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SUMMARY

Damage to our genome causes acute senescence in mammalian cells, which undergo growth arrest and
release a senescence-associated secretory phenotype (SASP) that propagates the stress response to
bystander cells. Thus, acute senescence is a powerful tumor suppressor. Salmonella enterica hijacks senes-
cence through its typhoid toxin, which usurps unidentified factors in the stress secretome of senescent cells
to mediate intracellular infections. Here, transcriptomics of toxin-induced senescent cells (TxSCs) and pro-
teomics of their secretome identify the factors as Wntba, INHBA, and GDF15. Wnt5a establishes a positive
feedback loop, driving INHBA and GDF15 expression. In fibroblasts, Wnt5a and INHBA mediate autocrine
senescence in TxSCs and paracrine senescence in naive cells. Wnt5a synergizes with GDF15 to increase
Salmonella invasion. Intestinal TxSCs undergo apoptosis without Wnt5a, which is required for establishing
intestinal TxSCs. The study reveals how an innate defense against cancer is co-opted by a bacterial pathogen
to cause widespread damage and mediate infections.

INTRODUCTION

Damage to our genome can generate double-strand DNA breaks
(DSBs), resulting in gene mutations with oncogenic potential. To
counteract pathology, the DNA damage response (DDR) is acti-
vated through the kinases ATM (ataxia telangiectasia mutated),
which responds to DSBs, and ATR (ATM and rad3-related),
which senses single-strand DNA breaks (SSBs).' Uniting the
functions of ATM and ATR is phosphorylation of histone H2AX
at $139 (yH2AX),% which recruits DDR proteins at sites of dam-
age to coordinate repair and cell-fate decisions including sur-
vival, apoptosis, and senescence.'*°

Cellular senescence is a hallmark of aging that restricts the
growth of cells with genomic stress through stable cell-cycle ar-
rest.”® Senescent cells display persistent yYH2AX and 53BP1
DDRs, elevated expression of cyclin-dependent kinase (CDK) in-
hibitors (e.g., p16, p21), loss of hyperphosphorylated retinoblas-
toma protein (p-pRb), and increased lysosomal content marked
by senescence-associated B-galactosidase (SA-p-Gal).”® Se-
nescent cells release a signature pro-inflammatory secretome
that establishes a senescence-associated secretory phenotype
(SASP).5 "% SASP factors modulate the microenvironment to
enforce autocrine senescence in senescent cells while establish-
ing paracrine senescence in naive bystander cells.®'"'? The fac-
tors also recruit immune cells to eliminate damaged cells with
pathological potential.’*~'®> Consequently, acute senescence is
a powerful tumor suppressor.”® However, persistent DDRs
cause chronic SASPs, and the resulting inflammation promotes
age-related pathologies such as cancer. For example, DNA
damage caused by the toxin colibactin of Escherichia coli

induced a SASP that promoted colon tumor growth.'® While
the DDR is best known for preventing proliferation of cancerous
cells,® the DDR continues to be revealed as an important innate
defense against intracellular bacterial infections.'”'® Thus, bac-
terial pathogens have evolved sophisticated ways to manipulate
host DDRs and execute their virulence strategies.”'® This is
exemplified by genotoxic serovars of Salmonella enterica, partic-
ularly the human pathogen S. Typhi, which causes 14 million
cases of acute typhoid fever per year and asymptomatic, often
lifelong, chronic infections in individuals who suffer increased
risk of gallbladder carcinoma.?®

To cause typhoid and chronic disease, S. Typhi establishes
intracellular intestinal infections and evades innate immune re-
sponses before disseminating to systemic sites.?® Intracellular
S. Typhi resides within the Salmonella-containing vacuole from
where it expresses the typhoid toxin comprising PItB-PItA-
CdtiB subunits that is exocytosed into the extracellular
milieu.>’ Once deployed, the PItB subunit binds to sialylated
glycans on host surface receptors, facilitating toxin endocy-
tosis.”” Reduction of disulfide bonds linking PItA-CdtB
liberates the toxigenic DNase1-like subunit CdtB, which trans-
locates to the nucleus, where it activates DDRs through
nuclease activity.”'* The toxin is also encoded by related
Salmonella serovars including S. Paratyphi and S. Javiana,
which cause disease in humans and food-chain animals world-
wide.?*?® Toxin-induced DDRs are implicated in Salmonella
evasion of intestinal inflammatory responses,?®?” typhoid
fever,?>?® bacteraemia,?® dissemination,”®*’ and chronic
infection.?” The mechanisms by which toxin-induced DDRs
mediate Salmonella infections are unclear.

e Cell Reports 42, 113181, October 31, 2023 Crown Copyright © 2023 1

uuuuu

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).



¢ CelPress Cell Reports

OPEN ACCESS

A 2h TXWT 120h G
TXWT relative to TxHQ
txSC harvest txSC add to txSASP g i
X . secretome transcriptome
—— secretome —p naive —p — | = cs
ATP6AP2
at 48h cells o cop
GNAS GNAS
i J HLAA (A31) HLAA
NELL2 NELL2
T 1 SEC22B SEC22B
HLA-A (A34)
c Gor coFts
secretome-Unt  secretome-TXWT secretome-TxHQ ccocso .
CPA4 CPA4
SERPINA1 SERPINA1
CFH CFH
) c1s ci1s
> INHBA INHBA
= SRGN SRGN
[%] AGT AGT
8_ BMP1 BVP1
0 ECM1 ECM1
=) SMPD1 SMPD1
ko] SERPINE2 SERPINE2
cL
LI;I TIMP1 TIMP1
& unt TXWT TxHQ MR NRPT
“secrefome OSCAR OSCAR
CRIM1 CRIM1
AXL AXL
D secretome-Unt  secretome-TXWT secretome-TxHQ E o oshR —
=|¢ 3 100 PLAUR PLAUR
CTGF CTGF
> 2 80 JAG1 JAG1
= TNC [of
c?‘ - g ‘@ 60 LDLR [gLR
< S TNFRSF21 TNFRSF21
1 [ PDIA4 PDIA4
v % 40 cort CSF1
- - Y} 20 ccL2 ccL2
TGFBR3 TGFBR3
o f;:' PDGFA PDGFA
o » 2 %) O PRSSDS(‘A? PRSS23
sSDC1
— ® unt XWT TxHQ 050 POS
secretome PDGFC PDGFC
uxs1 UXs1
TPST1 TPST1
F secretome-TxHQ secretome-TXWT secretome-TXWT DAz soawty
8 vs Unt (n=65) 1 vs TxHQ (n=1186) 9, vsunt(n=1479) CSF1 CSF1
() GALNT2 GALNT2
> 7 8 8 CLSTN3 CLSTN3
[o] 7_ FST FST
- - FDPS
D_? 6 6 g . ULBP2 | lFJ?:IS’Z
1 3 MMP1 MMPA
- 5 5 ; » COL1A1 COL1A1
@ 44 5 SPP1 SPP1
9 44 4 LFNG LFNG
1 ESM1 ESM1
= 3 3 3 IGF2 IGF2
= 2] sDc4 sbc4
3 24 2] $100A9 S100A9
T 14 1 p LAMP1 LAMP1
01 01 01 420246 5 0 5

-4 -2 0 2 4 4 -2 0 2 4 6 -4 6 t-test difference fold change
t-test difference (Log2) (Log2)
H
secretome-TxWT secretome-TxWT secretome-APH

o vs APH (n=1479) o vs ETP (n=1387) 8l vs ETP (n=688) 50

8 x aphidicolin (APH)
O 71 N
= © ]
S 61 @, etoposide (ETP)
a 5 o~
@ 44 ;o <GC-.;0 i
Q 2 g
L 31 % g % TXWT
8 2 5 S
3 N £

| ; ' INHBA™
0 GDF15 ol T TR Wnt5a 050 TxHQYe o
-4 4 2 0 2 4 6 6 -4 -2 0o 2 4 -50

0
0,
t-test difference (Log2) Component 1 (46.9%)

Figure 1. The typhoid-toxin-induced host secretome underlying txSASP

(A) Experimental schematic.

(B) HT1080 cells undergoing replication of EdU-labeled DNA (magenta) 120 h after incubation with secretome-Unts, secretome-TxWT, or secretome-TxHQs
harvested between 0 and 48 h in complete growth medium. Outlines of DAPI-stained nuclei indicated. Scale bar represents 50 um.

(C) Quantification of (B) using quantification protocol 1 (Q1), n = 3.

(D and E) Paracrine SA-B-Gal in cells from experiment described in (B) using pooled secretomes harvested in serum-free conditions (D), and its quantification (E).
Scale bar represents 100 um. Q6 (n = 4).

(F) Volcano plots indicating significantly up-regulated (blue dots) and down-regulated (brown) proteins in secretomes harvested as described in (C). Perseus two-
sample t test (sO = 0.01 and false discovery rate [FDR] = 0.05). n = 4.

(legend continued on next page)
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Typhoid toxin was shown to induce acute cellular senescence
in cultured fibroblasts®® and in the intestinal mucosa and T lym-
phocytes of infected mice.?*? Senescence was caused by two
distinct DDRs: DSBs marked by ATM-dependent canonical
YH2AX foci and SSBs signified by ATR-dependent pan-yH2AX
localization throughout the nucleus.?® Salmonella hijacked
senescence to promote intracellular infections. This was depen-
dent upon an unidentified toxin-induced secretome released
from senescent cells, which transmitted senescence to
bystander cells indicative of toxin-induced SASPs (txSASPs).
Unlike many viruses, pathogenic bacteria do not depend on
host cell proliferation to replicate, so how senescence might
counteract infection is unclear. Instead, senescence may enable
subversion of the host secretome that can remodel bystander
cells in the infection niche.”

