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Abstract

Senescent cells influence their surroundings through the senescence-associated secretory
phenotype (SASP), an assortment of secreted molecules and macromolecular complexes.
Among SASP’s intracellular drivers are cytoplasmic chromatin fragments (CCFs), nuclear-derived
DNA that activates the pro-inflammatory cGAS/STING pathway. While autophagy contributes to
CCFs degradation, the full repertoire of CCF fates and signaling functions remains unclear. Here,
we show that senescent cells release CCF components, YH2AX and double-stranded DNA
(dsDNA), into the extracellular space via an ESCRT-independent multivesicular body pathway.
Secreted CCF components localize to extracellular particles exhibiting an unusual “popcorn”-like
morphology, distinct from canonical small extracellular vesicles. Notably, inhibition of autophagy
enhances secretion of CCF components and particles, suggesting an inverse relationship
between intracellular clearance and extracellular release. A fraction of CCF-containing
extracellular particles activates cGAS-STING signaling in non-senescent proliferating cells and is
enriched in the circulation of aged mice, pointing to a previously unrecognized mode of

extracellular signaling by senescent cells.
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Introduction

Cellular senescence is a stable cycle arrest, often induced by various forms of molecular, cellular
and tissue damage. Senescence serves a protective role by preventing the proliferation of
potentially compromised, damaged, pre-malignant cells. In addition to stable proliferation arrest,
senescent cells acquire a robust secretory phenotype, termed the senescence-associated
secretory phenotype (SASP), which allows them to communicate with the surrounding tissue
microenvironment. SASP is composed of many pro-inflammatory factors, chemokines (e.g.,
CCL2, CCL5, CXCL10), cytokines (e.g., IL-6, IL-8), tissue remodeling proteases (e.g., MMP-1,
MMP-2)'-3, and Damage-Associated Molecular Patterns (DAMPs), such as DNA-binding protein
HMGB14, nucleic acids, and lipids. SASP also contains extracellular vesicles of different

formulations, for example, small Extracellular Vesicles (sEVs), carrying diverse cargos®.

SASP can have beneficial effects, including promoting tissue repair and recruiting and activating
immune cells to clear damaged, potentially malignant cells for the sake of tumor suppression®”.
Secreted HMGB1 serves as an extracellular “Alarmin” signal to neighboring cells®®. However,
SASP can also have detrimental effects, particularly in the context of aging and chronic disease.
Persistent or excessive SASP can contribute to tissue dysfunction, chronic inflammation, and
diseases of aging, including cancer'™. SASP can also propagate senescence to neighboring cells,
a phenomenon termed secondary senescence''. A number of SASP factors, including Notch and
TGF-B family ligands, can drive this paracrine spread, potentially amplifying the negative impact
of senescent cells on tissue homeostasis'?'4. Therefore, it is of great importance to understand
the full composition and mechanisms of SASP to elucidate both its protective and harmful roles

as well as determine how it may function in cell-to-cell communication.

Cytoplasmic chromatin fragments (CCFs) are a recently identified specific feature of senescent

cells, generated by a nucleus-to-cytoplasmic transfer of chromatin'>'8, CCFs include
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heterochromatin markers, H3K9me3 and H3K27me3, but are devoid of euchromatin markers,
such as H3K9ac, suggesting that CCFs are comprised predominantly of heterochromatin. CCFs
are positive for the DNA damage marker yH2AX, but surprisingly lack its usual partner, 53BP1"8.
Mitochondria dysfunction promotes the formation of CCFs in senescent cells via a reactive oxygen
species (ROS)-JNK kinase signaling pathway'®. Intranuclear DNA damage appears to be a
precursor to CCF formation, such that inhibition of MDM2, activation of p53, and enhancement of
DNA repair dampen CCFs formation'®2°. Autophagy, a conserved lysosomal degradation
pathway in which ATG8/LC3B-positive autophagosomes sequester cytoplasmic cargo?, plays a
direct role in CCFs regulation: components of the autophagy machinery have been implicated in
both the formation of CCFs and their degradation'?2. While present in the cytoplasm, CCFs
contribute to the activation of SASP through their recognition by and activation of a cytosolic
nucleic acid sensor, 2’,3’-cyclic GMP-AMP synthase (cGAS)??%. Activated cGAS generates the
secondary messenger cyclic guanosine monophosphate-adenosine monophosphate (cGAMP)
that, in turn, activates the effector protein STING, ultimately inducing the production of

inflammatory cytokines and type | interferons (IFNs)".

Because CCFs sit at the intersection of mitochondrial function, genome integrity, autophagy, and
inflammation, and excess cytoplasmic DNA can be toxic to the cell?®??, defining how CCFs are
generated, processed, and cleared from the cell is essential for understanding the phenotype,
signaling properties, and persistence of senescent cells. In this study, we show that senescent
cells secrete CCF components, including yYH2AX and dsDNA, into the extracellular space through
an ESCRT-independent multivesicular body (MVB) pathway. The CCF-related factors are
released in distinctive “popcorn’-like extracellular particles, morphologically distinct from
canonical sEVs, and their secretion is suppressed if autophagy is blocked. Extracellular particles
are elevated in the circulation of aged mice and associate with an activity that stimulates cGAS—

STING signaling in recipient non-senescent cells, pointing to a previously unknown CCF-based
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88  extracellular communication mechanism of senescent cells. These findings have broad potential
89 implications for understanding how senescent cells manage cytoplasmic DNAs to propagate

90 paracrine inflammation.

91

92 Results

93  Senescent cells secrete components of CCFs into the extracellular space

94  As one potential fate of CCFs, we wondered whether components of CCF can be secreted from
95 senescent cells. To test for the presence of extracellular CCF components, we performed
96 trichloroacetic acid (TCA) precipitation of proteins from conditioned serum-free media of
97  proliferating and senescent primary human IMR90 fibroblasts (senescence induced by
98 irradiation), as well as from senescent cells treated with MDM2 inhibitor RG7388, a previously
99 reporeted inhibitor of CCF formation, which suppresses CCF formation nearly completely by
100  enhancing p53-dependent DNA repair?®® (Figure 1A and B, Supplemental Figure 1A and B).
101  This analysis showed that senescent cells expelled into the extracellular media characteristic
102  components of CCFs, yH2AX and H3K27me'>'® (Figure 1C). In contrast, 53BP1 and H3K9ac,
103  both absent from CCFs'®, were not detected in the conditioned media (Figure 1C). Treatment of
104  senescent cells with MDM2 inhibitor resulted in significant suppression of secreted yYH2AX and
105 H3K27me3, suggesting dependence of their secretion on CCFs (Figure 1C). Taken together,
106  these results demonstrate that senescent cells secrete components of CCFs into the extracellular

107  space.

108  To further investigate the state of secreted components of CCFs, we used ultracentrifugation to
109 separate particles and vesicles from soluble proteins based on their size and density. Multiple

110 ultracentrifugation steps were performed to separate and isolate large (~100-1000 nm) secreted
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111  extracellular vesicles (large EVs) and small (~50-200 nm) secreted Extracellular Vesicles and
112 Particles (SEVPs) from proliferating and senescent IMR90 cells, as well as senescent IMR90 cells
113  treated with MDM2 inhibitor. By this protocol, large EVs include apoptotic bodies and plasma
114  membrane-derived shedding vesicles formed by direct outward budding of the cell membrane?®2°.
115  After centrifugation, TCA precipitation was performed on the remaining depleted conditioned
116  media to assess the efficiency of vesicle depletion and to analyze secreted soluble proteins, such
117 as IL6 (Figure 1D and Supplemental Figure 1C). Using this approach, we observed increased
118  secretion of CCF components yH2AX and H3K27me3 by senescent cells, specifically in the
119 isolated fraction of CD9-containing sEVPs (Figure 1D). Components of CCFs were not detected
120 in large EVs nor the fraction of soluble proteins. In addition to CCF components yH2AX and
121  H3K27me?®, we analyzed the levels of double-stranded (ds)DNA, also a component of CCFs, in
122  the sEVP fraction™. We observed a similar trend of senescent cells secreting higher levels of
123  dsDNA (Figure 1E). Supporting a CCF origin for these components in the seEVP fraction, the

124  MDM2 inhibitor abolished the presence of yH2AX, H3K27me3, and dsDNA (Figure 1D, E).

125  The number of senescent cells increases in various tissues with age°. Therefore, we asked
126 whether the CCF component YH2AX was more abundant in the sEVP fraction derived from
127  plasma isolated from old mice. Indeed, analysis of the pooled plasma samples from five young (4
128  months old) and five old mice (21 months old) revealed an increase in yYH2AX in the sEVP fraction
129  from plasma of aged mice (Figures 1F). Together, these results indicate that senescent cells
130 secrete cellular components characteristic of CCFs into the extracellular space in an seEVP
131 fraction- Moreover, CCF component yH2AX, potentially derived from senescent cells and

132 contained within sEVPs, circulates more abundantly in the plasma of old mice.

133 Components of CCFs are secreted to the extracellular space via an ESCRT-independent

134  pathway
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135  The secretion of cytoplasmic components, potentially including CCFs, can be facilitated by the
136 endosomal compartment. In this process, diverse cytoplasmic cargos, such as aggregated
137  proteins, RNA, RNA-binding proteins, and cytoplasmic DNA, are incorporated into late
138 endosomes, forming MVBs, through either ESCRT-dependent or ESCRT-independent
139  mechanisms?53'32_ To begin to probe potential regulation of these pathways in senescent cells,
140  we analyzed RNA-seq data derived from multiple models of senescence in IMROO0 cells, including
141  replicative senescence (RS), oncogene-induced senescence (OIS), and irradiation-induced
142  senescence (IRS)'®2°, This revealed a consistent upregulation of CD9 and CD63, canonical
143  markers of MVBs and sEVs**34, as well as other genes implicated in secretion via the endosomal
144  pathway (Supplemental Figure 2A and B). Notably, however, a subset of endosome-associated
145 genes, predominantly those encoding components of the ESCRT machinery3®, exhibited
146  downregulation in all senescence models (Supplemental Figure 2B), suggesting a complex
147  context-dependent remodeling of vesicular trafficking pathways during senescence.
148  Immunofluorescent staining with both CD63 and CD9 confirmed their increased expression in
149  puncta characteristic of MVBs in senescent cells compared to proliferating cells (Figure 2A). To
150 directly test whether CCFs were recruited to MVBs, we analyzed the incorporation of CCFs into
151  these structures (Figure 2B). Colocalization analysis revealed that intracellular CCFs associated
152  with CD63, one of the markers of MVBs®¢, indicating the potential incorporation of CCFs into
153  MVBs (Figure 2B, C). Together, these analyses, including comparative RNA-seq profiling across
154  multiple senescence models and corresponding imaging-based validation, indicate an expansion
155  of the endosomal compartment in senescent cells and demonstrate that CCFs are incorporated

156  into MVBs, potentially on route to secretion.

