoverer
searching algorithm (v1.4). The phosphopeptides were further verified using the phosphoRS 3.1 node in
Proteome Discoverer software. All MS/MS spectra corresponding to phosphopeptides were manually

examined. The detail of peptides was listed in Supplementary Data 1 & 2.

Constructs



Mouse Rnf128, Cblb, Ptpn1, Ptpn2 and Shpl cDNAs were cloned from BMDM cDNA, and human STAT6
was cloned from THP-1 cDNA. Mouse Stat6(S807A), Stat6(S807E) and human STAT6(S817A) and
STAT6(S817E) were generated by one-step PCR mutagenesis and verified by DNA sequencing. TurbolD
plasmid was gifted from Dr. Wei Qin (Tsinghua University). Dual luciferase reporter of STAT6 (4xS6
reporter) (#35554) and DNA repair reporter plasmids®® (#98896, #98895, #26477) were obtained from
Addgene. Dual luciferase reporter of Ube2t-promoter was used as previous study®3. For expression in
Thio-PMs and THP-1 cells, recombinant adeno-associated viruses (AAVSs) were used. For expression in
other cells, plasmids were transinfected via Lipo8000 (Beyotime, #C0533). For guide RNA plasmid
construction, the indicated 20bp gRNA was inserted into pAAV-U6-sgRNA-CMV-GFP vector
(Addgene, #85451)% or lentiCRISPR v2 vector (Addgene, #52961)%. gRNAs were designed by
CRISPick®. The gRNAs sequences used in this study were listed in Supplementary Table 2.

Immunoblot and immunoprecipitation

Cells or frozen tissue samples were lysed in RIPA buffer with protease cocktail inhibitors. Lysate was
separated by SDS-PAGE and transferred to nitrocellulose or PVDF membrane (Millipore) following
standard protocols. For immunoprecipitation, cells were lysed in immunoprecipitation lysis buffer
(50 mM Tris-HCI pH 8.0, 120 mM NaCl, 10% glycerol, 1% NP-40, 5 mM EDTA and cocktail protease
inhibitors) for 1 h at 4 °C. And supernatant of cell lysate was incubated with anti-HA magnetic beads or
anti-Flag agarose beads (Smart-Lifesciences, #SA042001) for 2h at 4°C. For endogenous
immunoprecipitation experiments, supernatant of cell lysate was incubated with indicated primary
antibody at 4 °C overnight. Then rProtein A/G Beads (Cell Signaling, # 37478) were added and incubated
for 4h. The immunoprecipitated was washed three times with buffer and followed by immunoblot.
Antibodies used were as follows: HSP90 (Santa Cruz, #sc-13119, 1:10,000), a-Tubulin (Sigma, #T6199,
1:10,000), STAT6 (Cell Signaling, #5397, 1:1500), pSTAT6(pY641) (Cell Signaling, #56554, 1:1000),
pSTAT6(pS807) (ABclonal Tech, customized, 1:200), DNA-PK (Santa Cruz, #sc-390849, 1:500), ATM
(Cell Signaling, #2873, 1:1000), ATR (Santa Cruz, #sc-515173, 1:500), CHK1 (Cell Signaling, #2360,
1:1500), CHK2 (Proteintech, #13954-1-AP, 1:1000), p16-INK4A (Abcam, #ab211542, 1:1000), yH2AX
(Cell Signaling, #9718, 1:1500), BRCA1 (Thermo Fisher, #MA1-23164, 1:1000), UBE2T (Thermo
Fisher, #PA576202, 1:1000), JAK (Cell Signaling, #50996, 1:1000), STING (Cell Signaling, #13647,



1:2000), STING (pS365) (Cell Signaling, #72971, 1:1000), pTBK1 (pS172) (Cell Signaling, #5483,
1:1000), pJAK1 (pY1034/1035) (Cell Signaling, #74129, 1:1000), Ubiquitin (Cell Signaling, #3936,
1:1000), K48-specific ubiquitin  (Abcam, #ab140601, 1:1000), PU.1 (Abcam, #ab227835,
1:1500), Collal (Cell Signaling, #72026, 1:1000), SMAD2/3 (Cell Signaling, #8685, 1:1000), p-
SMAD?2 (Ser465/467)/SMAD3 (Ser423/425) (Cell Signaling, #8828, 1:1000), aSMA (Cell Signaling,
#19245, 1:2000) anti-HA (Cell Signaling, #3724, 1:5000) and anti-Flag (Cell Signaling, #8146, 1:5000).