The human host secretome plays a critical part in determining
the outcome of bacterial infections.*°*® However, host secre-
tome responses to a bacterial toxin have not yet been resolved.
Here, we sought to determine the identity of the toxin-induced
host secretome from senescent cells underlying txSASPs to
further address the significance of senescence in bacterial infec-
tions. The study identifies Wnt5a and transforming growth factor
B (TGF-B) ligands INHBA and GDF15 in the toxin-induced host
secretome of senescent cells. Wntb5a synergized with INHBA
and GDF15 to enforce senescence and host cell infections.
Whntba displayed a cell-type-dependent role in intestinal cells,
where it enabled senescent cells to evade apoptosis. The study
reveals how a bacterial toxin induces a stress secretome through
DDRs to rewire the host and enhance infections.

RESULTS

The host cell secretome in response to acute
senescence from typhoid toxin

Unidentified factors in the secretome of intoxicated cells were
shown to underlie txSASPs, which enhanced infection and
caused paracrine senescence in bystander cells.”® Thus, we
reasoned that investigating toxin-induced senescent cells
(TxSCs) and their secretome at 48 h would form a basis to under-
stand the effects of txSASPs by assaying paracrine senescence
in naive bystander cells at 120 h. To identify the factors underly-
ing txSASPs, we first generated TxSCs using established proto-
cols®® as depicted in Figures 1A and S1A: HT1080 fibroblasts
were intoxicated for 2 h with 20 ng/mL WT purified recombinant
typhoid toxin (TXWT), which resulted in stalled synthesis of EQU-
labeled DNA due to cell-cycle arrest by 48 h (Figures S1B and
S1C). Senescence responses continued to establish at 96 h,
marked by growth arrest and up-regulation of SA-p-Gal
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(Figures S1D and S1E). This contrasted with untreated control
cells (Unts) or cells treated with toxin lacking DNase activity
due to a H160Q mutation in CdtB (TxHQs) that progressed
through the cell cycle and lacked SA-B-Gal (Figures S1C-S1E).
We found that TxSCs continued to adopt signatures of senes-
cence including persistent yH2AX responses and nuclear disten-
sion (Figures S1F-S1H). To further test TxSC responses at 48 h,
we sought to determine whether prolonged incubation with the
secretome from TxSCs (secretome-TxWT) induces paracrine
senescence as previously reported.”® Secretome-TXWT har-
vested at 48 h was incubated with naive bystander HT1080 fibro-
blasts for 120 h (Figure 1A). Secretome-TxWT, but not control
secretomes from untreated cells (secretome-Unts) or TxHQ-
treated cells (secretome-TxHQs), caused paracrine senescence
as determined by cell-cycle arrest (Figures 1B and 1C).

To characterize the proteome of secretome-TxWT, we
cultured TxWT-treated cells in the absence of serum to avoid
plasma proteins in downstream proteomic analysis (workflow
in Figure S2A). We confirmed DDR activation in serum-free
TxWT-treated cells and paracrine senescence by secretome-
TXWT harvested in batches between 0 and 48 h (Figures S2B-
S2G). The pooled secretome-TxWT induced cellular distension
and increased SA-B-Gal activity in naive bystander cells, con-
firming paracrine senescence (Figures 1D and 1E). Quantitative
liquid chromatography-tandem mass spectrometry (LC-MS/
MS) analysis enabled unbiased identification of proteins in se-
cretome-Unts, secretome-TxHQs, and secretome-TxWT (Fig-
ure 1F). There were few protein abundance differences between
negative control secretome-Unts and secretome-TxHQs (n = 65
significant proteins), which contrasted with secretome-TxWT
that was significantly divergent from secretome-Unts
(n = 1,479) and secretome-TxHQs (n = 1,186). The majority of
significant proteins were up-regulated in secretome-TxWT (Fig-
ure 1F; 954 proteins out of 1,186 indicated with blue circles in
TxWT vs. TxHQs), which was also observed in the secretome
of cells undergoing irradiation- and oncogene-induced senes-
cence.** All typhoid toxin subunits were identified in our input
material of recombinant TXWT (Figure S2H), which was consis-
tent with the reported 1 CdtB:1 PItA:5 PItB stoichiometry.”” How-
ever, no peptides for typhoid toxin subunits CdtB or PItA were
identified in the proteomic analysis of secretomes (Figure S2H),
though we observed the non-toxigenic subunit PItB, presumably
bound to recycled receptors shed from the cell surface. Thus,
the paracrine effects on bystander cells originate from secreted
host proteins identified in secretome-TxWT rather than any re-
maining typhoid toxin. Figure S2| reveals secretome-TxWT
from senescent cells comprising 133 proteins, which were
defined by their presence within the human secretome®¢ and

(G) Heatmap analyzing expression of factors in TxXWT-induced secretome relative to TxHQ-treated cells at 48 h determined by GeneChip microarray tran-
scriptome analysis (p < 0.05). Blue text indicates up-regulated and brown down-regulated, and black text indicates opposing fold changes between analyses.
(H) Volcano plots indicating significantly increased (blue dots) and decreased (brown) protein abundance in secretomes harvested from TxWT-, aphidicolin-, or
etoposide-treated cells harvested between 0 and 48 h post-treatment. Perseus two-sample t test (sO = 0.01 and FDR = 0.05) from 4 biological repeats. Red labels

indicate Wnt5a, INHBA, and GDF15.
(I) Principal-component analysis of secretomes described in (H).

In (C) and (E), asterisks indicate significance calculated by one-way ANOVA with Tukey’s multiple comparison test. Data represented as mean + standard error of
the mean (SEM). *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, ns denotes non-significance.

See also Figures S1-S3.
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their differential regulation relative to negative controls (p < 0.05,
n = 133 significant proteins).

Toxin-induced host secretome implicates TGF-
signaling in cellular senescence
To further define secretome-TxWT, the transcriptome of TxSCs
was determined by GeneChip microarray transcriptome analysis
of cells at 48 h following 2 h treatment with TXWT or TxHQs
(Figure 1G). Of the 133 proteins comprising secretome-TxWT
(Figure S2I), 64 proteins were identified as significant by both
proteomics and transcriptomics (Figure 1G). Secretome-TxWT
included known SASP proteins such as effectors of innate immu-
nity (e.g., complement C3, C1r, and C1s) that were up-regulated
in both analyses (blue labeling), as were SERPIN-A1, ECM1, and
TIMP1, which were identified in the SASP Atlas database.®” Of
the proteins that were down-regulated in both proteomic and
transcriptomic analyses (brown labeling), the most notable was
interleukin-6 (IL-6), which is implicated in SASP.”®"° TGF- li-
gands INHBA (also known as activin A), GDF15, and BMP1
were found up-regulated in both analyses (Figure 1G). Interest-
ingly, inhibitors of INHBA-driven TGF-f signaling, TGFBR3 and
follistatin (FST), were found up-regulated by proteomics but
down-regulated by transcriptomics (black labeling), perhaps
suggesting that the receptor TGFBR3, for example, is shed
from TxSCs rather than exhibiting increased expression. Indeed,
the sheddase ADAM17 was also up-regulated, which is impli-
cated in liberating cell-surface-bound SASP proteins during
oncogene-induced senescence.®

We next determined whether txSASP is transmitted through
up-regulated or down-regulated proteins in secretome-TxWT.
When we replenished the down-regulated proteins in secre-
tome-TxWT by supplementing with secretome-Unts or secre-
tome-TxHQs, elevated SA-B-Gal was still observed at 120 h,
indicating that paracrine senescence is mediated via up-regu-
lated proteins in secretome-TxWT (Figures S3A and S3B). This
reinforced our interest in TGF-B-family ligands up-regulated in
secretome-TxWT (e.g., INHBA, GDF15, and BMP1 in Figure 1G).
Indeed, PANTHER gene-function analysis identified 3 proteins
that converge on TGF-B signaling in secretome-TxWT relative
to secretome-TxHQs (Figure S3C).

Typhoid toxin induces expression of txSASP factors
Wnt5a, INHBA, and GDF15

The TGF-B signaling pathway represents a major axis in onco-
gene-induced transmissible senescence.®'>'**" Thus, our
data indicate a conserved role for TGF-f ligands in senescence
triggered by divergent DNA damage inducers that include
typhoid toxin. To investigate this further, we treated cells with
TXWT, the SSB-inducer aphidicolin (APH), or the DSB-inducer
etoposide (ETP)1 before examining senescence responses.
Like TXWT, we found that APH and ETP both induced senes-
cence-like responses marked by yH2AX and SA-B-Gal (Fig-
ure S3D) and paracrine senescence in ~40% of naive cells
demonstrating SASP (Figure S3E). Quantitative LC-MS/MS anal-
ysis showed secretome-TxWT was significantly divergent from
secretome-APH (1,479 proteins) and secretome-ETP (1,387 pro-
teins), while secretome-APH and secretome-ETP had more
overlap, with only 688 differentially regulated proteins (Fig-
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ure 1H). Indeed, principal-component analysis confirmed that
secretomes from TxWT-treated cells formed a cluster that was
independent from senescence-inducers APH and ETP, and
negative controls untreated and TxHQ (Figure 1I).