157  To better define the role of the endosomal compartment in the secretion of CCFs, we used
158 inhibitors to target the two main pathways of MVB biogenesis and cargo trafficking; specifically,

159  GWA4869 to inhibit nSMase required for the ESCRT-independent pathway®” and Manumycin A to
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160 arrest the ESCRT-dependent pathway®” (Figure 2D). Strikingly, blockade of the ESCRT-
161 independent pathway by GW4869 suppressed secretion of yH2AX and dsDNA in the sEVP
162  fraction, while inhibition of the ESCRT-dependent route by Manumycin A had no such effect
163  (Figure 2E-F). Moreover, treatment of senescent cells with GW4869 led to intracellular
164  accumulation of CCFs (Figure 2G), consistent with a block in trafficking out of the cell. In line with
165 the downregulation of genes encoding the ESCRT machinery noted above (Supplemental
166  Figure 2B), these data indicate that senescent cells secrete components of CCFs through MVBs

167  via an ESCRT-independent mechanism.

168 A block of autophagy upregulates the secretion of components of CCFs

169  Key autophagy proteins, including early-acting autophagy proteins ATG5 and ATG7, ATGS8 family
170  proteins, and autophagy receptors such as p62/SQSTM1, interact with CCFs and facilitate
171  degradation of at least some of their components, such as Lamin B1'>'8, Therefore, we next
172 sought to probe the relationship between these two potential alternative fates for CCF, secretion
173  and degradation. To inhibit degradative autophagy, we first used CRISPR/Cas9 technology to
174  generate IMR90 cells lacking ATG16L1, a key component of the ATG8/LC3B conjugation
175  machinery required for the early stages of autophagosome formation3® (Figure 3A). As expected,
176  this led to a reduction in lipidated ATG8/LC3B (isoform Il) protein, consistent with a block in
177  autophagosome formation (Supplemental Figure 3A). We then induced these cells into
178  senescence by irradiation and analyzed the secretion of CCFs component yH2AX through the
179  sEVP fraction. Remarkably, senescent ATG16L1 knock-out cells displayed increased secretion
180 of yH2AX in the sEVP fraction (Supplemental Figure 3A). Treatment with nSMase inhibitor
181  GW4869 blocked this enhanced secretion in ATG16L1 knock-out cells and caused accumulation
182  of CCFs in the cytoplasm (Supplemental Figure 3A and B), supporting a role for ESCRT-
183  independent machinery and MVBs in the secretion of CCF-derived gH2AX when autophagy is

184 blocked.
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185  As an alternative approach to inhibit autophagic degradation, we employed Bafilomycin A (BafA),
186  an inhibitor of lysosome acidification® (Figure 3A). Like ATG16L1 KO, treatment of senescent
187  cells with Bafilomycin A (BafA) caused a significant increase in secretion of yYH2AX in sEVPs, as
188  well as autophagy proteins linked to CCFs, i.e., LC3B/ATG8 and p62/SQSTM1 (Figure 3B). Co-
189  treatment of senescent cells with BafA and MDM2 inhibitor showed that MDM2 inhibitor blocked
190 secretion of YH2AX even in the presence of BafA, consistent with a CCF origin of yYH2AX (Figure
191  3B). Analysis of dsDNA in the sEVP fraction showed a similar trend: dsDNA release was elevated
192 in senescent cells and further increased by BafA (Figure 3C). Notably, we also observed a
193  significant increase in the number of intracellular ATG8/LC3B- and CD9-positive puncta after BafA
194 treatment, as well as a significant increase in the colocalization of ATG8/LC3B and CD9 (Figure
195 3D-G). Colocalization of autophagosome marker ATG8/LC3B with endosomal marker CD9
196  (Figure 3G) can mark the formation of a hybrid organelle, the amphisome, which forms upon
197  fusion of undegraded autophagosomes with MVBs**#'. In sum, these results indicate that
198 inhibition of degradative autophagy by ATG16L1 KO or BafA enhances secretion of CCF-
199 associated components, including YH2AX and dsDNA, likely through the ESCRT-independent

200 MVB pathway.

201  Senescent cells secrete a heterogeneous population of vesicles

202  The ultracentrifugation-based method we used to prepare the sEVP fraction efficiently recovers
203  vesicles and particles within a similar size and density range but lacks the resolution to distinguish
204  canonical small EVs from other secreted particles or non-canonical small vesicles*?. Therefore,

205  we further examined the sEVP fraction to determine its compositional heterogeneity.

206  First, we applied Dynamic Light Scattering (DLS) to assess vesicle/particle size and abundance.
207 DLS analysis of the isolated sEVP fraction from proliferating, senescent, and senescent cells

208 treated with BafA confirmed vesicles/particles within the 100-150 nm diameter range
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209  characteristic of sEVPs (Supplemental Figure 4A-B). DLS also revealed increased numbers of
210 vesicles/particles secreted by senescent cells, and this was further increased by BafA

211  (Supplemental Figure 4C).

212 Next, we utilized single vesicle flow cytometry (vFC) using a fluorogenic membrane probe and
213  antibodies against EV-associated tetraspanin surface markers (i.e., CD9, CD81, CD63) to
214  estimate vesicle/particle size, concentration, and protein/lipid composition*344. vFC analysis was
215  performed on the ultracentrifugation-isolated sEVP fractions from proliferating, senescent, and
216 senescent cells treated with BafA. This confirmed increased secretion of canonical lipid and
217  tetraspanin-containing sEVs from senescent cells, compared to proliferating IMR90 cells, and this
218  population was further increased by BafA (Supplemental Figure 4D-E). However, this analysis
219 also revealed another population of tetraspanin-negative, but lipid-positive vesicles/particles
220 secreted by senescent cells, which was further increased in senescent cells treated with BafA
221  (Supplemental Figure 4D). Together, these data indicate that senescent cells release a

222 heterogeneous population of sEVPs, which BafA treatment further amplifies.

223  To further resolve the heterogeneity of the ultracentrifuged fraction, we employed iodixanol
224  density gradient centrifugation, which separates components based on their size and buoyant
225  density (Figure 4A). Canonical sEVs are typically recovered within fractions of density 1.13—-1.18
226  g/mL, whereas chromatin-associated particles and protein aggregates are known to localize to
227  higher-density fractions (21.20 g/mL)*24%46, By this analysis, the CCF component yH2AX was
228  absent from the lower density peak canonical sEVs (CD9- and CD63-positive) fraction, but was
229  predominantly detected in higher density fractions, containing less CD9 and CD63 (Figure 4B).
230 These findings highlight the presence of potentially multiple secreted sEVP entities and suggest

231 that yH2AX may not be secreted in the canonical sEV fraction.

232 Senescent cells secrete high levels of popcorn-like extracellular particles

10
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233  Given the apparent heterogeneity in the sEVP fraction, we used Transmission Electron
234 Microscopy (TEM) for high-resolution visualization, providing critical insights into size, shape, and
235  structural features. Of note, TEM can distinguish between spherical lipid bilayer-enclosed
236  vesicles, such as exosomes and microvesicles, and more irregular or amorphous particles or
237  vesicles*?. TEM analysis of the isolated sEVP fraction confirmed the DLS and vFC analysis that,
238  relative to proliferating cells, senescent IMR90 cells secrete an increased number of canonical
239  sEVs, as reflected in their typical cup-shaped circular morphology and diameter of ~100 nm
240 (Figure 4C-D, top panel). Importantly, consistent with the heterogeneity detected in vFC, TEM
241  revealed that senescent cells also secreted significant amounts of a structurally unique type of
242  extracellular particles. Specifically, like sEVs, these extracellular particles have a diameter of ~50-
243 100 nm, but a very characteristic, “popcorn-like” morphology, very distinct from circular cup-
244  shaped sEVs (Figure 4C-D, lower panel). Together, our TEM analysis revealed that senescent
245  cells secrete not only increased numbers of canonical sEVs but also a distinct population of

246  'popcorn-like' extracellular particles.

247  The ultracentrifugation method used to precipitate and isolate the sEVP fraction could potentially
248  create protein aggregates due to the very high applied forces. To eliminate the possibility that the
249  observed extracellular particles were an artifact of ultracentrifugation, an alternative, more gentle
250 method of size exclusion chromatography (SEC) was used to isolate and separate different
251 fractions of sEVs and other particles or vesicles (Supplemental Figure 4F). In SEC, porous
252  beads and differential diffusion separate components based on size: physically larger structures
253  elute first because they cannot enter the pores, whereas smaller particles penetrate the bead
254  matrix and therefore elute in later fractions. Using this approach, coupled with TEM, we again
255 detected extracellular particles, specifically enriched in the later, small-particle fractions,
256  characterized by a diameter of approximately 100-150 nm, as determined by TEM imaging

257  (Supplemental Figure 4F). These results show that the extracellular particles are not specifically

11
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258  an artifact of ultracentrifugation. Together, the results obtained from DLS, vFC, iodixanol density
259  gradient centrifugation, TEM, and SEC suggest that senescent IMR90 cells secrete not only

260  canonical sEVs but also high levels of extracellular particles.

261 To test the conservation of these extracellular particles in other models of senescence, we tested
262  IMR90 primary human fibroblasts induced into RS and OIS, and RS and IRS primary human
263 melanocytes. In all cases, particles were found to be secreted; however, their secretion was more
264  readily apparent in senescent IMR90 cells compared to senescent melanocytes (Supplemental
265 Figure 4G-H). These results showed that secreted extracellular particles are a conserved

266  qualitative feature among different models of senescence and cell types.