Generation of STAT6 pS807-sepicific antibody

To generate a polyclonal antibody specific for STAT6 phosphorylated at Ser807 (pS807), we collaborated
with ABclonal Tech. Inc. Briefly, KLH-conjugated mouse STAT6 peptides (residues 802-816) were
synthesized, corresponding to both the non-phosphorylated form and the form phosphorylated at Ser807.
These purified peptides were used to immunize SPF rabbits over five rounds. The immunization dosage
was 0.35 mg per injection, with the first injection being 0.7 mg. Prior to the fifth immunization, serum
was collected from the immunized rabbits and validated for its ability to specifically recognize pS807-
STATS6. The rabbit whose serum demonstrated the best efficacy and specificity was selected for the final
immunization, after which the serum was collected and the polyclonal antibody was purified. The

validation data for the STAT6 pS807-specific antibody is presented in Supplementary Fig. 2E.

Proximity ligation assay

Proximity ligation assay was performed with PLA In Situ Red Starter Kit (Sigma Aldrich, #DU092101)
following manufacturer’s protocol. Briefly, PMs post 2-h Eto (or IL-4) treatment were fixed by 4% PFA
for 15 min at 22°C, washed three times with PBS and permeabilized with 0.2% Triton X-100 in PBS for
10 min. After incubation with blocker at 37°C for 1 h, cells were incubated with primary antibodies with
recommended dilution at 4°C overnight. Next day, the PLUS and MINUS probes were added for 1 h at
37°C. After 30 min ligation at 37°C, amplification was carried out for 100 min at 37°C. Cells were washed

four times, then incubated with DAPI. Images were captured by Nikon AXR microscope.

Immunofluorescence



After indicated treatment, cells were washed twice with ice-cold PBS, then fixed with 4% PFA for 15 min
at 22°C, washed three times with PBS and permeabilized with 0.2% Triton X-100 in PBS for 10 min.
Cells were blocked in PBS containing 5% BSA for 30 min at 22°C, and then incubated in PBS containing
primary antibodies with recommended dilution at 4°C overnight. Next day, the cells were rinsed and
incubated with secondary antibodies in PBS (1:1000) for 1 h at 22°C. After wash, the nuclei were

counterstained with DAPI. Cells were imaged using Nikon AXR microscope.

Quantitative RT-PCR

Total RNA was isolated from tissues or cells using TRIzol reagent (Sigma-Aldrich, #T9424). And reverse
transcription was carried out using HiScript III RT SuperMix (Vazyme, # R323-01) and qPCR reaction
was carried out using ChamQ SYBR gPCR master mix (Vazyme, # Q311-02) on ABI StepOnePlus
(Thermo Fisher). Relative mRNA expression was calculated via 222D method. 36B4 (Rplp0) was used
as an internal control for mouse samples, and GAPDH for human samples. Primer sequences are

summarized in Supplementary Table 2.

CUT&Tag

CUT&Tag was performed using Hyperactive Universal CUT&Tag Assay Kit (Vazyme, #TD903)
according to the manufacturer’s protocol. Briefly, after indicated treatment, PMs were digested and
collected. For ConA bead binding, cells were incubated at 4°C overnight with primary antibody. After 3-
time washes, cells were incubated with secondary antibody for 1h at 22 °C. Then cells were incubated
with pG-Tnp to get target DNA fragments followed by DNA extraction. Obtained DNA was amplified
by PCR, using adaptor primers: F: TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG, R:
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG. Purified products were used to detect relative
enrichment of targeted DNA fragments, while total nuclear DNA of pellets was used as input. The primer

pairs were listed in Supplementary Table 2.

SA-pGal staining
SA-BGal staining was performed using Senescence -Galactosidase Staining Kit (Beyotime, #C0602)

according to the manufacturer’s protocols. For eWAT staining, fresh eWAT was cut into 1~2 cm? pieces,



then fixed by 4% PFA for 20 min. The fixed eWAT pieces were incubated in staining buffer at 37°C for

8 h. After 3-day wash by PBS, images were captured.

Lipofuscin staining
Lipofuscin staining was performed as a previous report®®. 3% H202 was used as oxidant blocker.

SenTraGor Cell Senescence Reagent (GL13, Cayman Chemical, #35568) was used for staining.