To identify conserved mediators of paracrine senescence, the
secretomes of all senescence inducers (TXWT, APH, and ETP)
were filtered against the untreated control (Figure S3F). The
TGF-B family member GDF15 was immediately striking (labeled
red in Figure 1H), which was also identified in the TXWT-induced
secretome (Figure 1H). GDF15 is differentially expressed during
aging, negatively regulates IL-6 expression, and was identified
as a SASP component promoting colon cancer.®*°

To identify constituents specifically enriched in txSASPs,
secretome-TxWT was filtered against the secretomes from
both negative (Unts, TxHQs) and positive controls (APH,
ETP) (Figure S3G). We found regulators of TGF-B signaling
INHBA, TGFBR3, FST, the transmembrane protein vasorin
(VASN), and metalloprotease ADAM17. However, though
significantly up-regulated in secretome-TxWT across all con-
ditions, INHBA (labeled red) was also found up-regulated in
secretome-ETP relative to secretome-APH (Figure 1H, right),
suggesting a conserved role for INHBA in senescence. In
the search for unique SASP constituents in secretome-
TXWT, we identified Wnt5a (labeled red in Figure 1H), which
was significantly enriched in secretome-TxWT but was not
identified in secretome-APH or -ETP (see workflow in Fig-
ure S3G). Thus, Wnt5a is an enriched component of txSASPs
that also contains INHBA and GDF15. Taken together, the
data strongly implicate TGF-f signaling and Wnt5a in a stress
secretome from cells undergoing senescence-like responses
due to typhoid toxin.

txSASP is orchestrated by ATM and ATR

To understand how a txSASP is established, we validated the
presence of INHBA, GDF15, and Wntba in senescent cells at
48 h (depicted in Figure 2A). In contrast to the nuclease-deficient
TxHQ, treatment with TXWT induced expression of INHBA,
GDF15, and Wnt5a, which was coincident with yH2AX
(Figures 2B-2F). Previously, typhoid toxin was shown to cause
ATM-dependent yH2AX foci that labeled DSBs in the G1 phase
of the cell and ATR-dependent Replication Protein A (RPA) foci,
which labeled SSBs marked by pan-yH2AX in G2.?° Thus, ATM
and ATR respond to distinct DDRs induced by typhoid toxin.
Indeed, the distinct DDRs were observed in Figure S1F where in-
toxicated cells displaying YH2AX foci (white arrows) lacked
phosphorylated RPA (pRPA), while nuclei with pan-yH2AX con-
tained pRPA (blue arrows). To dissect the role of ATM and ATR in
the establishment of a txSASP by senescent cells, TxSCs were
intoxicated in the presence of small-molecule inhibitors of ATM
(IATMs) and ATR (iATRs) before analysis at 48 h. We found that
Wntba was coincident with TxWT-treated cells containing
YH2AX foci (white arrow) and pan-yH2AX (blue arrow) (Fig-
ure 2C). Consistent with this, Wnt5a expression was significantly
reduced in the presence of iIATRs or iATMs and when both inhib-
itors were applied in combination (Figure 2F). The same trend
was observed for GDF15 (Figure 2D). In contrast, only ATR signif-
icantly contributed to TXWT-induced expression of INHBA (Fig-
ure 2E). We confirmed that cells treated with iATM and iATR cells
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Figure 2. Regulation of txSASP by ATM and ATR

(A) Cartoon depicting TxSCs analyzed at 48 h.

(B) Images of yYH2AX (magenta) and GDF15 and INHBA (yellow) in TXWT- or TxHQ-treated cells. Outlines of nuclei indicated.

(C) Same experiment as in (B) assaying Wnt5a expression = inhibitors of ATM and ATR. Arrows indicate YH2AX foci (white) or pan-yH2AX (blue). Scale bars
represent 10 um.

(D-G) Quantification of (D) GDF15 (n = 4), (E) INHBA (n = 3), and (F) Wnt5a expression (n = 3) or (G) percentage of pPSMAD2-positive nuclei (n = 4) in TXWT- or TxHQ-
treated cells at 48h + inhibitors of ATM and ATR. Intensity of GDF15, INHBA, and Wnt5a quantified using Q3, and proportion of pPSMAD2-positive nuclei quantified
using protocol Q2b.

(H) Immunoblot of TXWT- or TxHQ-treated cells depleted of ATM at 48 h. Cells were intoxicated for 2 h and then immediately transfected with non-targeting (siNT)
or ATM (siATM) siRNA for 48 h before immunoblotting. MW in kDa, left.

(I) Immunoblot of TXWT- or TxHQ-treated cells depleted of ATR at 48 h performed as in (H) with siATR.

In (D)-(G), asterisks indicate significance relative to no inhibitor controls calculated by two-way ANOVA with Dunnett’s multiple comparisons test. Data repre-
sented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, ns denotes non-significance.

See also Figure S4.

were viable, and therefore the reduction in expression of GDF15, cells were intoxicated for 2 h and then immediately transfected
INHBA, and Wnt5a was due to their regulation by the DDR ki-  with non-targeting small interfering RNA (siRNA; siNT) or siRNA
nases (Figure S4A). Arole for ATM and ATR was further indicated  targeting ATM (siATM) or ATR (siATR) before immunoblotting
by immunoblotting experiments (Figures 2H and 2I): HT1080 at 48 h. ATM and ATR depletion was confirmed in cells
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Figure 3. Typhoid toxin activates the TGF-B pathway during Sal-
monella infection

(A) Cartoon depicting TxSCs analyzed at 48 h.

(B) pPSMAD?2 in cells at 48 h following indicated treatments.

(C) Quantification of (B) relative to untreated cells. Q2a (n = 3).

(D) Quantification of pPSMAD2-positive cells at 48 and 96 h following 30 min
infection with WT or 4cdtB S. Javiana (MOI: 50). Q2b (n = 3).

(E) Images of (D) showing pSMAD?2 (red), YH2AX (magenta), and Salmonella
(yellow). Magnified insets highlight Salmonella. White arrows indicate micro-
nuclei. Outlines of nuclei indicated in (B) and (E).

Scale bars represent 50 um (B) or 10 um (E). Significance calculated by
(C) one-way ANOVA with Tukey’s multiple comparisons test and (D) two-way
ANOVA with Sidak multiple comparisons test. Data represented as mean +
SEM. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, ns denotes non-sig-
nificance.

See also Figure S4.

transfected with siATM or siATR compared with Unts and siNT-
transfected cells. In siNT-transfected cells treated with TxHQ,
cells were equivalent to untreated cells, and all exhibited p-
pRb, marking cell-cycle progression. In siNT-transfected cells
treated with TXWT, we found yH2AX DDRs and senescence re-
sponses marked by p21 and suppression of p-pRb, which was
coincident with expression of GDF15. In siATM- or siATR-trans-
fected cells, however, TXWT-induced GDF15 and p21, as well as
suppression of p-pRb, were not observed. YH2AX was still
apparent, suggesting redundancy with respect to ATM- and
ATR-mediated H2AX phosphorylation. Taken together, the find-
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ings indicate a prominent role for ATM and ATR in driving expres-
sion of TGF-B ligands and Wnt5a in TxSCs.

S. Javiana activates SMAD2 through nuclease activity of
typhoid toxin

Elevated TGF-B signaling has been previously observed in mice
infected with Salmonella Typhimurium,*' but no role in the host-
pathogen interaction has been ascribed. TGF-$ and INHBA acti-
vate type 1 ALK tyrosine kinase receptors (ALK1-7) that phos-
phorylate SMAD2/3 transcription factors, while BMPs tend to
activate SMAD1/5/8, both of which drive gene transcription in
diverse cellular pathways including senescence.®” Robust phos-
phorylation of SMAD2 (pSMAD2) at 48 h was induced in HT1080
fibroblasts by TXWT in a nuclease-dependent manner, as TxHQ
was equivalent to untreated controls (Figures 3A-3C). SMAD2
activation was enhanced via ATM and ATR (Figure 2G). TXWT-
dependent pPSMAD?2 signaling was also observed in HIEC6 intes-
tinal epithelial cells and IMR90 and NIH3T3 fibroblasts
(Figures S4B-S4D). TGF-B ligands were observed to be secreted
in response to TXWT, APH, and ETP at 48 h (Figures 1H and S3F).
Consistent with a conserved role for TGF- ligands in paracrine
senescence and their secretion in response to APH and ETP
(Figures 1H and S3F), APH and ETP triggered pSMAD2 produc-
tion, which was also observed with the positive control TGF-B3
at 48 h (Figures 3B and 3C). The same trend was observed in
SMAD1/5, which was activated by TxWT, APH, and ETP, but
not TxHQ, at 48 h (Figures S4E and S4F). S. Javiana has been
shown to elicit cell death and senescence responses during
infection in a toxin-dependent manner.?>?%*? We found that
infection of host cells by WT toxigenic S. Javiana induced wide-
spread YH2AX, which was coincident with activation of SMAD2
that was evident in ~50% of cells at 48 h, indicating cellular
senescence (Figures 3D and 3E). No differences in SMAD2 acti-
vation were observed between untreated and 4cdtB S. Javiana,
confirming a requirement for typhoid toxin. Relative to recombi-
nant TXWT, we reasoned that there would be a delay in the toxi-
genic effects of S. Javiana due to the time needed to express and
exocytose typhoid toxin from the host cell.>’ We accounted for
the delay by imaging infected cells at 96 h, at which point
pSMAD2 had intensified (exemplified by Figure 3E), though
when quantified, the proportion of pSMAD2-positive cells re-
mained at ~50% (Figure 3D). In addition, WT, but not 4dcatB,
S. Javiana induced formation of yH2AX-label\ed micronuclei
(Figure 3E, white arrows), a marker of genotoxicity,43 which
was not consistently observed with recombinant TxWT (Fig-
ure S1F). In summary, the data show that typhoid toxin activates
SMAD transcription factors, which are known to be downstream
of TGF-B-family ligands identified in secretome-TxWT.

Crosstalk between Wnt5a and TGF-$ ligands enforces
DDRs and senescence responses

We next sought to determine the contribution of GDF15, INHBA,
and Wnt5a to the TxSC phenotype as depicted in Figure 4A.
HT1080 cells were intoxicated for 2 h prior to transfection with
SMARTpools of siNT, siGDF15, silNHBA, siSMAD2, and
siWNT5A and immunoblotting at 48 h with indicated antibodies,
which confirmed protein depletion in each case (Figure 4B). In
sSiNT control cells, TXWT, but not TxHQ, induced senescence
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Figure 4. Toxin induction of Wnt5a and TGF-B-mediated host DDR and senescence

(A) Cartoon depicting TxSCs analyzed at 48h.

(B) Immunoblot of cells treated for 2 h with TxHQs or TXWT and then transfected with NT, GDF15, INHBA, SMAD2, or WNT5A siRNAs before immunoblotting at

48 h with indicated antibodies. MW in kDa, left.