267 To extend the analysis of the extracellular particles from cell culture to in vivo, we investigated
268 the presence of these particles in the plasma of young and old mice. TEM analysis of the isolated
269  sEVP fraction from the plasma of young (4-month-old) and old mice (21-month-old) demonstrated
270  the presence of vesicles resembling both canonical EVs and non-canonical particles secreted by
271  senescent cells in vitro (Supplemental Figure 4l). Quantification of the isolated sEVs confirmed
272 an increase in SEV levels in the plasma of aged mice, along with a higher abundance of
273  extracellular particles (Supplemental Figure 4J). These in vivo findings are consistent with the
274  hypothesis that older mice, potentially due to elevated levels of senescent cells, exhibit increased

275  abundance of circulating sEVs and senescence-associated extracellular particles.

276 Non-canonical extracellular particles carry components of CCFs into the extracellular

277  space

278  Since components of CCF, sEVs, and extracellular particles were all found in the sEVP fraction,
279  we wanted to know whether CCF components are localized to sEVs, extracellular particles, or

280  both. To begin to address this, we first tested the impact of the genetic and pharmacologic

12
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281  interventions previously shown to modulate the abundance of CCF components in the sEVP
282  fraction. The MDM2 inhibitor led to a clear reduction in the secretion of both canonical sEVs and
283  extracellular particles (Figure 4C-D), in line with the decrease in secreted yH2AX (Figure 1C-D).
284  In contrast, inhibition of autophagy, either pharmacologically with BafA or genetically through
285 ATG16L1 knockout, resulted in a marked increase in the release of canonical sEVs and
286  extracellular particles (Figure 4E-F and Supplemental Figure 5A-B), paralleling the effect on
287  YH2AX secretion (Figures 3B and Supplemental Figure 3A). Interestingly, senescent cells
288 treated with GW4869 to inhibit the ESCRT-independent pathway continued to secrete
289  extracellular particles (Supplemental Figure 5A-B), but did not secrete YH2AX (Figure 2E).
290 Together, these results failed to strictly link secreted CCF components to either sEVs or
291  extracellular particles. Instead, they indicate that secretion of extracellular particles is often, but

292  not necessarily, associated with secretion of CCFs components.

293  Given the complexity of interpretation of these correlative analyses, we asked directly which
294  population, sEVs or extracellular particles, is most enriched in components of CCFs. First, TEM
295 imaging was performed on the individual fractions isolated using the iodixanol density gradient
296  column. Among all fractions, fraction 10 contained the highest levels of yH2AX (Figure 4B). TEM
297  analysis revealed that this fraction was predominantly enriched in extracellular particles, whereas
298 fractions 5 through 8 contained canonical sEVs (Figure 4B and Supplemental Figure 5C),
299 indicating that a component of CCF, yH2AX, may associate with extracellular particles rather than
300 canonical sEVs. We then performed immuno-gold labeling of yH2AX and TEM imaging of the
301 isolated sEVs and extracellular particles. Some of the particles from senescent cells labelled
302  positive for yH2AX, but this was absent from particles derived from senescent cells treated with
303 MDM2 inhibitor (Figure 4G-H). Immuno-gold labeling of dsDNA as an additional marker of CCFs
304 showed similar results (Supplemental Figure 5D). yYH2AX and dsDNA label were not observed

305 on canonical sEVs. Together, these results demonstrate that extracellular particles, but not
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306 canonical sEVs, are enriched in CCF components such as yYH2AX and dsDNA, and therefore may
307 serve as carriers for their extracellular secretion. To summarize, while extracellular particles and
308 sEVs are both secreted more by senescent cells than proliferating cells, only extracellular

309 particles detectably contain CCF components.

310 The sEVP fraction is internalized by non-senescent cells and can trigger the pro-

311 inflammatory cGAS/ STING pathway

312  Senescent cells influence their niche and microenvironment through paracrine or juxtacrine
313  signaling by SASP™4748 To investigate whether the sEVP fraction might have a signaling
314  function, we first tested for its internalization by non-senescent proliferating cells. To do this, the
315  sEVP fraction was labelled with the fluorescent lipophilic dye PKH67, which intercalates into lipids
316 to enable tracking of internalization by recipient cells 4°*°. When non-senescent proliferating cells
317  were treated with PKH67-labelled sEVPs from senescent cells, fluorescent PKH67 puncta were
318  detected in recipient cells in proportion to the dose of PKH67 and sEVPs (Figure 5A-C). These
319 data suggest that the components of the sEVP fraction can be internalized by non-senescent
320 cells. Since senescent cell-derived extracellular particles contain dsDNA, an activator of the
321  cGAS/STING pro-inflammatory pathway?*?*, we next asked whether exposure of non-senescent
322  cells to the sEVP fraction results in increased cGAMP, the product of activated cGAS and 2"
323  messenger activator of STING. To test this, we treated proliferating IMR90 cells with the sEVP
324  fraction from senescent cells, or, as negative controls, the same fraction from proliferating cells
325  or senescent cells treated with the MDM2 inhibitor (Figure 5D; both substantially decreased in
326  secreted dsDNA (Figure 1E)). We measured increased levels of cGAMP in proliferating cells
327 treated with the sEVP fraction from senescent cells, while there was no change in cGAMP levels
328  after treatment with the sEVP fraction from proliferating cells or senescent cells treated with the

329 MDM2 inhibitor (Figure 5E). In sum, these data suggest that MDM2 inhibitor-targeted

14


https://doi.org/10.64898/2025.12.12.694055
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2025.12.12.694055; this version posted December 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

330 components of the senescent cell sEVP fraction, likely dsDNA, are internalized by non-senescent

331 cells and can activate the cGAS/STING pathway.

332

333 Discussion

334  Collectively, our findings demonstrate that senescent cells secrete CCF-associated components,
335 yH2AX, dsDNA, and H3K27me3 (but not non-CCF components 53BP1 and H3K9ac) via an
336 ESCRT-independent MVB pathway. Secretion of yH2AX and dsDNA is antagonized by
337 degradative autophagy. In the secreted fraction, CCF-derived components, yH2AX and dsDNA,
338 are preferentially detected within non-canonical secretory “popcorn’-like entities, extracellular
339  particles. The conservation of this phenomenon across multiple senescent cell types and triggers,
340 and their detection in aged plasma, indicates extracellular particles to be a generalizable feature
341 of senescence and potentially aging. Furthermore, we present evidence that secreted CCFs

342  components act as signals to influence other cells.

343 We provide evidence that CCFs components, including yH2AX, H3K27me3 and dsDNA, are
344  actively secreted into the extracellular space. Importantly, secretion was tightly linked to CCFs
345  formation, as a pharmacological MDM2 inhibitor, previously shown to block CCF accumulation?,
346  abrogated their extracellular release. Mechanistically, CCFs-derived cargo is secreted through an
347 ESCRT-independent MVB pathway (see model in Figure 6). Interestingly, it has been previously
348  shown that Lamin B1, another component of CCF, is degraded by autophagy. We did not detect
349 Lamin B1 to be secreted by senescent cells, perhaps suggesting that distinct CCF components

350 might be differentially targeted to secretory vs degradative endpoints.

351  These findings highlight a potential bifurcation in the cellular handling of CCFs. CCFs can be

352  cleared by lysosomal pathways'®5!, but when degradative autophagy is impaired so that CCFs
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353  can no longer be cleared intracellularly, CCFs are instead preferentially routed toward secretion.
354  Consistent with this shift, inhibition of lysosomal degradation was accompanied by an
355 accumulation of amphisomes, hybrid intermediates formed when autophagosomes fuse with
356 MVBs for subsequent secretion*®4!. Although the intracellular mechanisms and functional
357  contribution of these structures to CCF handling remains to be fully defined, their appearance
358 under conditions of blocked degradation suggests re-routing of unresolved cargo toward
359 alternative fates. Our results suggest that cells are programmed to clear CCFs by either secretion
360 or degradation, suggesting that their accumulation might be toxic, perhaps due to over-activation

361  of inflammatory signals or other toxic effects of DNA in the cytoplasm?27,

362  Immunogold labelling coupled with TEM showed that CCF components, gH2AX and dsDNA, can
363 be detected within a subset of non-canonical “popcorn’-like entities, extracellular particles, that
364 are secreted by senescent cells, alongside canonical sEVs. Importantly, only a relatively small
365 fraction of these extracellular particles was positive for CCF markers, suggesting substantial
366  heterogeneity within this particle population. Although these extracellular particles (~50-100 nm)
367 overlapped in size with canonical sEVs (~100-150 nm) and were co-purified by standard
368 ultracentrifugation, flow cytometry, density gradient fractionation, and TEM revealed them to be
369  distinct entities. Secretion of extracellular particles was diminished upon blockade of CCF
370 formation and enhanced by blockade of autophagy, reinforcing the regulatory link between CCF
371  formation, autophagic flux, and the release of extracellular particles. Although the full composition
372  and structure of extracellular particles remains to be defined, their detection across multiple
373  senescent cell types and triggers, and also in aged plasma indicates extracellular particles to be

374  a potential generalizable feature of senescence and aging.