Phagocytosis assay

For in vitro phagocytosis assay of macrophages, Phagocytosis Assay Kit (IgG FITC) (Cayman Chemical,
#500290) was used following manufacturer’s protocols. For in vivo phagocytosis assay, E. coli and
senescent MEFs were used. Simply, 1x107 colony-forming units E. coli were injected into peritoneum of
mice. After 24 h, the ascites was collected, and the bacteria burden was calculated by spread plate method.
On the other hand, senescence was induced with Eto in MEFs expressing mCherry, then 5x10° senescent
MEFs were intraperitoneally injected into mice. After 3 days, the remained senescent MEFs (mCherry™)

were analyzed by flow cytometry.

Bioinformatic analysis

For our original RNA-seq dataset, cleaned reads were aligned to a mouse genome (mm210) using HISAT2
(v2.1.0), then read counts were extracted by Subread (FeatureCounts, v2.0.1). Gene expression was
calculated by DESeq2 (v2.11.40.6) in R. Principal component analysis was performed by DESeq?2
(v2.11.40.6) in R. Gene set enrichment analysis was performed by GSEA software (v4.3.2) with
recommended settings. For human sample analysis, we downloaded the RNA-seq datasets from GTEX
v8.0* (https://www.gtexportal.org/). Raw data was converted into transcripts per kilobase million (TPM)
as presented data. And gene expression correlation analysis was performed by Spearman correlation. The
ChIP-seq datasets of murine macrophages were obtained from GSE38377 (PU.1)". For prediction of
transcriptional factors, the sequences of promoters (Brcal (TSS -2900 bp to +100 bp) and Ube2t (TSS -
2400 bp to +100 bp)) were loaded into AnimalTFDB v4.0*° with default setup. TFs with high score (> 10)
was subsequently analyzed. The expression of TFs in different cell types was determined by RNA-seq

datasets, and genes with over 0.5 TPM were considered as expressed TFs. To assess Spil expression



across cell types, we reanalyzed publicly available mouse adipose tissue single-cell sequencing data (Li

et al. 2021%, SCP708) from Single Cell Portal database.

Quantification and statistical analysis

The number of mice or samples per group, replicates of independent experiments and statistical tests are
presented in the legends. Sample size was chosen based on previous experiments or based on pilot
experiments to ensure the possibility of statistical analysis and to minimize the use of experimental
animals based on the 3R principles* 13, Data are showed as means = s.e.m. and analyzed by GraphPad

Prism 9. The statistical methods are indicated in the figure legends.

Data availability

This paper does not report original code. The original RNA-seq datasets of Thio-PMs is available from
GEO (GSE278458, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE278458). The ChlP-seq
dataset of macrophages (PU.1) are obtained from GSE38377
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi). The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the iProX partner repository with the dataset
identifier PXD074331(https://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD074331).
All materials generated in this study, including stable cell lines and newly developed pSTAT®6 antibodies
for mouse and human, will be made available upon request.

Source data are provided with this paper.
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Figure Legends

Figure 1: Elevated activation of STAT6 upon DNA damage.

(A) Immunoblots of pSTAT6 (pY641) and yH2AX in thioglycolate-elicited peritoneal macrophages
(Thio-PM) with Etoposide (Eto) and IL-4 treatment. Right panel shows the relative intensity of pSTAT6
(pY641) (n = 4 independent experiments).

(B) Immunofluorescence images of staining (0STATG6 (pY641), red; DAPI, blue) of IL-4-stimulated Thio-
PMs treated with Eto. Scale bars 50 um. Right panel shows the quantification of pSTAT6 (pY641) (n =
3 biological replicates per group).

(C) Immunoblots of pSTAT6 (pY641) and yYH2AX in Eto-treated Thio-PMs with different inhibitors.
KU55933, inhibitor of ATM. Berzosertib, inhibitor of ATR. NU7026, inhibitor of DNA-PK. AZD7762,
inhibitor of CHK1/2. Right panel shows the quantification of pSTAT6 (pY641) (n = 3 independent
experiments).

(D) Immunoblots of pSTAT6 (pY641) and yH2AX in Eto-treated Cas99* Thio-PMs with indicated
sgRNA. Right panel shows the quantification of pSTAT6 (pY641)/tSTAT6 (n = 3 independent
experiments).