(C) Images of Wnt5a (red), YH2AX (magenta), and DAPI (outlines) in TXWT-treated siNT- or siWNT5A-transfected cells at 48 h.

D) Quantification of YH2AX foci per nucleus from experiment in (C). Q4 (n = 3).

E) Images of pSMAD?2 (red), YH2AX (magenta), and DAPI (outlines) in Tx\WT-treated siNT- or siSMAD2-transfected cells at 48 h.

G) Images of INHBA (yellow), YH2AX (magenta), and DAPI (outlines) in TXWT-treated siNT- or siINHBA-transfected cells at 48 h.

H) Images of INHBA (cyan) and DAPI (outlines) in TXWT- or TxHQ-treated cells transfected with siNT or siWNT5A for 48 h.

(G and H) Arrows indicate increased INHBA. In (D) and (F), significance calculated by unpaired t test. Data represented as mean + SEM. *p < 0.05, **p < 0.01,
***p < 0.001, ***p < 0.0001, ns denotes non-significance. Scale bars represent 10 um (C, G, and H) and 50 um (E).

(
(
(F) Quantification of yH2AX foci per nucleus from experiment in (E). Q4 (n = 3).
(
(

See also Figure S5.

responses marked by YH2AX, p21 expression, and suppression
of p-pRb, which was coincident with increased expression of
txSASP factors GDF15, INHBA, and, to a lesser extent, Wnt5a.

Relative to siNT-transfected cells, we found that siGDF15
increased p-pRb but had no effect on YH2AX and p21 or on se-
cretome components INHBA and Wnt5a. Thus, while GDF15 can
track toxin-induced senescence, it appears to have no clear role
in establishing TxSCs or txSASP factors. This was not the case
for INHBA, SMAD2, and Wnt5a, whose depletion by siRNA
transfection reduced toxin-induced yH2AX DDRs, p21, and
GDF15 (Figure 4B). The reduction in YH2AX DDRs was also
observed by fluorescence microscopy in TxSCs transfected
with  siINHBA, siSMAD2, and siWNT5A SMARTpools
(Figures 4C-4G). When we further examined Figure 4B, we found
evidence of regulatory interplay between txSASP factors and the
TGF-B pathway since INHBA, SMAD2, and Wnt5a each
enhanced expression of GDF15. Moreover, INHBA mediated

expression of Wnt5a, and vice versa. Further synergy was indi-
cated by a role for SMAD2 in the expression of Wnt5a. The
same trends were observed with single siRNAs targeting
INHBA, SMAD2, or Wntba, which also reduced yH2AX, and
senescence markers p21 and GDF15 in TxSCs (Figures
S5A-S5C).

We focused on Wnt5a, which was found as a unique SASP
constituent of secretome-TxWT (Figure 1H). Quantification of
immunoblots found that siIWNT5A significantly reduced
GDF15 and INHBA in TxSCs (Figures S5D and S5E), which
was further supported by fluorescence microscopy, indicating
that GDF15 and INHBA expression was driven by Wnt5a (white
arrows in Figures 4H, S5G, and S5H). Distinct INHBA antibodies
further substantiated Wnt5a-mediated INHBA expression in
TxSCs (Figures 4H and S5H). Quantification of immunoblots
also showed that siWNT5A significantly reduced p21 expres-
sion in TxSCs (Figure S5F). However, p21 was still significant
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relative to TxHQ-treated control cells, indicating that Wnt5a
promotes, but is not sufficient for, senescence responses.
Indeed, siWNT5A-transfected TxSCs still exhibited SA-B-Gal
(Figures S51 and S5J). Thus, Wnt5a likely plays an additive
role by exacerbating effects of TxWT-induced DNA breaks.
Taken together, the findings show that DDRs induced by the
nuclease activity of typhoid toxin are enforced by INHBA and
Wntba, which affect TGF-f pathway regulation during host
senescence.

Toxin-induced Wnt5a and INHBA establish paracrine
senescence

The observation that INHBA and Wnt5a enhanced DDRs in
TxSCs suggests that INHBA and Wnt5a either synergize with
the toxin directly (e.g., as co-factors for toxin nuclease activity)
or induce DDRs independently in TxSCs. If the latter were true,
then we reasoned that INHBA and Wnt5a may directly underlie
toxin-induced paracrine senescence in naive cells, a character-
istic of txSASPs (depicted in Figure 5A). Thus, we applied secre-
tome-TxWT to naive HT1080 cells in the presence or absence of
neutralizing INHBA and/or Wnt5a antibodies before analyzing
paracrine senescence through EdU labeling at 120 h
(Figures 5B and 5C). Indeed, paracrine senescence by secre-
tome-TXWT was significantly impaired in the presence of
neutralizing INHBA or Wnt5a antibodies (Figure 5C). No additive
effect was observed when INHBA and Wnt5a antibodies were
used in combination, suggesting that they mediate paracrine
senescence via the same pathway (Figures 5B and 5C). In sup-
port of this view, we observed paracrine senescence with puri-
fied INHBA and Wntba, which was significantly enhanced
when the ligands were combined in secretome-TxHQs (Fig-
ure S6A). This was coincident with pSMAD2 (Figures S6B and
S6C), which has been previously reported in a INHBA- and
Wnt5a-dependent manner.®”** Moreover, neutralizing INHBA
and Wnt5a antibodies impeded SMAD?2 activation, which indi-
cated specificity against INHBA and Wnt5a (Figures S6B
and S6C).

To further investigate Wnt5a, we transfected cells with
siWNTS5A for 48 h prior to intoxication with TXWT. Imaging 48 h
post-intoxication confirmed Wnt5a depletion (Figures S51 and
S5J), and the resulting Wnt5a-depleted secretome-TxWT was
used for assaying paracrine senescence in naive HT1080 cells
at 120 h (Figures 5D-5F). The secretome-TxWT from control
siNT-transfected TxSCs induced paracrine senescence in naive
cells (Figures 5D-5F). Relative to secretome-TxWT from siNT
cells, the paracrine senescence was significantly impaired by
Whnt5a-depleted secretomes harvested from TxSCs transfected
with both SMARTpools or single siRNAs targeting Wnt5a
(Figures 5E and 5F). No difference was observed when the
same experiment was performed with TxHQs. Consistent with
Wntb5a directly regulating the TGF-B pathway (Figures 4B and
S5A), Wntba-driven paracrine senescence by secretome-TxWT
was coincident with activation of SMAD2 in naive cells
(Figures 5E and 5G). Moreover, a small-molecule inhibitor of
ALK receptors 4, 5, and 7 impeded the ability of secretome-
TXWT to induce paracrine senescence (Figures S6E-S6G). In
summary, once deployed from TxSCs, INHBA and Wnt5a act
in synergy and are sufficient to mediate paracrine senescence.
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Wnt5a and GDF15 enhance Salmonella invasion of
human host cells

Salmonella invades cells by promoting host cytoskeleton remod-
eling.”® Typhoid toxin is not directly involved in Salmonella inva-
sion, as it is expressed intracellularly from 3 h,?"?% yet txSASP
was previously shown to promote Salmonella invasion into mac-
rophages through unidentified factors in secretome-TxWT.?*
Thus, we sought to address the role of Wnt5a in invasion by in-
fecting cells for 30 min with 4cdtB S. Javiana, which bypassed
a possible contribution from typhoid toxin. We found that supple-
menting fresh growth media with purified Wnt5a enhanced Sal-
monella uptake into human macrophages (Figure 5H). Though
GDF15 played little part in establishing TxSCs (Figure 4B), we
speculated that its secretion from TxSCs might influence infec-
tion of bystander cells, which would identify a role for GDF15
in txSASPs. In support of this view, purified GDF15 induced a
modest but significant increase in Salmonella invasion (Figure 5I).
Purified GDF15 elicited SMAD2 activation, which was blocked
by neutralizing GDF15 antibodies, confirming specificity (Fig-
ure S6D). We found that secretome-TxWT, but not secretome-
TxHQs, enhanced Salmonella infection of macrophages, which
was impeded by neutralizing GDF15 and Wnt5a antibodies (Fig-
ure 5J). When both GDF15 and Wnt5a antibodies were used in
combination, there was no additive effect, indicating that
GDF15 and Wnt5a promote phagocytosis. We also found that
secretome-TxXWT, but not secretome-TxHQs, enhanced Salmo-
nella invasion into fibroblasts, further indicating that toxin-
induced senescence increases virulence (Figure S6H). There-
fore, the typhoid toxin mediates expression of GDF15 through
Wnt5a that both promote intracellular Salmonella infections.

Wnt5a is required for survival of intestinal cells
undergoing toxin-induced senescence
We next investigated Wnt5a in human intestinal cells, which are a
target host cell of toxigenic Salmonella. As depicted in Figure 6A,
we intoxicated HCT116 intestinal cells for 2 h with TXWT or
TxHQs before assessing TxSC responses at 48 h by immunoblot-
ting (Figures 6B and S7A). In untreated and TxHQ-treated control
cells, no DDRs were observed, and p-pRb indicated proliferation.
In TXWT-treated cells, suppression of p-pRb marked cell-cycle
arrest in a dose-dependent manner. Cell-cycle arrest coincided
with toxin-induced yH2AX, p21 expression, GDF15 and Wnt5a,
with the latter at the limit of detection at 48 h (Figure 6B).
HCT116 cells have previously been used to study senescence re-
sponses to ETP at 168 h.*® When we extended TXWT treatment to
168 h, we found that the relative expression of txSASP factors
GDF15 and Wnt5a had further increased, while YH2AX and p21
persisted, albeit at a reduced level. In negative control cells, p-
pRb had diminished, which was likely due to quiescence, as
senescence markers were of low expression, if expressed at all.
In agreement with expression of txSASP factor Wnt5a at 168 h,
we found that the harvested secretome-TxWT induced paracrine
senescence in naive HCT116 cells (Figures S6l, S6J, and S6K).
As an additional control, we treated HCT116 intestinal cells
with typhoid toxin containing an S35A mutation in PitB (TxSA),
which has been shown to impair cell surface receptor binding
and therefore toxin uptake.””*’ Relative to TXWT, we found
that the S35A mutation in TxSA attenuated YH2AX DDRs, p21
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Figure 5. Paracrine senescence by Wnt5a and INHBA

(A) Experimental schematic.