375 Beyond their release, we present evidence that secreted CCFs exert functional effects on
376  recipient cells. Exposure of proliferating cells to senescent cell-derived sEVPs, containing

377  extracellular particles, triggered cGAS activation and cGAMP accumulation, providing functional
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378  evidence that extracellular CCF components, likely dsDNA, act as damage-associated molecular
379  patterns (DAMPs), potentially capable of amplifying inflammation and propagating senescence in
380 a paracrine manner. This suggests a direct role for extracellular CCF components in intercellular
381 communication and systemic aging-associated inflammation. A limitation of this study is that, at
382 this time, we cannot formally attribute the signaling function of the sEVP fraction to the
383  extracellular particles vs canonical sEVs. However, signaling by the sEVP fraction likely depends
384  on CCFs and extracellular particles because it was blocked by an MDM2 inhibitor, and immuno-

385 TEM showed that CCFs components are enriched in extracellular particles compared to sEVs.

386  Together, these findings highlight a senescence-associated secretory pathway, revealing that
387 CCFs can be eliminated not only through autophagic degradation but also via release in
388  extracellular particles with probable functional cell-cell signaling properties. This work expands
389 the current understanding of the SASP, positioning extracellular CCF components as potential
390 mediators of inflammaging. However, important questions remain, including the precise molecular
391  machinery governing CCF secretion as well as extracellular particle biogenesis, their composition,
392 structure, stability and biodistribution in vivo, and the extent of their contribution to senescent cell
393  signaling. Addressing these gaps will be essential for evaluating whether targeting CCFs
394  secretion represents a viable therapeutic strategy to modulate the effects of senescent cells, for

395 example to mitigate chronic inflammation and improve tissue homeostasis during aging.

396
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423

424 Online Methods

425  Cell culture, treatments, and genetic manipulations:

426 Cell culture and treatments

427  Primary IMROO cells (PD27) were cultured in DMEM supplemented with 10% fetal bovine serum
428  (FBS) under physiological oxygen conditions (3.5% O, 5% CO,, 37 °C). For irradiation-induced
429  senescence, IMR90 cells at ~50% confluency (~4.5 x 10° cells per 10-cm plate) were exposed to
430 20 Gy X-ray irradiation (Rad Source RS-2000 Biological System). Following irradiation, cells were

431  allowed to recover and reach confluence over 3 days, then split and replated into 15-cm dishes.

432 Cells were treated with the MDM2 inhibitor RG7388 (Selleckchem) at 100 nM or with DMSO
433  vehicle control beginning after replating and maintained for 15 days post-irradiation. Media
434  containing RG7388 or DMSO were refreshed at each passage for proliferating cells and at each

435 media change for senescent cells.

436  For conditioned media collection, two 15-cm plates per condition (corresponding to a total of ~16—
437 20 x 10° cells per condition) were used. Twenty-four h's prior to collection, culture media were
438  replaced with FBS-free DMEM containing DMSO or the indicated treatment, at a volume of 12.5
439 mL per plate. For experiments involving GW4869, Manumycin A, or Bafilomycin A, cells were
440 treated only during this final 24-h conditioning period at the following concentrations: GW4869 (10

441 pM), Manumycin A (5 pM), or Bafilomycin A (50 nM).

442  Conditioned media were collected 15 days post-irradiation by combining 12.5 mL of media from
443  two plates of the same condition into a single tube, yielding a total of 25 mL of conditioned media

444  per condition. Cell lysates were collected in parallel from the same plates.
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445 siRNA transfection

446  Primary IMR90 cells were cultured in DMEM supplemented with10% fetal bovine serum (FBS)
447  under physiological oxygen (3.5%). One day before irradiation to induce senescence, cells were
448  transfected with Dharmacon siGENOME 100 nM siRNA of interest in 0.8% DharmaFECT reagent
449  according to the manufacturer’'s recommendations. The next day, the cells were irradiated at 20
450 Gy (Rad Source RS-2000 Biological System). The media was then replaced with fresh media. 3
451 and 6 days after irradiation, the transfection was repeated. The cells were cultured for an

452  additional 3 days and then collected for analysis.

453 Lentiviral Production and Transduction (for OIS experiments)

454  Cell Culture and Preparation: HEK293T cells were maintained in Dulbecco’s Modified Eagle
455  Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and 100
456  U/mL penicillin—streptomycin. The day prior to transfection, cells were split into a 6-well plate at

457  ~50-60% confluence, typically by seeding one-third of a 10 cm dish per 6-well plate.

458  Transfection: Lentiviral vectors were transfected using Lipofectamine 2000 (Thermo Fisher). For
459  each well: 4 uL of Lipofectamine 2000 was diluted in 150 pyL Opti-MEM and incubated for 5
460 minutes at room temperature. DNA mixture consisting of 2.4 pg lentiviral expression plasmid
461  (HRAS or GFP), 1 ug psPAX2 packaging plasmid, and 0.6 ug VSVG plasmid was diluted in 150
462 L Opti-MEM and incubated for 5 minutes. Lipofectamine and DNA mixtures were combined and
463 incubated at room temperature for 30 minutes. Meanwhile, 293T cells were washed with 1 mL
464  PBS and 700 pL Opti-MEM was added. The transfection mixture (300 pL) was added dropwise
465  to each well, and the plates were incubated for 6 h. Transfection medium was then replaced with

466 1 mL complete growth medium, and cells were incubated for an additional 24 h.

20


https://doi.org/10.64898/2025.12.12.694055
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2025.12.12.694055; this version posted December 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

467  Viral Collection: All subsequent steps were performed under BSL-2+ conditions. Viral supernatant
468  was collected at 24 and 48 h post-transfection, pooled, and centrifuged at 500 x g for 3 minutes
469 to remove cell debris. Viral supernatant could either be used fresh, concentrated, or stored at —

470  80°C.

471 Generation of ATG16L1 IMR90 knock-out cells

472  CRISPR-Cas9-mediated knockout of ATG16L1 was carried out using the Synthego Lipofection
473  Protocol for Cas9-sgRNA ribonucleoprotein (RNP) delivery, applied to low-passage IMR90
474  fibroblasts (PD22). Purified SpCas9 protein was complexed with a pool of three ATG16L1-
475  targeting sgRNAs supplied by Synthego. For each transfection, 50,000 IMR90 cells were mixed
476  with the pre-assembled RNP complex and plated into two wells of a 24-well plate: one well for
477  continued culture and one for assessing editing efficiency by western blot. After 72 h, cells from
478 the maintenance well were trypsinized, diluted approximately fourfold (back to ~50,000 cells), and
479  subjected to a second round of RNP lipofection using identical conditions. A third transfection was
480 performed 72 h later to maximize editing efficiency. As a negative control, IMR9O0 cells were

481 lipofected with Cas9 protein alone without sgRNA.

482

483  Secretome/ Extracellular vesicle and particle isolation:

484  TCA precipitation

485 IMR90 cells were seeded in 2 x 15 cm plates (2,000,000 cells/plate, 25 ml total volume) per
486  condition. 24 h after seeding, cells were irradiated to induce senescence, and media containing
487  drugs were added. 24 h before the collection of the conditioned media, the media were changed
488 to FBS-free media in a volume of 12.5 mL per 15 cm plate. The next day, conditioned media were

489  collected into 50 mL centrifuge tubes, combining 12.5 mL from each plate to a total of 25 mL of
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490 the collected media per condition. The collected media were subjected to a centrifugation step of
491 400 x g for 10 min at 4°C to pellet and remove cells. 20 mL of the supernatant were collected,
492  leaving 5 mL, into a separate 50 mL tube. 1% (v/v) of a 2% sodium deoxycholate solution was
493  added to each tube and incubated on ice for 30 min after mixing. Trichloroacetic acid was added
494  to afinal concentration of 7.5% (v/v) and incubated again on ice for 60 min after mixing. Proteins
495  were precipitated by centrifugation (15,000 g for 20 min at 4°C), and the supernatants were
496  discarded. 20 mL of 100% ice-cold (-20°C) acetone were added to the pellets, gently vortexed,
497  and kept at —20°C for 5 min. After centrifugation (15,000 g for 5 min at 4°C), the supernatants
498  were discarded, and 5 ml of 100% ice-cold (-20°C) acetone were added to the pellets. The pellets
499  were vortexed again, kept at -20°C for 5 min, centrifuged (15,000 g for 5 min at 4°C), and the
500 supernatants were discarded. The pellets were air-dried in a chemical hood for 30 min, dissolved
501 in 200 ul of 2X SDS/ PAGE Sample Buffer, transferred to a 1.5 mL microcentrifuge tube, and kept

502 at -80°C until use.

503 Isolation of SEVPs by ultracentrifugation

504 Small particulate secretome and microvesicles were isolated from conditioned media using
505 ultracentrifugation (Beckman Coulter Optima L-100K). First, the conditioned media were collected
506 and centrifuged at 2000 x g for 20 minutes to remove cells, large debris, and large vesicles. The
507 resulting supernatant was subsequently centrifuged at 10,000 x g for 30 minutes to pellet
508 microvesicles. To isolate sEVs, the supernatant was subjected to ultracentrifugation at 100,000 x
509 gfor2.5h. The sEV pellet was carefully resuspended and washed with filtered PBS and subjected
510 to 100,000 x g for 2 h. The sEV pellet was collected and resuspended in filtered PBS for
511  downstream analyses. The final pellets of both microvesicles and sEVs were either stored at -

512  80°C or processed immediately for characterization.

513 Size-exclusion chromatography
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514  Extracellular vesicles and particles were isolated from conditioned cell culture medium using size
515  exclusion chromatography (SEC) with IZON qEV columns (Izon Science, Christchurch, New
516  Zealand), following the manufacturer’s guidelines with minor modifications. Conditioned medium
517  was first clarified by sequential centrifugation at 2,000 x g for 20 minutes to eliminate cell debris
518 and apoptotic bodies, followed by centrifugation at 10,000 x g for 30 minutes to remove large

519 vesicles and particles.

520 Prior to sample application, the qEV column was equilibrated with sterile-filtered phosphate-
521  buffered saline (PBS; pH 7.4) according to the manufacturer’s instructions. Typically, 500 uL of
522  clarified sample was loaded onto the column, followed by elution with PBS. Fractions of 500 pL
523  were collected sequentially. Eluted fractions were concentrated, using 10 kDa molecular weight
524  cut-off centrifugal filters (Amicon Ultra, MilliporeSigma) at 4,000 x g, and subsequently stored at

525 -80 °C until use.