(E) Dual luciferase reporter of STAT6 in RAW 264.7 cells treated with Eto and NU7026 (n = 3 per group).
Data are mean + s.e.m. p-value was calculated by paired two-tailed Student’s t-test (A, D), unpaired two-

tailed Student’s t-test (B), one-way ANOVA with Dunnett’s correction (C, E).



Figure 2: DNA-PK phosphorylates STAT6 at Ser807.

(A) Co-IP of STAT6-Turbo and JAK1, DNA-PK, ATM, ATR in RAW 264.7 cells with TurbolD.

(B) Proximity ligation assay (PLA) of STAT6 and DNA-PK in Thio-PMs treated with Eto. Scale bars 10
pm.

(C) The quantification of PLA signal in (B) (n = 3 biological replicates per group, with more than 100
cells).

(D) Diagram of phosphorylated sites in mouse STATG6 after Eto treatment.

(E) Immunoblots of pSTAT6 (pY641) and tSTAT6 in Stat6”- Thio-PMs expressing STAT6 mutants (WT,
S807A, S807E).

(F) Immunoblots of pSTAT6 (pY641) in STAT6-mutants-expressed Cas99* Thio-PMs with Prkdc
SgRNA under IL-4 & Eto co-treatment.

(G) Dual luciferase reporter of STAT6 in RAW 264.7 cells expressing STAT6 mutants under IL-4
treatment (n = 3 biological replicates per group).

(H) Immunoblots of pPSTAT6 (pS807) and YH2AX in Eto-treated Cas9'9* Thio-PMs with Prkdc sgRNAs.
(1) Immunoblots of pSTAT6 (pS807) and YH2AX in Eto-treated Cas99* Thio-PMs with Ku70 or Ku80
SgRNA.

(J) Immunoblots of pSTAT6 (pS807) and YH2AX in Eto-treated Thio-PMs pre-treated with NU7026.
Right panel shows the relative intensity of pSTAT6 (pS807) (n = 3 independent experiments).

(K) Immunoblots of pSTAT6 (pS807) and pSTAT6 (pY641) in Thio-PMs with indicated treatment.
AS1517499, an inhibitor of STAT6 (block of pY641).

(L) Immunoblots of pSTAT6 (pS807) and tSTATS in Eto-treated Stat6”- Thio-PMs expressing STAT6
mutants (WT, Y641F).

The blot results are representative of three biologically independent repeats in (A, E, F, H, I, K and L).
Data are mean = s.e.m. Unpaired two-tailed Welch’s t-test (C), One-way ANOVA with Dunnett’s

correction (G), paired two-tailed Student’s t-test (J).



Figure 3: Ser807 phosphorylation attenuates activated-STAT6 degradation.

(A) Hypothetical model of regulation of pSTAT6 (pY641).

(B) Immunoblots of pSTAT6 (pY641) and tSTAT6 in STAT6-mutants (WT, S807E)-expressed RAW
264.7 cells under 1L-4 stimulation for 30 min or 4 h.

(C) Quantification of pSTAT6 (pY641)/tSTAT6 in (B) (n = 3 independent experiments).

(D) Stabilization assay of STAT6 mutants (WT, S807E) in IL-4-stimulated RAW 264.7 cells under CHX
treatment.

(E) Degradation curve of pSTAT6 (pY641) in (D) (n = 3 independent experiments).

(F) Immunoblots of pPSTAT6 (pY641) and tSTAT6 in MG132-pre-treated Stat6”- PMs expressing STAT6
mutants (WT, S807E) under IL-4 stimulation for 4h.

(G) Immunoblots of ubiquitination and K48-ubiquitination on STAT6 in Thio-PMs with indicated
treatments. The bottom right panel shows the quantification of STAT6 ubiquitination (n = 3 independent
experiments).

(H) Co-IP of RNF128-FLAG with STAT6-HA mutants (WT, S807E) in RAW 264.7 cells after 4-h 1L-4
stimulation.

(1) The quantification of the interaction between STAT6 and RNF128 in (H) (n = 4 independent
experiments).

(J) Immunoblots of ubiquitination on STAT6-HA mutants (WT, S807E) and their interaction with
RNF128-FLAG in RAW 264.7 cells after 4-h IL-4 stimulation.

(K) Immunoblots of ubiquitination on STAT6-HA mutants (WT, K319R, K595R, K319R/K595R) in
RAW 264.7 cells after 4-h I1L-4 stimulation.