(B) Replicating (blue: EdU-positive) and cell-cycle-arrested (EdU-negative) HT1080 cells treated for 120 h with secretome-TxHQ or secretome-TxWT in the
presence or absence of neutralizing Wnt5a and INHBA antibodies. DAPI outlines shown. Scale bars represent 10 um.

(C) Quantification of experiment in (B). Q1 (n = 3).

(D) Quantification of paracrine SA-p-Gal in naive HT1080 cells treated for 120 h with Wnt5a-depleted secretome-TxWT or secretome-TxHQs. Secretomes were
harvested from HT1080 cells transfected for 48 h with siNT or SMARTpool siWNT5A before 48 h intoxication with TXWT or TxHQs. Wnt5a-depleted secretomes
were incubated with naive HT1080 cells for 120 h before quantifying SA-B-Gal. Q6 (n = 5).

(E) Naive HT1080 cells treated for 120 h with Wnt5a-depleted secretome-TXWT or secretome-TxHQs as in (D) using WNT5A siRNA #1 prior to immunofluo-
rescence of pPSMAD2 (red), EAU (blue), and DAPI (outlines). Scale bars represent 10 um.

(F and G) Quantification of replicating EdU-positive cells in (F) using Q1 (n = 4-5) and pSMAD2-positive nuclei in (G) using Q2b (n = 3-5) from experiment in (E).
(H-J) Quantification of Salmonella invasion into THP1 macrophages following a 30 min infection with 4cdtB S. Javiana (MOI: 20) added to cells at the same time as
(H) 0.05 pg/mL purified Wnt5a (n = 4), (I) 0.2 ng/mL GDF15 (n = 4), or (J) secretome-TxWT or secretome-TxHQs with or without neutralizing Wnt5a and GDF15
antibodies (n = 3). Invasion quantified by counting colony-forming units following 1.5 h incubation in gentamicin-containing media.

Significance calculated by two-way ANOVA with (C and G) Dunnett’s, (D) Tukey’s, and (F and J) Sidak multiple comparisons tests and (H and I) unpaired t test.
Data represented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, ns denotes non-significance.

See also Figure S6.
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and GDF15 expression at 48 h in a dose-dependent manner
(Figures S7A and S7B), while SA-B-Gal was impaired at 168 h
(Figure S7C). Thus, the PItB residue S35, important for toxin up-
take, is also important for mediating toxin-induced senescence.

The findings in Figure 6B suggest that characteristics of senes-
cence were adopted at 48 h and became more established over
168 h. Indeed, TxWT-induced SA-B-Gal was apparent in ~25%
of cells at 48 h, which increased to ~75% by 168 h (Figures S7TD-
S7F). The relative increase in SA-B-Gal observed with TXWT at 48
h and 168 h was also observed with positive controls ETP and
APH, but not negative controls TxHQ and untreated (Figure S7E).

We next addressed the role of Wnt5a in intestinal TxSC re-
sponses. HCT116 cells were treated with TXWT for 2 h prior to
siWNT5A transfection before analysis by immunoblotting (Fig-
ure S7G). Wnt5a depletion in TxSCs impaired senescence re-
sponses including GDF15 expression and, to a lesser extent,
p21 and yH2AX (Figure S7H). This was also observed with
silNHBA and siSMAD2 but not siGDF15, mirroring the trend in
HT1080 fibroblasts. Taken together, the findings show that the
synergy between Wnt5a and TGF-f ligands is conserved across
cell types during TxSC responses.

10 Cell Reports 42, 113181, October 31, 2023

Cell Reports

Figure 6. Wntb5a-dependent toxin-induced
senescence in HCT116 intestinal cells

(A) Cartoon depicting TxSCs analyzed at 48, 96, or
168 h.

(B) Immunoblot of HCT116 cells either untreated
(unt) or treated with indicated concentrations of
TxHQs or TXWT for 2 h before analysis at 48 and
168 h.

(C) Quantification of SA-B-Gal-positive HCT116 cells
treated with TxHQs or TXWT for 2 h before trans-
fection with siNT or siWNT5A and analysis at either
48 or 168 h. Q6 (n = 3-4).

(D) Images of the experiment in (C) showing fluo-
rescence microscopy of pSMAD2 (red), yH2AX
(magenta), and DAPI (outlines) or bright-field mi-
croscopy of SA-B-Gal (blue) at 168 h. Blue arrows
indicate SA-B-Gal-positive siWNT5A-transfected
cells. Scale bars represent 10 pm.

(E) HCT116 cells treated with TXWT for 2 h before
transfection with siNT or siWNT5A for 96 h and then
labeled with Apotracker (green) and DAPI (outlines)
(top) and the same cells with bright-field light mi-
croscopy (bottom). Blue arrows indicate blebbing.
Scale bars represent 10 um.

(F) Quantification of apoptotic cells at 48 h. HCT116
cells treated with TXWT or TxHQs for 2 h before
transfection with siNT or siWNT5A in the presence or
absence of purified Wnt5a (0.5 ng/mL) and labeling
with Apotracker at 48 h (n = 3-4). Q5.

(G) Quantification of apoptotic cells as in (F) at 96 h
(n = 3-4).

Significance calculated using two-way ANOVA with
multiple comparisons tests: (C) Dunnett’s, (F) Sidak,
and (G) Tukey’s. Data represented as mean + SEM.
*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, ns
denotes non-significance.

See also Figures S6 and S7.
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When we investigated Wnt5a-depleted cells at 48 and 168 h
by microscopy, we observed no differences in pPSMAD2, indi-
cating that additional factors in secretome-TxWT of HCT116
cells contribute to TGF- signaling (Figures 6D and S7H). The
proportion of cells exhibiting SA-B-Gal too was unaffected by
siWNT5A (Figure 6C), as was also observed in Wnt5a-depleted
HT1080 cells (Figure S5I). However, locating Wnt5a-depleted
SA-B-Gal-positive TxSCs for image analysis at 168 h proved
remarkably difficult due to a marked reduction in the number of
intestinal TxSCs (Figure 6D, blue arrows) indicative of cell death.
This was not the case for SMAD2-depleted TxSCs (Figure S7I),
which persisted as cell-cycle-arrested senescent cells that
further indicated a SMAD2-independent role for Wnt5a during
senescence in HCT116 cells. To investigate the loss of TxSCs,
we imaged Wnt5a-depleted TxSCs at 48 and 96 h in the pres-
ence of the fluorescent probe Apotracker, which identifies
apoptotic cells (Figures 6E-6G). To increase the likelihood of
capturing cells for image analysis, the time points were reduced
from 168 to 96 h. In siNT control cells, Apotracker was absent
from TxWT-treated cells. However, Wnt5a-depleted TxSCs
were labeled with Apotracker and displayed extensive cell
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rounding and surface blebbing under bright-field light micro-
scopy (blue arrows), which are defining features of apoptosis.*
In contrast, siNT control TxSCs exhibited the typical flattened
morphology of senescent cells (Figure 6E). To control for off-
target effects by siWNT5A, we supplemented siWNT5A-trans-
fected TxWT-treated cells with purified Wnt5a (+Wntb5a) at the
time of siRNA transfection (Figures 6F and 6G). This counter-
acted apoptosis and significantly rescued Wnt5a-depleted
TxSCs, which enabled the establishment of Wnt5a-dependent
senescence in response to typhoid toxin.

DISCUSSION

A SASP is considered a double-edged sword capable of exerting
the beneficial effects of senescence (e.g., tumor suppression) or
its deleterious effects (e.g., cancer progression, aging).”® To
limit proliferation of cancer or virus-infected cells, SASP factors
can reinforce and spread senescence in autocrine and paracrine
mechanisms, thereby providing a powerful defense.”®'%1°
However, bacterial pathogens are not reliant on mammalian
DNA replication machinery for proliferation, and the SASP
consequently provides a possible hijack target during infection.
Here, we resolved the identity of a host secretome released in
response to genotoxic stress from typhoid toxin, which resulted
in paracrine senescence and enhanced infections through
Wntb5a and its potentiation of the TGF-B pathway (Figure 7).

A role for TGF-B in senescence induced by bacterial pathogens
has not been previously described. Consistent with this role,
SMAD2/3 activation by TGF-§ ligands induces cell-cycle arrest
by repressing proliferation factors while increasing expression of
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Figure 7. Model showing Wnt5a-mediated
senescent responses through typhoid toxin
TxSCs secrete Wnt5a, which augments expression
of INHBA and GDF15, which are also secreted in the
host secretome-defining txSASP.

(A) Wntb5a synergizes with INHBA to mediate para-
crine senescence.

(B) Wnt5a synergizes with GDF15 to promote Sal-
monella invasion.

(C) Wntba is required for resisting apoptosis in in-
testinal epithelial cells, thereby facilitating estab-
lishment of TxSCs.

C Apoptosis

intestinal cells

CDK inhibitors."® We found that toxin-driven
expression of TGF-B ligands [INHBA,
SMAD2, and Wnt5a augmented expression
of the CDK inhibitor p21 in TxSCs. TGF-B
signaling also induces reactive oxygen
species and DNA damage.*® Indeed, we
found that Wnt5a, SMAD2, and INHBA
amplified yH2AX DDRs in TxSCs, previ-
ously observed with INHBA during onco-
gene-induced senescence.'”*%°" Besides
autocrine effects on TxSCs, we found that
INHBA and Wntba mediated paracrine
senescence in naive cells. Thus, INHBA
and Wntb5a play dual roles in senescence re-
sponses to typhoid toxin: (1) enforcing senescence in TxSCs
through p21- and yH2AX-labeled DDRs and (2) perpetuating
senescence to bystander cells through paracrine effects (Fig-
ure 7A). We also found that Wnt5a and INHBA drove their respec-
tive expression, indicating positive feedback. Thus, our findings
suggest that Wnt5a mediates expression of INHBA, which causes
paracrine senescence involving the SMAD2/3-dependent TGF-B
pathway. In support of this mechanism, Wnt5a has been shown
to potentiate the activity of TGF-B1 during regeneration of
damaged colonic crypts in mice.>? This study consequently ex-
pands the synergistic role of Wnt5a and TGF-B to pathogen-
induced senescence responses.