526 OptiPrep density gradient purification

527  Extracellular vesicles and particles were separated using a discontinuous iodixanol (OptiPrep;
528 Axis-Shield) density gradient, prepared according to established protocols with slight
529  modifications. A working stock of iodixanol (60% w/v) was diluted in 0.25 M sucrose (10 mM Tris—
530 HCI, pH 7.4) to generate 5%, 10%, 20%, and 40% solutions. To prepare 50 mL of 40% iodixanol,
531  33.3 mL of the 60% stock was combined with 16.7 mL of sucrose buffer and mixed thoroughly.
532  Serial dilutions with equal volumes of iodixanol solution and sucrose buffer were then performed
533 to obtain lower concentration solutions. Density gradients were assembled in 12 mL
534 ultracentrifuge tubes by sequentially layering iodixanol solutions. First, 3 mL of 40% iodixanol was
535 pipetted to the bottom of the tube. Next, 3 mL of 20% solution was gently layered above using an
536  18-gauge needle attached to a syringe, ensuring minimal disruption of the interface. Similarly, 3

537 mL of 10% solution was layered above, followed by 2.5 mL of 5% iodixanol solution. Finally, 500
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538 L of EV suspension in PBS was carefully loaded on top of the gradient. Tubes were balanced

539  with particle-free PBS as required.

540  Gradients were centrifuged at 100,000 x g for 18 h at4 °C in a swinging-bucket rotor with minimum
541  acceleration and deceleration settings. Following centrifugation, tubes were removed carefully,
542 and 1 mL fractions were collected sequentially from the top of the gradient using a fraction
543  recovery system. Each fraction was transferred to a pre-labeled 1.5 mL microcentrifuge tube.
544  Fractions of interest were transferred into fresh 12 mL ultracentrifuge tubes, diluted with 6 mL of
545  PBS, and mixed gently. An additional 4-5 mL of PBS was added, and samples were centrifuged
546 at 100,000 x g for 2 h at 4 °C to pellet EVs and particles and remove residual iodixanol.

547  Supernatants were carefully decanted, and pellets were briefly tapped to remove excess liquid.

548  Pellets were resuspended in buffer for TEM imaging or lysed directly in 30-50 uL of lysis buffer
549 by vortexing for 15 s, followed by incubation on a rocker for 15—20 min. Samples were then
550 vortexed again and centrifuged briefly (500—1,000 x g for 1 min) to collect material. The

551 resuspended pellets or collected lysates were at -80 °C or -20 °C until further use.

552

553  Characterization of extracellular vesicles and particles:

554 Nucleic acid analysis

555  DNA was extracted from nanoparticles using AMPure XP beads (Beckman Coulter) according to
556  the manufacturer’s protocol. Equal volumes of nanoparticles in PBS and lysis buffer AL (QIAGEN)
557  were mixed and incubated with Proteinase K (20 pg/ml, QIAGEN) at 56°C for 10 minutes. The
558 mixture was then combined with one volume each of AMPure beads, isopropanol, and PEG
559  solution (Beckman), followed by a 5-minute incubation at room temperature (RT). DNA bound to

560 the beads was separated from the solution using a magnet for 5 min at RT. The supernatant was
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561 removed, and bead-bound DNA was washed twice with 80% ethanol, air-dried for 5 minutes, and
562  eluted with nuclease-free water. DNA concentration was quantified using the QuBit assay (Life
563  Technologies). DNA extraction was performed for two independent biological replicates of each

564  sample.

565 Dynamic light scattering analysis

566  The hydrodynamic size distribution of secreted extracellular particles was determined using
567  dynamic light scattering. Particle preparations were first isolated from cell culture supernatants
568 via differential ultracentrifugation and resuspended in sterile filtered phosphate-buffered saline
569 (PBS). Samples were equilibrated at 25 °C and analyzed using a Zetasizer Nano ZS (Malvern
570 Panalytical) equipped with a 633 nm laser. Data were analyzed using instrument software to
571  determine the mean particle size and polydispersity index (PDI). Care was taken to avoid bubbles
572  and aggregates in the cuvette to ensure accurate size determination. Performed at UCSD,

573  Materials Research Science & Engineering Center.

574 Flow cytometry analysis of particles

575 Vesicle concentration, size, and tetraspanin (TS)-positive fraction were determined by single
576  vesicle flow cytometry**# using a commercial kit (vFC Assay kit, Cellarcus Biosciences, San
577  Diego, CA) and flow cytometer (Cytek Aurora, SBP Flow Cytometry core). Briefly, samples were
578  stained with the fluorogenic membrane stain vFRed and a mix of fluorescent antibodies targeting
579 CD9, CD63, and CD81, molecules often associated with some EVs, for 1h at RT. Data were
580 analyzed using FCS Express (De Novo Software) and included calibration using vesicle size and
581 fluorescence intensity standards. The analysis included a pre-stain dilution series to determine
582  the optimal initial sample dilution and multiple positive and negative controls, per guidelines of the

583 International Society for Extracellular Vesicles (ISEV)*223,

584 PKH-67 labeling of particulate secretome
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585 sEVs were fluorescently labeled with PKH67 (MINI67-1KT, Merck) following the manufacturer’s
586 guidelines with modifications to optimize specificity. Briefly, SEVP fractions were isolated from
587 senescent IMR90 cells as described above, with the final pellet resuspended in 100 pl of diluent
588 Cinstead of PBS. As a critical control, FBS-free DMEM was incubated at 37°C for 48 h, processed
589 in parallel through the exosome isolation workflow, and resuspended in 100 pl of diluent C. This
590 control accounts for the potential aggregation of PKH67 in the absence of vesicles, which can
591  otherwise confound downstream assays. For labeling, 6 pl (1x) or 12 pl (2x) of PKH67 dye was
592  diluted in diluent C to a final volume of 50 ul. Each dye preparation was mixed with either sEV or
593 FBS-free DMEM suspensions and incubated for 5 min at room temperature. Following labeling,
594 18 ml of PBS was added, and samples were centrifuged at 100,000 x g for 1.5 h to pellet PKH67-
595 labeled sEVPs or labeled FBS-free DMEM-derived background particles. Pellets were
596 resuspended in PBS and wrapped in foil to protect from light. Labelled samples were added
597 directly to the proliferating IMR90 cells and incubated for 6 h. The cells were fixed with 4% PFA

598 and imaged for analysis.

599  Transmission electron microscopy (TEM)

600 The isolated sEVP fraction (10 yL per condition) was loaded onto a glow-discharged copper EM
601  grid coated with a thin carbon film. The sEVPs were allowed to adsorb to the grid for 5-10 minutes.
602  Following adsorption, the grid was washed with distilled water and further stained with a filtered
603  uranyl acetate solution for 1 minute. The grid was then blotted and air-dried before imaging using
604 a Transmission Electron Microscope, Jeol 1400 plus at UCSD, Electron Microscopy Core. For
605 each condition and independent experimental repeat, an average of 3—6 fields of view were

606 imaged and analyzed.

607 Immuno-TEM

608
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609 The isolated sEVP fraction was loaded onto a glow-discharged copper EM grid coated with a thin
610  carbon film. The sEVPs were allowed to adsorb to the grid for 10 minutes. Following adsorption,
611  to block nonspecific binding, the grids were incubated with 1% bovine serum albumin (BSA) in
612  PBS for 30 min at room temperature. Additionally, the grids were incubated with or without 0.01%
613  Triton X to permeabilize any vesicles present in the samples. Primary antibodies (1:20 dilution in
614 0.1% BSA, PBS) were applied to the grids for 1 h at room temperature. Following five washes in
615 0.1% BSA, PBS, grids were incubated with secondary antibody conjugated to 12 nm colloidal gold
616  particles ( dilution in 0.1% BSA, PBS) for 1 h at room temperature. Grids were then washed five
617  times with 0.1% BSA, PBS, followed by two washes with distilled water. Grids were further stained
618  with a filtered uranyl acetate solution for 1 minute. The grid was then blotted and air-dried before
619 imaging using a Transmission Electron Microscope, Jeol 1400 plus at UCSD, Electron Microscopy
620 Core. For each condition and independent experimental repeat, an average of 3—6 fields of view

621  were imaged and analyzed.

622

623  Cellular and molecular analyses:

624 cGAMP assay

625 Intracellular 2’3’-cyclic GMP-AMP (cGAMP) levels were quantified using the 2’3’-cGAMP ELISA
626  Kit (Invitrogen) according to the manufacturer’s instructions. Briefly, cells were harvested and
627 lysed in RIPA buffer, and lysates were clarified by centrifugation at 12,000 x g for 10 minutes at
628 4°C. Samples, standards, and controls were added to the ELISA plate and incubated with the
629  specific detection antibody at room temperature for the recommended period. Following washes,
630 the substrate solution was added and allowed to develop until a colorimetric change was

631  detectable. Absorbance was measured at 450 nm using a microplate reader. Sample
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632  concentrations of 2’3’-cGAMP were calculated by interpolation from the standard curve. All

633  measurements were performed in duplicate.

634 Western blotting

635 Reserved input lysate or TCA-precipitated materials were analyzed by standard western blotting
636  protocols. Briefly, proteins were separated in Novex 4%—-12% acrylamide Bis-Tris gels (NuPage)
637  and transferred to PVDF membranes. Membranes were blocked in Tris-buffered saline containing
638 0.05% Tween-20 (TBST) and either 5% milk or 3% bovine serum albumin (BSA), according to
639 the antibody manufacturer's recommendations, and then incubated for 2 h at room temperature
640  with primary antibodies diluted in 1% milk or 3% BSA in TBST with gentle rocking. Blots were
641  washed three times (total 30 min) and incubated with horseradish peroxidase (HRP)-conjugated
642  anti-mouse or anti-rabbit secondary antibodies (Cell Signaling Technologies) for 1 h at room
643 temperature with gentle rocking. Blots were washed again and developed with Pierce
644  ECL Western Blotting substrate (Base, SuperSignal West Pico/Femto, depending on protein
645 levels) and visualized using a Bio-Rad ChemiDoc Imaging System or with HyBlot
646  CL autoradiography films (Denville). Quantification of band intensity was carried out using ImageJ

647  (National Institutes of Health) software.