(L) Stability assay of STAT6 mutants (WT, K319R, K595R) in RAW 264.7 cells under CHX treatment.
(M) Stability assay of STAT6 mutants (WT, S807A, S807A/K319R) in RAW 264.7 cells under CHX
treatment.

(N) Diagram of pS807 effect on activated STATG stability.

The blot data are representative of three independent repeats (F and J-M). Data are mean + s.e.m. Paired

two-tailed t-test (C, 1), ordinary two-way ANOVA (E), one-way ANOV A with Dunnett’s correction (G).



Figure 4: Ser807-phosphorylated STAT6 promotes DNA repair in macrophages.

(A) Principal component (PC) analysis plot of Thio-PMs from Stat6W™™WT  StatGS807A/S807A gnd
Stat6S807E/S807E mice, calculated by DESeq2.

(B) Gene set enrichment analysis (GSEA) in pathways ‘“Recatome DNA Repair”,
“Hallmark Inflammatory response” and “SAUL SEN MAYO”, compared Stat6S807&/S807E  yyjith
Stat6S807AS807A Thio-PMs, calculated by GSEA (v4.3.2).

(C, D) DNA repair capacity of Thio-PMs from Stat6V™-, Stat6S8’~- and Stat658°’®- mice. The
representative images of immunofluorescence staining (YH2AX, red; DAPI, blue) of PMs (C), and the
quantifications (yYH2AX positive proportions and mean fluorescence intensity (MFI)) are showed in (D)
(n = 3 biological replicates per group). Scale bars 100 um.

(E) STAT6 CUT&Tag binding enrichment of Thio-PMs from Stat6"™-, Stat658’~ and Stat6589"%- mice
after IL-4 treatment (n = 3 biological replicates per group), which was assessed by gPCR. B1/B2/B3, three
STATG6-binding sties around Brcal locus. U, three STAT6-binding sties around Ube2t locus.

(F) Diagram of transcription co-factors screening. TFs regulating Brcal or Ube2t were predicted by
AnimalTFDB 4.0 and their expression was analyzed by RNA-seq (TPM > 0.5).

(G) Endogenous Co-IP of STAT6 and PU.1 in Thio-PMs co-treated with Eto and IL-4 for 2h.

(H) PLA of STAT6 and PU.1 in Thio-PMs co-treated with Eto and IL-4 for 2h. Right panel shows the
quantification of PLA signal (n = 4 biological replicates per group). Scale bars 5 um.

(1) PU.1 CUT&Tag binding enrichment of Thio-PMs from Stat6"™-, Stat65897~- and Stat658°7%- mice after
IL-4 treatment (n = 3 biological replicates per group), which was assessed by gPCR. B-1/B-2, two PU.1-
binding sties around Brcal locus. U-1/U-2/U-3, three PU.1-binding sties around Ube2t locus.

(J) Immunoblots of BRCAL and UBE2T in Thio-PMs from Stat6"WT™WT  Stat6S807A/S807A and StatGSe07E/S807E
mice with indicated treatments. DB2313, an inhibitor of PU.1.

(K) Immunoblots of yYH2AX in Thio-PMs from Stat6""-, Stat68°’~- and Stat658°’®- mice with indicated
repair period.

The blot data are representative of three biologically independent repeats (G, J and K). Data are mean +

s.e.m. p-value was calculated by one-way ANOVA with Dunnett’s correction.



Figure 5: Ser807-phosphorylated STAT6 alleviates macrophage senescence.

(A, B) mRNA of senescence markers (A) and SASP (B) of Thio-PMs from Stat6"V™-, Stat658%7~- and
Stat6%8°"®- mice after Eto-induced senescence (n = 3 biological replicates per group).

(C) EdU staining (EdU, green; DAPI, blue) of Thio-PMs from Stat6""-, Stat658%’~- and Stat658°"®- mice
after Eto-induced senescence. Scale bars 50 pum.

(D) The quantification of EdU positive cells in (C) (n = 3 biological replicates per group).

(E) SA-B Gal staining of Thio-PMs from Stat6"V"-, Stat658°7~- and Stat6%8°%- mice after Eto-induced
senescence. Arrows indicate the positive cells. Scale bars 100 um.

(F) The quantification of SA-f Gal positive cells in (E) (n = 4 biological replicates per group).

(G) Lipofuscin staining of Thio-PMs from Stat6""-, Stat658"~~ and Stat658°’®- mice after Eto-induced
senescence. Arrows indicate the positive cells. Scale bars 50 um. Right panel shows the quantification (n
= 3 biological replicates per group).