We found that Wnt5a was only required for establishing senes-
cence in intestinal cells, where the loss of Wnt5a caused
apoptosis in response to typhoid toxin (Figure 7C). A hallmark
of senescence is resistance to cell death.® Though Wnt5a has
not been shown to enforce survival of senescent cells before,
Salmonella appears to evade apoptosis by hijacking Wnt5a,
which acts through an unknown mechanism. Unlike Wnt5a,
SMAD2 played no role in the survival of TxSCs. Though Wnt5a
may act through SMAD1/5 of the TGF-$ pathway, Wnt5a sup-
presses apoptosis through effectors Wnt1-inducible secreted
protein-1, B-catenin, ERK, and AKT,>**° any of which may
enable typhoid toxin to establish senescent intestinal cells.
Thus, Wnt5a has divergent cell-type-dependent roles in senes-
cence by mediating evasion of apoptosis in intestinal cells and
not fibroblast cells.

The human host secretome plays a critical part in determining
the outcome of bacterial infections. For example, the Salmonella
effector SIfA diverts antimicrobial cargo for exocytosis, thereby
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promoting intracellular survival of Salmonella.’° On the other
hand, host secretion can counteract infections: toxin inactivation
of Rho GTPases is sensed by host inflammasomes, resulting in
secretion of IL-1B and IL-18, which recruit immune cells.®?
Here, we identify Wnt5a and GDF15 as secreted txSASP factors
that enhance Salmonella infection (Figure 7B). Bacterial hijacking
of GDF15 and WNT5a has not been previously observed. Wnt5a
has been shown to promote phagocytosis of Escherichia coli,”’
as well as Streptococcus pneumoniae and Pseudomonas
aeruginosa, where Wnt5a was also implicated in bacterial
clearance.®® Thus, Wnt5a can act in host defense. However, Sal-
monella survives within macrophages and is thus able to hijack
Whnt5a for invasion through a toxin-induced host secretome.

Salmonella exploits chronic senescence in aging organisms,
indirectly, during colonization of systemic sites,®® chronic Sal-
monella carriage,’® and pathogen entry into senescent fibro-
blasts from elderly volunteers.®’ This is consistent with the
view that senescence increases susceptibility to infection in ag-
ing organisms.” Our findings indicate that Salmonella employs
typhoid toxin to directly accelerate aging-like responses through
acute senescence, which may be significant in vivo. During infec-
tion of mice, Salmonella elicits senescence in a toxin-dependent
manner that suppresses inflammatory responses.’**° This is
consistent with up-regulation of TGF-f ligands in txSASPs and
down-regulation of IL-6, which is an inflammatory mediator of
SASPs.® Similarly, oncogene-induced SASPs enriched in TGF-
$1/3 suppressed immunosurveillance of cancer cells.®'* Thus,
our study advances the senescence field through an emerging
theme investigating acute senescence responses to pathogenic
bacteria. We revealed a Salmonella hijack mechanism depen-
dent on Wnt5a and its potentiation of the TGF-$ pathway.
The findings are of significance to those studying the interplay
between innate immunity and senescence and those investi-
gating how bacterial pathogens exploit host DDRs to cause
disease.

Limitations of the study

This study uses HT1080 and HCT116 cancer cell lines that ex-
press senescence markers such as p21 but lack others such
as p16.°? Despite identifying the same txSASP factors in
different cell types, signaling mechanisms may deviate from Sal-
monella-infected humans. This is perhaps unsurprising, as SASP
composition varies depending on the senescence inducer, dura-
tion, microenvironment, and cell type.® It will be important to
determine whether typhoid toxin induces a host secretory
phenotype in humans during typhoid fever or related diseases
caused by Salmonella.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

YH2AX (ser-139) (1:1000) Merck Cat# 05-636; RRID:AB_2924829
RPApT21 (1:1000) Abcam Cat# ab61065; RRID:AB_946322

53BP1 (1:1000)

P21 Waf1/Cip1 (12D1) (1:500)
Phospho-Rb (Ser807/811) (1:500)
SMAD2/3 (D7G7) (1:500)

ATM (Ab-2) (:500)

ATR (C-1) (1:500)

Tubulin (1:500)

phospho-smad 2 (Ser465/467) (1:500)
phospho-smad1/5 (Ser463/465) (1:500)
INHBA (1:500)

INHBA (1:500)

INHBA (1:500)

Whnt5a (1:500)

Whnt5a (1:500)

Whnt5a/b (1:500)

GDF15 (1:500)

anti-rabbit 568 IgG, Alexa Fluor (1:500)
anti-mouse 488 IgG, Alexa Fluor (1:500)
anti-rabbit 488 IgG, Alexa Fluor (1:500)
anti-mouse 594 IgG, Alexa Fluor (1:500)
anti-ms 647 1gG, Alexa Fluor (1:500)

Novus Biotechnology

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Millipore

Santa Cruz

Abcam

Cell Signaling Technology
Cell Signaling Technology
Novus Biotechnology
Thermofisher

R&D Systems

Abcam

Thermo Fisher Scientific
Cell Signaling Technology
Atlas Antibodies

Thermo Fisher Scientific
Molecular Probes
Thermo Fisher Scientific
Molecular Probes
Molecular Probes

Cat# NB100-304; RRID:AB_10003037
Cat# 2947; RRID:AB_823586

Cat# 8516; RRID:AB_11178658

Cat# 8685; RRID:AB_10889933

Cat# OP90-200UG; RRID:AB_213436
Cat# sc-515173; RRID:AB_2893291
Cat# ab7291; RRID:AB_2241126
Cat# 3108; RRID:AB_490941

Cat# 9516; RRID:AB_491015

Cat# NBP1-30928; RRID:AB_2125870
Cat# PA5-21939; RRID:AB_11153440
Cat# MAB8649; RRID:AB_2916058
Cat# ab179824; RRID:AB_2924384
Cat# MA5-15502; RRID:AB_10985211
Cat# 9516; RRID:AB_491015

Cat# HPA011191; RRID:AB_1078962
Cat# A-11036; RRID:AB_10563566
Cat# A-21202; RRID:AB_141607

Cat# A-11008; RRID:AB_143165

Cat# A-21203; RRID:AB_141633

Cat# A-21240; RRID:AB_141658

FLAG M2 (1:1000) Sigma-Aldrich Cat# F3165; RRID:AB_259529
Myc (1:1000) GenScript Cat# A00172; RRID:AB_914457
His (1:1000) Cell Signaling Technology Cat# 2365; RRID:AB_2115720
Bacterial and virus strains

S. Javiana WT Ref. 26 S5-0395

S. Javiana AcdtB Ref. 26 M8-0540

Chemicals, peptides, and recombinant proteins

Gentamicin sulfate Santa Cruz sc203334
Penicillin/Streptomycin Gibco 11548876

Kanamycin sulfate BioBasic KB0286

Ampicillin Melford Lab A0104

Aphidicolin Sigma-Aldrich A0781

Etoposide Cayman Chemicals 12092

TGF-B RI Kinase Inhibitor I Sigma-Aldrich 616453

KU55933 (ATM inhibitor) AOBIOUS, INC AOB2108

ATR inhibitor Laboratory of Sherif EIKhamisy AZD6738

TGFB3 Cell Signaling Technology 8425LC

GDF15 R&D Systems 957-GD-025

Wntba R&D Systems 645-WN

INHBA R&D Systems 338-AC-010

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Epidermal Growth Factor (EGF) Merck GF144
Leupeptin Sigma-Aldrich 62070
Pepstatin Sigma-Aldrich 77170
Chymostatin Sigma-Aldrich C7268
Tris(2-carboxyethyl)phosphine Merck 646547
hydrochloride solution (TCEP)

Sodium dodecyl sulfate (SDS) Sigma-Aldrich 5030
solution for mass spectrometry

Triethylamonium bicarbonate (TEAB) Thermofisher Sigma-Aldrich
lodoacetamide Sigma-Aldrich 16125
Pierce MS grade trypsin Fisher Scientific 3464189
Formic acid Fisher Scientific A117-50
Acetonitrile Sigma-Aldrich 900667
Methanol, UHPLC Sigma-Aldrich 900688
Water, Optima™ LC/MS Grade, Thermo Scientific™ W6-1
Fisher Chemical™

Halt™ Protease and Phosphatase Thermo Scientific™ 78440
Inhibitor Cocktail (100X)

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich P8139
Dulbecco’s Modified Eagle’s Medium (DMEM) Sigma-Aldrich Sigma-Aldrich
RPMI-1640 Sigma-Aldrich R8758
OptiMEM reduced serum Gibco 31985-047
GlutaMAX supplement Gibco 35050-61
HEPES (1 M) Gibco 15630080
Fetal bovine serum (FBS) Sigma-Aldrich F7524
L-glutamine Thermo Scientific™ 25030032
MEM Non-Essential Amino Gibco 11140050
Acids Solution (NEAA)

Bovine Serum Albumin Fraction V Merck 1073508600
Triton X-100 VWR 8817.295
Paraformaldehyde Sigma-Aldrich P6148
Phosphate Buffered Saline (PBS, 10X) Scientific Laboratory Supplies P5493-4L
Dulbecco’s Phosphate Buffered Saline (Sterile) Merck D8537
Critical commercial assays