648 Immunofluorescence

649  Cells (2 x 10°) were seeded in 24-well plates containing 12-mm glass coverslips, and treated with
650 the small molecule drugs as described above. After treatment, cells were fixed with 4%
651  paraformaldehyde in PBS for 20 min or with 100% methanol for 10 min at -20 °C, depending on
652  the antibody specifications, and processed for fluorescence microscopy using standard protocols

653  (https://www.cellsignal.com). Briefly, cells were incubated with primary antibodies of interest

654  diluted in PBS containing 10% FBS and 0.2% saponin for 2 h at room temperature. Cells were
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655  then washed three times with PBS and incubated with Alexa Fluor 488- or 568-labeled secondary

656  antibodies (Thermo Fisher) diluted at 1:1000 in PBS/10% FBS/0.2% saponin for 1 h at room
657 temperature. Cells were washed three times in PBS, incubated with DAPI to label nuclei, and
658 mounted with Prolong Gold Antifade Reagent. Imaging was performed using an ApoTome

659  microscope. An average of 10 to 15 stacks of 0.3 um thickness was acquired.

660

661  Quantification and statistical analysis:

662 Puncta number quantification

663  Puncta were quantified using Imaris 9.3.0 (Bitplane, Zurich). Images were processed using the
664  software “spots” feature with an estimated diameter of 0.5 ym and then corrected using the
665  “different spot sizes: region growing” feature. Thresholds were set using the “Quality” feature and
666  determined manually. The local contrast threshold for region-growing spots was then manually
667  set and maintained. The “surface” feature was used to reconstruct the nucleus of each cell using
668  DAPI staining. Approximately 300-350 proliferating cells and 150-250 senescent cells were

669  analyzed per independent experiment.

670 Colocalization quantification

671 Colocalization data were processed using Imaris software. In the channels of interest, the
672  appropriate colocalization thresholds were provided in the software “coloc” feature using the
673  “Polygon” tool. The same channel thresholds were maintained for all cells, and the most intense
674  fluorescent overlap was quantified by Imaris as voxels (i.e., overlap between volumetric pixels in
675  either channel). The voxel value for each cell was averaged for each condition and used as a

676  single data point for statistical analysis.
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677 Statistical analysis

678  Figure legends contain all information regarding statistical tests used, number of experimental
679  replicates, dispersion measures used, and specific p-values. Statistical analysis and graph
680  generations was conducted using GraphPad Prism 9 Software. When comparing two datasets,
681 an unpaired two-tailed Student’s t-test was performed. For the comparison of more than two
682  datasets, the one-way ANOVA test was used. A significance level of p<0.05 was considered
683  statistically significant. All data are expressed as MeantSD from three experimental replicates
684 and are representative of at least two independent experiments. The symbols s, #x, sxx, skxx

685 indicate significance levels of p<0.01, p<0.05, p<0.01, p<0.001, and p<0.0001, respectively.

686

687  Figure legends:

688  Figure 1: Senescent cells secrete components of CCFs into the extracellular space.

689  (A) Schematic representation of a CCF exiting the nucleus into the cytoplasm of a senescent cell;

690 this process is inhibited by the MDM2 inhibitor RG7388 (MDM2i).

691 (B) Schematic of the experimental setup, timeline, and treatments, showing that cells were
692  passaged and split 2x and treated with 100 nM MDMZ2i and/or DMSO vehicle on day 3 post-
693 irradiation (20 Gy IR). Cells were dosed with fresh medium and MDM2i and/or DMSO vehicle on
694  the indicated days. The cells were treated with FBS-free media for 24 h (orange section on the

695  graph) before the collection.

696 (C) Representative western blot of indicated proteins in whole-cell lysates (WCL) and
697 trichloroacetic acid (TCA)—precipitated proteins from conditioned media of proliferating cells
698  treated with DMSO vehicle or senescent IMR90 cells treated with treated with MDMi or DMSO

699  vehicle. WCL samples were normalized to total cell number, and equal amounts of cell lysates
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700 were loaded for each condition. For TCA-precipitated samples, precipitated proteins were
701  resuspended in identical volumes of sample buffer, and equal volumes were loaded per condition.
702  Quantification of TCA-precipitated yH2AX and H3K27me3 was normalized to tubulin levels in the
703  corresponding WCL and is presented as fold change relative to proliferating control cells. Data
704  are presented as mean + SD (n = 3 independent experiments). Statistical significance was

705  determined using a two-sided one-way ANOVA: ***p = 0.0003, ****p < 0.0001.

706 (D) Representative western blot of indicated proteins in WCL and the isolated small extracellular
707  vesicles and particles (SEVPs), large extracellular vesicles (EV) fraction, and TCA—precipitated
708  proteins from sEVP and large EVs-depleted conditioned media of proliferating cells treated with
709 DMSO vehicle or senescent IMR90 cells treated with MDM2i or DMSO vehicle. WCL samples
710 were normalized to total cell number, and equal amounts of cell lysates were loaded for each
711 condition. For isolated sEVP, large EVs, and TCA-precipitated samples, proteins were
712 resuspended in identical volumes of sample buffer, and equal volumes were loaded per condition.
713 Quantification of yH2AX in the sEVP fraction was normalized to tubulin levels in the corresponding
714  WCL and is presented as a fold change relative to proliferating control cells. Data are presented
715 as mean = SD (n = 3 independent experiments). Statistical significance was determined using a

716  two-sided one-way ANOVA: ****p < 0.0001.

717  (E) Quantification of secreted dsDNA in the isolated sEVP fraction from the conditioned media of
718  proliferating cells treated with DMSO vehicle, and senescent cells treated with MDM2i or DMSO
719 vehicle. sEVPs were isolated from equivalent numbers of cells for each condition and
720  resuspended in identical buffer volumes prior to downstream analyses. Data are presented as
721  mean = SD (n = 3 independent experiments). Statistical significance was determined using a two-

722  sided one-way ANOVA: *p=0.029.
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723  (F) (Left) Experimental setup outlining how blood from five young (4 months) and old (21 months)
724  mice was collected, plasma was separated from blood cells and subsequently processed to
725  isolate sEVPs fraction. (Right) Representative western blot of whole plasma and isolated sEVPs
726  from five young and old mice. Equal volumes of plasma were collected from each mouse and
727  pooled within age groups (young vs. old) prior to sEVP isolation and downstream analysis.
728  Quantification of yH2AX in the sEVP fraction isolated from the plasma of old mice is presented
729 as a fold change compared to yH2AX in the sEVP fraction isolated from the plasma of young
730  mice. Data are presented as mean  SD (n = 3 independent experiments). Statistical significance

731  was determined using a two-sided unpaired t-test: **p=0.0025.

732  Figure 2: Components of CCFs are secreted to the extracellular space via an ESCRT-

733  independent pathway.

734  (A) Quantification of markers of multivesicular bodies (MVBs), CD63 and CD9 puncta/cell, in
735  proliferating and senescent cells. The y-axis represents the total number of CD63 or CD9 punctae,
736  normalized to the total number of nuclei. Data are presented as mean + SD (n = 3 independent
737  experiments). Statistical significance was determined using a two-sided unpaired t-test: *p=0.010,

738 **p=0.0048.

739  (B) Representative images and (C) quantifications of colocalization of cytoplasmic yH2AX and
740 CDG63 in proliferating and senescent cells. Numbered boxes indicate corresponding expanded
741  regions. The y-axis represents relative units, showing the total number of colocalizing voxels in
742  each channel, normalized to the total number of nuclei. Data are presented as mean + SD (n=3
743 independent experiments). Statistical significance was determined using a two-sided unpaired t-

744  test: ***p = 0.0010.

745 (D) Schematic representation of inhibition of ESCRT-dependent or ESCRT-independent

746  pathways of secretion by Manumycin A or GW4869, respectively.
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747  (E) Representative western blot of indicated proteins in whole-cell lysates (WCL) and the isolated
748  small extracellular vesicles and particles (sEVP) fraction from conditioned media of proliferating
749 cells treated with DMSO vehicle, and senescent cells treated with the small-molecule inhibitor to
750  block the formation of CCFs, RG7388 (MDM2i), or with an inhibitor of the ESCRT-independent
751  pathway, GW4869 (GW), or an inhibitor of the ESCRT-dependent pathway, Manumycin A
752  (ManA), or DMSO vehicle. GW4869 and ManA treatments were applied only during the final 24
753  h of the conditioning period. WCL samples were normalized to total cell number, and equal
754  amounts of cell lysates were loaded for each condition. The isolated sEVP fractions were
755  resuspended in identical volumes of sample buffer, and equal volumes were loaded per condition.
756  Quantification of yH2AX in the sEVP fraction was normalized to tubulin levels in the corresponding
757 WCL and is presented as a fold change relative to proliferating control cells. Data are presented
758 as mean = SD (n = 3 independent experiments). Statistical significance was determined using
759  two-sided one-way ANOVA: *p=0.050 (prol. vs sen.), *p=0.044 (sen. vs sen.+MDM2i), *p=0.022

760  (sen. vs sen.+GW).

761  (F) Quantification (Qubit) of secreted dsDNA in the isolated sEVP fraction from conditioned media
762  of proliferating cells treated with DMSO vehicle, and senescent cells treated with MDM2i,
763  GW4869, Manumycin A, or DMSO vehicle. GW4869 and ManA treatments were applied only
764  during the final 24 h of the conditioning period. SEVPs were isolated from equivalent numbers of
765 cells for each condition and resuspended in identical buffer volumes prior to downstream
766  analyses. Data are presented as mean = SD (n=3 independent experiments). Statistical

767  significance was determined using two-sided one-way ANOVA: *p<0.029.

768  (G) Quantification of the number of CCFs per cell in proliferating cells treated with DMSO vehicle,
769  and senescent cells treated with GW4869, ManA, or DMSO vehicle. The y-axis represents the

770  total number of CCF, normalized to the total number of nuclei. Data are presented as mean + SD
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771  (n = 3 independent experiments). Statistical significance was determined using two-sided one-

772 way ANOVA: ****p<0.0001.

773  Figure 3: Blocking intracellular degradation of CCFs by inhibiting the process of

774  autophagy with Bafilomycin A (BafA) upregulates secretion of the components of CCFs

775 (A) Schematic representation of the autophagy pathway, highlighting the role of ATG16L1 in
776  conjugating ATG8/LC3B to autophagosomal membranes, and how Bafilmycin A (BafA) functions

777  to inhibit lysosomal acidification, thus blocking degradation via autophagy.