(H) Diagram of experiments design.

(1) Flow cytometry analysis of transferred Res-PMs in peritoneum, which were gated on CD45.2* cells
(collected more than 0.8 million per mouse). Right panel shows the quantification (n = 5 biological
replicates).

(J) Bacteria burden in peritoneum of Stat6"V™-, Stat6589"~- and Stat6%8°’®- mice 24 h after E. coli injection
(n =5 biological replicates per group).

(K) Burden of senescent MEFs in peritoneum of Stat6"™"T, Stat6S807A/S807A and Stat6Se07E/S807E mice 3 days
after injection of senescent MEFs (n = 6 biological replicates per group).

Data are mean * s.e.m. p-value was calculated by one-way ANOVA with Dunnett’s correction.



Figure 6: Ser807-phosphorylated STAT6 alleviates tissue senescence and improves healthspan in
mice.

(A—C) Motor function tests of Stat6"W"WT (n = 9), Stat6Se07A/S807A (n = 10) and Stat6S8°7E/5807E (n = 10) mice,
including rotarod (A), hanging (B), treadmill (C).

(D) Y maze test of Stat6WVTWT (n = 9), Stat6S807A/S807A (n = 10) and Stat6S807E/S807E (n = 10) mice.

(E) Bone density of Stat6VWT (n = 9), Stat6S807A/S807A (n = 10) and Stat6S897E/S807E (n = 10) mice.

(F) mRNA expression of senescence markers in eWAT, liver and lung from Stat6"WTWT  StatGS807A/S807A
and Stat6S807E/S807E myice (n = 7 per group).

(G) mRNA expression of SASP in eWAT, liver and lung from Stat6"W™WT  StatS807A/S807A gnd
Stat6S807E/S807E mice (n = 7 per group). The statistical p-value are shown in Supplementary Fig. 6A.

(H) SA-B Gal staining of eWAT from Stat6"V"WT  Stat6S807AS807A and Stat6Se07E/S807E (n = 3 biological
replicates per group). The right panel shows the quantification.

(1) Experiment design for transfer of BMDMSs to aged mice.

(J) Body wight loss of aged mice after BMDMs transfer (n = 6 in PBS group, n = 7 in transfer groups).
(K—N) Physical analysis of aged mice after BMDMs transfer (n =6 in PBS group, n = 7 in transfer groups),
containing rotarod test (K), hanging test (L), treadmill test (M) and Y maze test (N).

(O, P) mRNA expression of senescence markers (O) and SASP (P) in tissues (eWAT, liver and spleen)
from aged mice after BMDMs transfer (n = 6 in PBS group, n = 7 in transfer groups).

(Q) SA-B Gal staining of eWAT from aged mice after BMDMs transfer (n = 4 per group). Right panel
shows the quantification.

Mice in (A—H) were 9-month-old. Data are mean + s.e.m. p-value was calculated by one-way ANOVA

with Dunnett’s correction.



Figure 7: Ser807 non-phosphorylated Stat6S87A’S87A knock-in mice are sensitive to bleomycin-
induced pulmonary fibrosis.

(A) mRNA expression of Brcal and Ube2t in Stat6VW™WT, Stat6S807A/S807A and Stat6Se07E/S807E alveolar
macrophages (AM) with indicated treatment. The freshly isolated AMs were treated with 1L-4 (10 ng/mL)
and DB1213 (10 nM) for 16 h (n = 3 biological replicates per group).

(B) Design of bleomycin-induced pulmonary fibrosis model.

(C) mRNA expression of p16-Ink4a and p21-Cipl in AMs isolated from Stat6"WTWT  Stat6S807A/S807A and
Stat6S807E/S807E mice 7 days after bleomycin treatment (n = 3 biological replicates per group).

(D) SA-B Gal staining of alveolar macrophages isolated from Stat6VW™™WT —Stat6S807A/S807A and
Stat6S807E/S807E mice 7 days after bleomycin treatment. Right panel shows the quantification (n = 3
biological replicates per group). Arrows indicate positive cells. Scale bars 25 um.

(E) Representative images of H&E, Masson’ trichrome and Sirius red staining of lung sections from
Stat6"VTWT, Stat6S807A/S807A and Stat6S807/S807E mice 20 days after bleomycin treatment. Scale bars 200 um.
(F) Fibrosis scores of Stat6V™WT  Stat6S807A/S807A and Stat6S807E/S807E mice under bleomycin-induced
pulmonary fibrosis (n = 18 biological replicates per group).