CellEvent Senescence Green Invitrogen C10851
Click-iTTM EdU Cell Proliferation Kit for Thermofisher C10340
Imaging, Alexa FluorTM 647 dye

Senescence B-Galactosidase Staining Kit Cell Signaling Technology 9860S
Apotracker™ Green BioLegend 427403
LIVE/DEAD™ Viability/Cytotoxicity Kit Invitrogen L3224
QuikChange Il Site-Directed Mutagenesis Kit Agilent 200523

Deposited Data

TxXWT induced changes in the
host cell secretome

TxWT induced transcriptional
changes in host cells

FIJI image processing macros

This study, ProteomeXchange

Consortium

This study, ArrayExpress

This study, GitHub

ProteomeXchange: PXD037373

ArrayExpress: E-MTAB-12333

https://doi.org/10.5281/zenodo.8325045

Experimental models: Cell lines

HT1080
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REAGENT or RESOURCE SOURCE IDENTIFIER
IMR90 Coriell Institute 190
NIH/3T3 Laboratory of Kai Erdmann N/A

HIEC-6 ATCC CRL-3266
THP1 ATCC TIB-202™
HCT116 ATCC CCL-247

Oligonucleotides

ON-TARGETplus SMARTpool
Non-targeting Control

ON-TARGETplus SMARTpool ATM
ON-TARGETplus SMARTpool ATR
ON-TARGETplus SMARTpool Wnt5a
ON-TARGETplus SMARTpool Smad2
ON-TARGETplus SMARTpool INHBA
ON-TARGETplus SMARTpool GDF15
ON-TARGETplus Wnt5a Set of 4 siRNA

ON-TARGETDplus INHBA Set of 4 siRNA

ON-TARGETplus SMAD2 Set of 4 siRNA

Horizon Discovery

Horizon Discovery
Horizon Discovery
Horizon Discovery
Horizon Discovery
Horizon Discovery
Horizon Discovery
Horizon Discovery

Horizon Discovery

Horizon Discovery

D-001810-01-20

L-003201-00-0005
L-003202-00-0005
L-003939-00-0005
L-003561-00-0005
L-011701-00-0005
L-019875-00-0005
#1: J-003939-09-0002
#2: J-003939-10-0002
#3: J-003939-11-0002
#4: J-003939-12-0002
#1: J-011701-06-0002
#2: J-011701-07-0002
#3: J-011701-08-0002
#4: J-011701-09-0002
#1: J-003561-05-0002
#2: J-003561-06-0002
#3: J-003561-07-0002
#4: J-003561-08-0002

Recombinant DNA

plasmid 319

plasmid 321
plasmid 342

Primers for site-directed
mutagenesis of PItBS35A

pET-Duet1 encoding pltBHis
pltAMyc and cdtBFLAG

319 with H160Q mutation in cdtB
319 with S35A mutation in pltB
194_PItB_S35A_Forward primer:
5-GGAGATAATACGAACGCCG
CCTACGCGGACGAAG-3/,
195_PItB_S35A_Reverse primer:
3'-CTTCGTCCGCGTAGGCGGC
GTTCGTATTATCTCC-5

Ref. 23

Ref. 23
This study
This study

Software and algorithms

Graphpad Prism 9.0.0

FIJI 2.0.0-rc-69/1.52p
Microsoft Excel

CellProfiler

Perseus version 1.5.6.0
MaxQuant version 1.6.10.43
Adobe lllustrator 2021

Graphpad by Dotmatics

Imaged Wiki

Microsoft

Broad Institute

Max-Planck-Institute of Biochemistry
Max-Planck-Institute of Biochemistry
Adobe

https://www.graphpad.com
https://Imaged.net/software/fiji/
https://www.microsoft.com/en-gb/
https://cellprofiler.org
https://maxquant.net/perseus/
https://maxquant.net/maxquant/

https://www.adobe.com/uk/

Other

Lipofectamine RNAiMax

S-trap columns

VectaShield mounting agent with DAPI
Amicon filters (3 kDa cutoff)

NiNTA agarose

Syringe filter (0.2 um)

Invitrogen
Protifi
Vector Lab
Merck
Qiagen
Sarstedt

13778-150
C02

H1200
ufc900324
30210
83.1826.001
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Daniel
Humphreys (d.humphreys@sheffield.ac.uk).

Materials availability
Plasmids generated in this study (STAR Methods Table) will be shared upon request to the lead contact with a completed Materials
Transfer Agreement.

Data and code availability

® Access original data. The mass spectrometry data have been deposited at the ProteomeXchange Consortium via the PRIDE
partner repository. The GeneChip Microarray data can be found on ArrayExpress. Accession numbers are listed in the key re-
sources table.

® Access original code. Original code for semi-automated image processing has been deposited on Zenodo via GitHub. DOI is
listed in the key resources table.

® Access any additional information required to reanalyse the data reported in this paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

Cell lines and maintenance

Cells were maintained in a humidified incubator (Panasonic, MCO-170AICUV-PE) at 37°C and 5% CO2. Cells were passaged every
2-3 days in their appropriate media. HT1080 (ATCC, CCL-121), NIH/3T3, and IMR90 (Coriell, 190) cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM; Sigma Aldrich, D6546); THP1 (ATCC, TIB-202) and HCT116 (ATCC, CCL-247) cells in RPMI1640
(Sigma-Aldrich, R8758); and HIEC-6 in Opti-MEM Reduced Serum Medium (Gibco, 31985-047). To make complete growth media for
HT1080 and NIH3T3, basal media were supplemented with: 2mM L-glutamine (Thermo Scientific, 25030032), and 10% fetal bovine
serum (FBS, Sigma-Aldrich F7524). For THP1 and HCT116, basal media was supplemented with 10% FBS. For IMR90 cells: 15%
FBS, 1% non-essential amino acids (Gibco, 11140050), and 1% GlutaMAX (Gibco, 35050-61). For HIEC-6: 20 mM HEPES (Gibco,
15630080), 10 mM GlutaMAX, 10 ng/mL epidermal growth factor (EGF; Merck GF144) and 4% FBS. All base media were supple-
mented with 10 U/ml Penicillin/Streptomycin (Gibco, 11548876) and 50 nug/mL Kanamycin sulfate (BioBasic, KB0286),or
100 pg/mL Ampicillin (Melford, A0104) only if used in infection assays. To differentiate THP1 cells to macrophages, 100 ng/mL Phor-
bol 12-myristate 13-acetate (PMA; Sigma-Aldrich P8139) was added for 72 h.

Salmonella strains

Wild-type Salmonella enterica serovar Javiana (isolate S5-0395) and the isogenic null mutant AcdtB (isolate M8-0540) were kind gifts
from Prof. Martin Weidmann (New York). S.Javiana were cultured on Luria broth (LB) agar plates overnight at 37°C then stored at 4°C
and sub-cultured every 7-10 days.

METHOD DETAILS

Toxin purification and intoxication

The typhoid toxin was purified from BL21 DE3 pETDuet-1 encoding p/tBH* pitAMY® and cdtB™ € using NiNTA agarose (Qiagen) af-
finity chromatography according to manufacturer instructions as previously described (23). The S35A mutation in p/tB was generated
by amplifying plasmid 319 with primers 194/195 using the QuikChange Il Site-Directed Mutagenesis Kit according to manufacturer
instructions (Agilent). Unless stated otherwise, cells were intoxicated with 20 ng/ml toxin (~175 pM) for 2h, washed three times with
sterile PBS to remove any extracellular toxin and chased with fresh complete growth media for the duration of the experiment.

Cell culture treatments

Cells were treated with 20 uM APH or 10 uM ETP for 24 h prior to washing 3X with PBS and incubating with fresh complete growth
medium. TGF-B Rl Kinase Inhibitor Ill, KU55933 (ATM inhibitor) and AZD6738 (ATR inhibitor) were added at 1 uM after washing the
toxin off or in conditioned media. Purified ligands were added to cells following optimisation in the respective cell types below as
follows: 10 ng/mL TGFB3 for pSMAD2 signaling, and 0.5 pg/ml INHBA and 0.5 pg/ml Wnt5a for paracrine senescence in HT1080
fibroblasts; 0.2 pg/ml GDF15 and 0.05 pug/ml Wnt5a for Salmonella invasion experiments in THP1 macrophages. When assaying
cellular senescence, growth media supplemented with ligands were incubated with HT1080 fibroblasts for 120h (unless stated other-
wise). When assaying Salmonella invasion, THP1 macrophages in serum-free growth media were supplemented with ligands fol-
lowed by immediate addition of Salmonella for 30 min to initiate infection as described in the Salmonella infection assay. For
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neutralisation assays, neutralising antibodies against proteins of interest were incubated in conditioned media at 1:1000 dilution on a
rotator for 1h at 37C prior to treating the cells for indicated time-points.

siRNA transfection

Per well of a 24-well plate format (i.e., for fluorescence microscopy), Lipofectamine RNAiMax (0.25 pL or 0.5 pL) and siRNA (0.5 uL of
20 uM stock) were prepared in two different tubes of 25 uL OptiMEM media, then mixed together for 5 min at room temperature. The
50 pL mix of siRNA and lipofectamine were added to 450 uL complete growth DMEM and incubated on cells for 48h. Per well of a
6-well plate (i.e., for immunoblotting), 3 pL of Lipofectamine RNAiMax and 1.5 pL siRNA used in 125 uL OptiMEM media each. They
were then mixed and added to 1.25 mL of cell culture media. The final concentration of siRNA in culture was 20 nM. Unless otherwise
stated, cells were intoxicated for 2h followed immediately by 48h transfection with indicated siRNAs. When secretomes were har-
vested from Wnt5a-depleted cells for downstream assays, cells were transfected with siRNAs targeting Wnt5a expression 48h prior
to an intoxication assay (i.e., 2h TXWT treatment, 3x washes with PBS, 48h chase with fresh media). This ensured the conditioned
media did not contain siRNAs that could complicate interpretation in naive cells treated Wnt5a-depleted secretomes.