778  (B) Representative western blot of indicated proteins in whole-cell lysates (WCL) and the isolated
779  small extracellular vesicles and particles (sEVP) fractions from conditioned media of senescent
780 and senescent cells treated with BafA, an inhibitor of the ESCRT-independent pathway GW4869
781  (GW), a small-molecule inhibitor to block the formation of CCFs RG7388 (MDM2i), a combination
782  of inhibitors, or DMSO vehicle. GW4869 and BafA treatments were applied only during the final
783 24 h of the conditioning period. WCL samples were normalized to total cell number, and equal
784  amounts of cell lysates were loaded for each condition. The isolated sEVP fractions were
785  resuspended in identical volumes of sample buffer, and equal volumes were loaded per condition.
786  Quantification of yH2AX in the sEVP fraction was normalized to tubulin levels in the corresponding
787 WCL and is presented as a fold change relative to senescent control cells treated with DMSO
788  vehicle. Data are presented as mean + SD (n=3 independent experiments). Statistical significance

789  was determined using two-sided one-way ANOVA: ****p<0.0001, *p=0.020.

790 (C) Quantification of secreted dsDNA in the isolated sEVP fraction from conditioned media of
791 proliferating cells treated with DMSO, and senescent cells treated with BafA, or DMSO vehicle.
792  BafA treatment was applied only during the final 24 h of the conditioning period. sEVPs were
793  isolated from equivalent numbers of cells for each condition and resuspended in identical buffer

794  volumes prior to downstream analyses. Data are presented as mean £ SD (n = 3 independent
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795  experiments). Statistical significance was determined using two-sided one-way ANOVA:

796  *p<0.048.

797 (D) Representative immunofluorescence images of proliferating cells treated with DMSO, and
798  senescent cells treated with BafA, GW4869, or DMSO vehicle. GW4869 and BafA treatments
799 were applied only during the final 24 h of the conditioning period. Arrows demonstrate

800 colocalization events between LC3B and CD9 puncta.

801 (E) Quantification of the number of LC3B-positive puncta in proliferating cells treated with DMSO,
802 and senescent cells treated with BafA, GW4869, or DMSO vehicle. The treatments were applied
803  only during the final 24 h of the conditioning period. The y-axis represents the total number of
804  LC3B-positive punctae, normalized to the total number of nuclei. Data are presented as mean %
805  SD (n= 3 independent experiments). Statistical significance was determined using two-sided one-

806  way ANOVA: ***p=0.0003, **p=0.013.

807  (F) Quantification of the number of CD9-positive puncta CCFs per cell in proliferating cells treated
808  with DMSO, and senescent cells treated with BafA, GW4869, or DMSO vehicle. The treatments
809  were applied only during the final 24 h of the conditioning period. The y-axis represents the total
810 number of CD9-positive punctae, normalized to the total number of nuclei. Data are presented as
811 mean = SD (n = 3 independent experiments). Statistical significance was determined using two-

812  sided one-way ANOVA: **p=0.0060, *p=0.036.

813  (G) Analysis of the colocalization of LC3B and CD9 (number of colocalizing voxels in each
814  channel)in proliferating cells treated with DMSO, and senescent cells treated with BafA, GW4869,
815 or DMSO vehicle. The treatments were applied only during the final 24 h of the conditioning
816  period. The y-axis represents relative units, showing the total number of colocalizing voxels in

817  each channel, normalized to the total number of nuclei. Data are presented as mean + SD (n =3
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818 independent experiments). Statistical significance was determined using two-sided one-way

819  ANOVA: ****p<0.0001, **p=0.0023, *p=0.014.

820 Figure 4: Senescent cells secrete high levels of extracellular particles as potential carriers

821 of components of CCFs to the extracellular space.

822  (A) Schematic representation of different density fractions of iodixanol density gradient and (B)
823  representative western blot of different fractions obtained from separating the isolated small
824  extracellular vesicles and particles (sEVP) fraction secreted by senescent cells through an
825 iodixanol density gradient. Each fraction was analyzed for the presence of the markers of sEV,

826 CD9 and CD63, and the component of CCFs, yH2AX (n = 3 independent experiments).

827  (C) Transmission electron microscopy (TEM) representative images of the isolated sEVP fractions
828  secreted by proliferating cells treated with DMSO, and senescent cells treated with the inhibitor
829  of CCF formation, MDM2 inhibitor RG7388 (MDM2i) or DMSO vehicle. White arrows indicate

830 canonical sEVs, and red arrows indicate extracellular particles.

831 (D) Quantification of the isolated sEVs (top) and extracellular particles (bottom) in the sEVP
832  fraction secreted by proliferating cells treated with DMSO, senescent cells treated with MDM2i,
833  or DMSO vehicle. sEVPs were isolated from equivalent numbers of cells for each condition and
834  resuspended in identical buffer volumes prior to downstream analyses. Data are presented as
835 mean = SD (n = 3 independent experiments). Statistical significance was determined using two-

836  sided one-way ANOVA: **p=0.0017, ****p<0.0001.

837 (E) TEM representative images of the isolated sEVP fractions secreted by proliferating treated
838  with DMSO, and senescent cells treated with autophagy inhibitor Bafilomycin A (BafA), or DMSO

839 vehicle.
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840 (F) Quantification of the isolated sEVs and extracellular particles secreted by proliferating cells
841 treated with DMSO, and senescent cells treated with BafA or DMSO vehicle. sSEVPs were isolated
842  from equivalent numbers of cells for each condition and resuspended in identical buffer volumes
843  prior to downstream analyses. Data are presented as mean + SD (n = 3 independent
844  experiments). Statistical significance was determined using two-sided one-way ANOVA:

845 **p=0.0017, **p=0.008, ****p<0.0001.

846  (G) Representative TEM images of the YH2AX-immunogold labeling of the isolated sEVP fractions
847  secreted by senescent cells treated with MDM2i or DMSO vehicle. sEVPs were isolated from
848  equivalent numbers of cells for each condition and resuspended in identical buffer volumes prior

849  to being analyzed.

850 (H) Quantification of the yH2AX-immunogold labeling of the isolated sEVP fractions secreted by
851 senescent cells treated with MDM2i or DMSO vehicle. (Left) Percentage of total small
852  extracellular vesicles (sEVs) and extracellular particles secreted by senescent cells that stained
853  positive for yH2AX. (Right) yH2AX-positive extracellular particles secreted by senescent cells
854  treated with MDM2i or DMSO vehicle, normalized to the total number of extracellular particles per
855  condition. Data are presented as mean + SD (n=3 independent experiments). Statistical

856  significance was determined using a two-sided unpaired t-test: ****p<0.0001.

857  Figure 5: Secreted components of CCFs may be internalized by the neighboring cells and

858 trigger the pro-inflammatory cGAS/STING pathway.

859 (A) Schematic representation of the experimental approach used to test whether senescent cell—
860 derived small extracellular vesicles and particles (EVPs) can be taken up by proliferating cells.
861  Proliferating IMR9O0 cells were treated with PKH67, a green fluorescent lipophilic membrane dye,

862 alone or with PKH67-labeled EVPs isolated from senescent cells.
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863 (B) Representative immunofluorescence images of proliferating cells treated with or without
864  PKHG67-labeled sEVP fractions from senescent cells, using different sEVP volumes while keeping
865 the PKH67 lipid dye concentration unchanged. Boxes indicate expanded region and arrows

866 indicate PKH67 puncta in recipient cells.

867  (C) Quantification of internalized PKH67-labeled sEVPs by proliferating cells. Data are presented
868 as mean x SD (n=3 independent experiments). Statistical significance was determined using two-

869  sided one-way ANOVA: *p=0.023, **p=0.0010, ****p<0.0001.

870 (D) Schematic representation of the experimental setup: proliferating IMR90 cells were treated
871  with no sEVPs or sEVPs secreted by proliferating cells treated with DMSO, or senescent cells

872  treated with the inhibitor of CCF formation, MDM2 inhibitor RG7388 (MDM2i) or DMSO vehicle.

873  (E) Quantification of cGAMP concentration in proliferating cells treated with no sEVPs or sEVPs
874 (40 pL) from proliferating cells treated with DMSO, or senescent cells treated with MDM2i or
875 DMSO vehicle. sEVPs were isolated from equivalent numbers of cells for each condition and
876  resuspended in identical buffer volumes. Data are presented as mean = SD (n = 3 independent
877  experiments). Statistical significance was determined using two-sided one-way ANOVA:

878  *p=0.011, **p=0.0094.

879 Figure 6: Model of the mechanism by which components of CCFs are secreted and

880 contribute to intercellular communication.

881 Components of CCFs are secreted from senescent cells via the endosomal compartment
882 mediated by the ESCRT-independent pathway. These CCF-derived components are released
883 into the extracellular space within senescence-associated extracellular particles (highlighted in
884  red/orange). Once secreted, CCFs can be taken up by neighboring proliferating cells, where they

885  trigger pro-inflammatory signaling responses.

886
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887  Supplemental Figure Legends:

888  Supplemental Figure 1: Validation and characterization of CCF-specific secretion.

889  (A) Representative immunofluorescence images of proliferating cells treated with DMSO and
890 senescent cells treated with the inhibitor of CCF formation, MDM2 inhibitor RG7388 (MDMZ2i) or

891  DMSO vehicle, demonstrating decreased CCFs in the treated cells?°.

892  (B) Quantification of the number of CCFs per cell in proliferating cells treated with DMSO and
893  senescent cells treated with MDM2i or DMSO vehicle. The y-axis represents the total number of
894 CCF, normalized to the total number of nuclei. Data are presented as mean + SD (n=3
895 independent experiments). Statistical significance was determined using two-sided one-way

896  ANOVA: ***p=0.0003.

897 (C) Schematic representation of centrifugation steps to isolate large extracellular vesicles (EVs),
898 small extracellular vesicles and particles (sEVPs), and soluble proteins. Conditioned media
899 collected from IMR90 cells cultured in FBS-free medium were subjected to differential
900 centrifugation to sequentially remove cells and apoptotic bodies, then large shedding vesicles.
901 The resulting cleared medium was ultracentrifuged at 100,000 x g to pellet crude sEVPs, which
902 were resuspended in PBS and ultracentrifuged again at 100,000 x g to eliminate residual
903 conditioned media and obtain an enriched sEVP fraction. The remaining sEVP-depleted
904  conditioned media were processed by TCA protein precipitation to analyze the soluble protein

905 fraction.