(G) Survival curves of Stat6WTWT  Stat6S807AS807A gand Stat6S807E/S807E mice with bleomycin-induced
pulmonary fibrosis (n = 11 biological replicates per group).

(H) Immunoblots of COL1A1, a-SMA, pSMAD2/3 and P16-INK4A in lung from Stat6"W™WT,
Stat6S807AS807A and Stat6SEO7E/S80TE mice 20 days after bleomycin treatment, representative of at least five
biologically replicates.

(1) Design of AMs transfer in a bleomycin-induced pulmonary fibrosis model in (J-L).

(J) mRNA expression of senescence and fibrosis markers in lungs of mice treated with AMs (n=5
biological replicates per group) or PBS control (n = 4 biological replicates).

(K) Representative Masson’s trichrome-stained images of lung sections from mice treated with AMs or
PBS control. Scale bars 200 pum.

(L) Fibrosis scores in mice treated with AMs or PBS control (n = 5 biological replicates per group).
Data are mean £ s.e.m. One-way ANOVA with Dunnett’s correction (A, C, D, F, Jand L), Mantel-Cox’s

log-rank test (G).



Figure 8: STAT6 phosphorylation at Ser817 is associated with COPD in humans.

(A) Immunoblots of pSTAT6 (pS817) and yYH2AX in hMDMs under indicated treatment.

(B) Quantification of pSTATG6 (pS817)/a-Tubulin in (A) (n =5 biological replicates per group).

(C) mRNA expression of BRCA1 and UBE2T in hMDMs expressing hSTAT6 mutants (WT, S817A,
S817E) after 16-h hlL-4 treatment (n = 5 biological replicates per group).

(D) DNA repair capacity of THP-1-differentiated macrophages expressing hSTAT6 mutants (WT, S817A,
S817E). Right panel shows the quantification (n = 3 independent experiments).

(E) mRNA expression of P16-INK4A and P21-CIP1 in THP-1-differentiated macrophages expressing
hSTAT6 mutants (WT, S817A, S817E) under Eto-induced senescence (n = 3 biological replicates per
group).

(F) Phagocytosis assay of THP-1-differentiated macrophages expressing hSTAT6 mutants (WT, S817A,
S817E). All groups had 30-min phagocytosis period. Right panel shows the quantification (n = 4
biological replicates per group).

(G) Representative image of lung sections from control and COPD donors. Scale bar 100 um.

(H) Quantification of P16" cells in lungs from control and COPD donors (n = 6 biological replicates per
group).

(I) Quantification of P16™ macrophages (CD68") in lungs from control and COPD donors (n = 6 biological
replicates per group).

(J) Immunoblots of pSTAT6 (pS817), P16-INK4A and yH2AX in lungs from control, smoker, and COPD
donors (n = 4 biological replicates per group).

(K) Quantification of pSTAT6 (pS817)/tSTATG in lungs from control, smoker, and COPD donors (n = 4
biological replicates per group).

(L) Spearman’s correlation between pSTAT6 (pS817)/tSTAT6 and yH2AX in human lungs from control
(n =10), smoker (n =4), and COPD donors (n = 10).

(M) Spearman’s correlation between pSTAT6 (pS817)/tSTAT6 and P16-INK4A in human lungs from
control (n = 10), smoker (n = 4), and COPD donors (n = 10).

Data are mean + s.e.m. p-value was calculated by paired two-tailed Student’s t test (B, C and D) one-way
ANOVA with Dunnett’s correction (E, F and K), unpaired two-tailed Student’s t test (H and 1), two-tailed

Spearman’s correlation coefficient analysis (L and M).



Editorial Summary

STAT6 mitigates cellular aging and senescence by regulating the expression of DNA repair genes.
However, the upstream signals driving the activation of this non-canonical STAT6 function have
not been identified. Here, the authors identify DNA-PK as a key kinase mediating STAT6
phosphorylation in murine and human macrophages and show that this post-translational
modification is required to prevent macrophage senescence and protects animals from senescence-

driven lung fibrosis and aging.

Peer Review Information: Nature Communications thanks Christina Camell, Conor Finlay and

Bruno Guigas for their contribution to the peer review of this work. A peer review file is available.
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