906  Supplemental Figure 2: Senescent cells upregulate the set of genes involved in endosomal

907 pathways.

908 (A) Analysis of four previously published RNA-seq data sets derived from multiple models of

909 senescence in IMR90 cells, including replicative senescence (RS), oncogene-induced
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910 senescence (OIS), and irradiation-induced senescence (IRS)'%2°, comparing proliferating control
911 versus senescent. Heatmaps display differentially expressed genes associated with the
912 endosomal pathway across the four datasets. In each heatmap, red indicates higher expression

913 and blue indicates lower expression relative to the corresponding proliferating controls.

914  (B) Venn diagrams illustrating the overlap of endosomal pathway genes that are consistently
915 upregulated (left) or downregulated (right) across all four RNA-seq data sets corresponding to
916  distinct models of senescence in IMR90 cells (RS, OIS, and IRS). Only genes meeting the criteria
917 for significant differential expression relative to proliferating controls in each dataset were

918 included.

919 Supplemental Figure 3: Blocking intracellular degradation of CCFs by ATG16L1 knockout

920 upregulates secretion of the components of CCFs.

921  (A) Representative western blot of indicated proteins in whole cell lysates (WCL) and the isolated
922  small extracellular vesicles and particles (sEVP) fractions from conditioned media of senescent
923  wild type (WT) and senescent ATG16L1 knockout (KO) IMR90 cells treated with an inhibitor of
924 the ESCRT-independent pathway, GW4869, and/or DMSO vehicle. GW4869 treatment was
925 applied only during the final 24 h of the conditioning period. WCL samples were normalized to
926 total cell number, and equal amounts of cell lysates were loaded for each condition. The isolated
927  sEVP fractions were resuspended in identical volumes of sample buffer, and equal volumes were

928 loaded per condition. (n=3 independent experiments).

929  (B) Quantification of the number of CCFs in proliferating and senescent WT or ATG16L1 knockout
930 IMR9O0 cells treated with DMSO and/or GW4869. GW4869 treatment was applied only during the
931 final 24 h of the conditioning period. The y-axis represents the total number of CCF, normalized

932  to the total number of nuclei. Data are presented as mean + SD (n=3 independent experiments).
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933  Statistical significance was determined using two-sided one-way ANOVA: *p=0.045, *p=0.032,

934  *p=0.019.

935 Supplemental Figure 4: Senescence alters the secretion profile of small extracellular

936  vesicles and extracellular particles across cellular models, perturbation, and aging.

937 (A) Representative plots of dynamic light scattering (DLS) analysis of the small extracellular
938 vesicles and particles (SEVP) fractions from proliferating cells treated with DMSO and senescent
939  IMR9O0 cells treated with lysosomal inhibitor Bafilomycin A (BafA) or DMSO vehicle, showing size
940  distribution (diameter, nm) and number (%), representing the estimated fraction of particle
941  number. BafA treatment was applied only during the final 24 h of the conditioning period. The
942  isolated small extracellular vesicles and particles (sEVP) fractions were resuspended in identical

943  volumes of sample buffer, and equal volumes were loaded per condition.

944  (B) Quantification of size distribution determined by DLS of secreted sEVPs from proliferating
945  cells treated with DMSO and senescent IMR90 cells treated with BafA or DMSO vehicle. BafA
946  treatment was applied only during the final 24 h of the conditioning period. The isolated sEVP
947  fractions were resuspended in identical volumes of sample buffer, and equal volumes were loaded
948 per condition. Data are presented as mean + SD (n=3 independent experiments). Statistical

949  significance was determined using two-sided unpaired one-way ANOVA: ns.

950 (C) Quantification of the number of detected sEVPs (kilo count per second) secreted by
951  proliferating cells treated with DMSO and senescent IMR90 cells treated with BafA or DMSO
952  vehicle. BafA treatment was applied only during the final 24 h of the conditioning period. The
953 isolated sEVP fractions were resuspended in identical volumes of sample buffer, and equal
954  volumes were loaded per condition. Data are presented as mean + SD (n=3 independent
955  experiments). Statistical significance was determined using two-sided one-way ANOVA: *p

956  =0.016, ****p<0.0001.
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957 (D) Representative histograms of the single vesicle flow cytometry (vFC) analysis of the isolated
958  sEVP fractions secreted by proliferating cells, senescent cells, and senescent cells treated with
959  BafA and/or DMSO vehicle. The sample was stained with the fluorogenic membrane dye vFRed
960 to label and size membrane particles and with a mix of anti-CD9, CD63, and CD81 antibodies

961 conjugated to phycoerythrin (PE) to stain these common tetraspanins.

962 The top panel presents two-parameter histograms of estimated membrane particle diameter
963  versus PE fluorescence, calibrated in units of antibody per cell. The gate for PE positivity was set
964  at the 99" percentile of particle background signal (LOD ~30 ABC units), and the number and
965  percent of particles exceeding this threshold, as well as their median brightness, are indicated.
966  Events to the right of the vertical gate represent PE-high, tetraspanin-positive particles (canonical
967 sEVs expressing CD9/CD63/CD81), whereas events to the left of the gate represent PE-labeled
968 lipid particles lacking detectable tetraspanins (tetraspanin-negative particles). The bottom panels
969 show the corresponding single-parameter histograms for samples stained with (white) or without

970  antibody (grey).

971  (E) Summary of sEVP concentrations for tetraspanin-negative (sEVPs) and tetraspanin-positive
972  (sEVPs+TS) populations within sEVP fractions isolated from conditioned media of proliferating
973  cells treated with DMSO and senescent cells treated with BafA or DMSO vehicle. Buffer-only
974  controls, synthetic liposomes (Lipo100), and platelet-derived sEV standards (PLT sEVs) were
975 included as reference samples. Data represent n = 2 experimental replicates, with two technical

976  replicates per condition (except controls).

977  (F) Size exclusion chromatography (SEC) column to separate components of the sEVP fraction
978  based on their size. TEM representative images of the separated sEVP fractions (fractions 7 and
979  8) secreted by senescent cells using a SEC column, demonstrating pseudoparticles present in

980 fractions 7 and 8 (n=3 independent experiments).
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981 (G) Representative TEM images of the sEVP fractions isolated from IMR90 cells induced into
982  senescence by replication RS and OIS, demonstrating the presence of extracellular particles.
983 sEVPs were isolated from equivalent numbers of cells for each condition and resuspended in

984 identical buffer volumes prior to downstream analyses (n=3 independent experiments).

985 (H) Representative TEM images of the sEVP fractions isolated from proliferating, RS and IRS
986 melanocytes. sEVPs were isolated from equivalent numbers of cells for each condition and
987 resuspended in identical buffer volumes prior to downstream analyses (n=3 independent

988  experiments).

989 (l) Representative TEM images of isolated sEVP fractions from the plasma of young (4 months)
990 and old mice (21 months). Equal volumes of plasma were collected from each mouse and pooled
991  within age groups (young vs. old) prior to sEVP isolation. Isolated sEVPs were resuspended in

992 identical buffer volumes before imaging (n = 3 independent experiments).

993  (J) Quantification of sEVs and extracellular particles secreted in the plasma of young (4 months)
994  and old (21 months) mice. Equal volumes of plasma were collected from each mouse and pooled
995  within age groups (young vs. old) prior to sEVP isolation. Isolated sEVPs were resuspended in
996 identical buffer volumes before imaging. Data are presented as mean + SD (n = 3 independent

997  experiments). Statistical significance was determined using a two-sided t-test: **p =0.0029.

998 Supplemental Figure 5: Autophagy inhibition alters the secretion profile of senescent cells,

999 enhancing the release of extracellular particles and associated dsDNA.

1000 (A) TEM representative images of the isolated small extracellular vesicles and particles (SEVP)
1001 fractions secreted by wild-type (WT) proliferating and senescent cells or ATG16L1 knockout (KO)
1002  proliferating and senescent cells treated with with an inhibitor of the ESCRT-independent

1003  pathway, GW4869 or DMSO. GW4869 treatment was applied only during the final 24 h of the
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1004  conditioning period. sEVPs were isolated from equivalent numbers of cells for each condition and

1005 resuspended in identical buffer volumes prior to imaging.

1006  (B) Quantification of the isolated sEVs and extracellular particles secreted by WT or ATG16L1
1007  knockout proliferating or senescent cells treated with GW4869 or DMSO vehicle. GW4869
1008 treatment was applied only during the final 24 h of the conditioning period. SEVPs were isolated
1009 from equivalent numbers of cells for each condition and resuspended in identical buffer volumes
1010 prior to imaging. Data are presented as mean + SD (n = 3 independent experiments). Statistical
1011  significance was determined using two-sided one-way ANOVA: for sEVs/field: * p =0.0132
1012  (control proliferating vs control senescent), 0.0118 (control senescent +/- GW4869 treatment),
1013  **p=0.0012 (knockout senescent +/- GW4869 treatment); for extracellular particles/field:

1014  **p=0.0018, ****p<0.0001.

1015 (C) Representative TEM images of different fractions of the separated sEVs and extracellular
1016  particles secreted by senescent cells using iodixanol density gradient, demonstrating that fraction

1017 10 contains the majority of the extracellular particles (n = 3 independent experiments).

1018 (D) Representative TEM images and the corresponding quantification of the dsDNA-immunogold
1019 labeling of the isolated sEVP fractions secreted by senescent cells treated with MDM2 inhibitor
1020 or DMSO vehicle, demonstrating the presence of dsDNA on extracellular particles secreted by
1021  senescent cells. Data are presented as mean £ SD (n = 3 independent experiments). Statistical

1022  significance was determined using a two-sided unpaired t-test: **p =0.0068.

1023

1024

1025
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