Salmonelia infection

S.Javiana (S5-0395) and AcdtB (M8-0540) encoding pM975, which express GFP when bacteria are intracellular(57), were cultured in
LB 50 pg/ml ampicillin at 37°C in a shaking incubator to 2.0 OD600. The multiplicity of infection (MOI) was optimised for THP1 cells
(MOQI 20), HT1080 cells (MOI 50), and NIH3T3cells (MOI 160). To assay Salmonella-induced SMAD2 signaling, infection was initiated
in the absence of antibiotics by addition of Salmonella to cell cultures in complete growth medium and centrifugation for 1 min at
1000 x g followed by 30 min incubation at 37°C 5% CO.. Infected cells were washed three times with PBS and incubated in growth
media containing 50 pg/mL gentamicin (Chem Cruz, sc203334) for 1.5h then reduced to 10 ng/mL gentamicin for the rest of the
experiment. When assaying Salmonella invasion, the method was modified by serum-starving cells 24h prior to infection that de-
prives cells of membrane ruffling stimulants in FBS. To assess the effect of txXSASP on invasion, media was replaced with conditioned
media or fresh serum-free media containing purified ligands before immediate addition of Salmonella to initiate infection over 30 min.
After 1.5h incubation with 50 pg/mL gentamicin, cells were washed three times with PBS and lysed with 1% Triton X-100. Serial di-
lutions of cell lysates were used to inoculate (5 pL) LB agar plates containing 50 ng/ml ampicillin and the Salmonella cultured overnight
at 37°C. Salmonella colony counts were used to quantify colony forming units (CFUs).

Immunoblotting

Whole cell lysates were generated by re-suspending cultured cells in SDS-UREA (50 mM Tris pH 6.8, 8M Urea, 2% SDS, 0.3% Bromo
blue). For immunoblotting pPSMAD2, cells were lysed in RIPA buffer (50 mM Tris pH7.4, 150 mM NaCl, 1.0% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS) supplemented with Thermo Scientific Halt Protease and Phosphatase Inhibitor Cocktail (#78440) and
diluted 1:1 with 2X Laemmli buffer (125 mM Tris-HCI pH 6.8, 20% glycerol, 10% pmercaptoethanol, 4% SDS, 0.5% bromophenol
blue). Proteins were separated by 9% Bis-Tris SDS-PAGE gels in MOPS buffer (50 mM MOPS, 50 mM Tris, 0.1% SDS, 20 mM
EDTA) and transferred to PVDF transfer stacks (#1704274, Bio-Rad) using Trans-Blot Turbo Transfer System (Bio-Rad). PVDF mem-
branes were blocked with TBS pH7.4 5% non-fat dried milk with antibody incubations and washes performed in TBS pH7.4 0.1%
Tween 20. IRDye-labelled secondary antibodies were used according to manufacturer’s instructions and immunoblots imaged using
Odyssey Sa (LiCor).

Immunofluorescence

Media was washed off with PBS, then fixed with 4% paraformaldehyde (PFA) in PBS for 10-15 min at room temperature. Cells were
washed two more times with PBS (Biotech, PD8117) then blocked and permeabilised using a 3% BSA (Sigma-Aldrich, 1073508600),
0.2% Triton X-100 (VWR, 28817.295) in PBS, at room temperature for 1h. Primary and secondary antibodies were added in blocking
buffer consecutive for 1h and 30min, respectively then washed with PBS then water and left to dry. Coverslips were then mounted
and counterstained on 6 uL of VectaShield mounting agent with DAPI (Vector Lab, H1200), and sealed before being imaged on Ni-
kon’s Inverted Ti eclipse equipped with an Andor Zyla sCMOS camera (2560 x 2160; 6.5um pixels). The objectives used were Plan
Apo 10x (NA 0.45); Plan Apo 20x (NA 0.75); Plan Fluor 40x oil (NA 1.3); Apo 60x oil (NA 1.4); Plan Apo 100x Ph oil (Na 1.45); Plan Apo
VC 100x oil (NA 1.4). Quad emission filters for used with SpectraX LED excitation (395nm, 470nm, 561nm, 640nm). The imaging soft-
ware used was NIS elements software. Two antibodies were used for immunofluorescence of INHBA, i.e., Figures 2B and 4G, S5G
(Cat# NBP1-30928), Figure 4H (Cat# MAB8649).

Senescence assays

Senescence was assayed by histological staining using Senescence B-Galactosidase Staining Kit (Cell Signaling Technology
#9860S), or fluorescence using CellEvent Senescence Green Probe (Invitrogen, C10851) as per the manufacturer’s instructions.
To assay for cell-cycle arrest, Click-iT EAU Cell Proliferation Kit for Imaging, Alexa FluorTM 647 dye (Thermofisher, C10340) was
used per the manufacturer’s instruction. For example, HT1080 duplication time is 18h, therefore EAU was added to the culture
24h before fixation. Where EdU were to be co-stained with CellEvent Green and other immunofluorescence staining, the order of
assays was CellEvent Senescence Green, EdU staining Kit, and then immunofluorescence. Histological SA-f-gal was imaged using
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the inverted microscope Nikon Eclipse Ts2 equipped with sCMOS Ds-Fi-3 camera with built-in Diascopic, high-intensity LED illumi-
nation system at 10x and 20x objective lenses.

Survival assays

LIVE/DEAD Viability/Cytotoxicity Kit, for mammalian cells (Invitrogen, L3224) was used as per the manufacturer’s instructions. Briefly,
2X mixture of calcein AM (1:2000; live dye) and ethidium homodimer-1 (1:500; dead dye). Cells were washed two times in PBS then
the live/dead solution was added 1:1 on cells for 30 min. Cells were treated with 70% methanol for 30 min as a positive control for
dead cells. Cells were imaged on the inverted microscope Nikon Eclipse Ts2 equipped with sCMOS Ds-Fi-3 camera with built-in Dia-
scopic, high-intensity LED illumination system at 10x and 20x objective lenses. To identify apoptotic cells, Apotracker Green was
used as per the manufacturer’s instructions. Briefly, apotracker was added to cell culture media at 0.2 uM for 45 min, then fixed using
4% PFA for 15 min. Cells were imaged on Nikon’s Inverted Ti eclipse equipped with an Andor Zyla sCMOS camera (2560 x 2160;
6.5um pixels). The objectives used were Plan Fluor 40x oil (NA 1.3); Plan Apo 100x Ph oil (Na 1.45). Quad emission filters for
used with SpectraX LED excitation (395nm, 470nm). The imaging software used was NIS elements software.

Secretome harvest and paracrine senescence

Conditioned media was centrifuged at 6000 x g for 5 min to pellet the cells before filtering through 0.2um filters to prevent cell
contamination and release of non-SASP intracellular factors due to the filtration pressure. For proteomic experiments, conditioned
media was harvested in the absence of serum, which can mask less abundant proteins in the secretome during LC-MS/MS analysis
(e.g., due to the high abundance of albumin in serum). Conditioned media was stored at-80°C. Before incubation with cells for para-
crine senescence assays, conditioned media was diluted 1:1 with complete growth media, or if serum-free conditioned media was
harvested then media was supplemented with 10% FBS.

GeneChip microarray

Cells were seeded in T75 tissue culture flasks for a 30% confluency before intoxication with txWT and txHQ at 5 ng/ml as described.
After 48 h, cells were trypsinised and RNA isolation was carried out. Samples were analyzed at the Sheffield Institute of Translational
Neurosciencel (SITraN (kindly supported by Paul Heath) on ClariomS assay, human (ThermoFisher Scientific, 902927). Analysis was
performed with Transcriptome Analysis Console 4.0 software (Applied Biosystems, Thermo Fisher Scientific). The dataset can be
accessed via ArrayExpress: E-MTAB-12333.

Mass spectrometry-based proteomics

A protease mixture of leupeptin, pepstatin, and chymostatin (Sigma Aldrich, 62070, 77170, C7268, respectively) each at a final con-
centration of 10 ng/mL) was added to harvested serum-free conditioned media immediately. Samples were concentrated using ami-
con filters with 3 kDa cutoff down to 250 pL at 4000x g using swing bucket centrifuge at 4°C. 50 uL of the concentrated media was
used for S-trap digestion. Equal volume of 2x S-trap lysis buffer containing 10% SDS (Sigma-Aldrich, 05030), 100mM TEAB, pH 7.55
(Thermofisher, 90114) was added to the samples. Next, the samples were reduced by adding TCEP (Merck, 646547) at a final con-
centration of 10 mM. The samples were then heated at 70°C for 15 min at 750 rpm in a shaking incubator then cooled down for 5 min
at room temperature. Next, the samples were alkylated by adding 20 mM iodoacetamide (Merck, 16125) in the dark for 30 min at room
temperature. The samples were then acidified by adding aqueous phosphoric acid to a final concentration of 1.2%. S-trap binding
buffer (90% aqueous methanol, 0.1M TEAB, pH 7.1) was added to the solution in a ratio of 1:7. Samples were then loaded into the
S-trap columns (Protifi, C02), 150 uL at a time and centrifuged at 4000 x g for 10 s to pass through the S-trap. The S-trap was then
washed 3X with 150 uL binding buffer before transferring it to a clean 2 mL Eppendorf tube. MS grade trypsin (Fisher Scientific,
13464189) resuspended in 0.1% TFA was then added to a ratio of 1:10 trypsin:protein w/w in 50 mM TEAB buffer. 30 pL of trypsin
in TEAB buffer was added to the samples. The S-trap was incubated at 47°C for 1 h without shaking. The peptides were then eluted
by adding 40 pL of 50 mM TEAB, 40 pL of 0.2% aqueous formic acid (Fisher Chemical, A117-50) then 40 pL of 50% ACN containing
0.2% aqueous formic acid at 4000x g for 10 s each. Samples were dried in a SpeedVac (Eppendorf) at 45°C for 60-90 min with vac-
uum setting V-AQ. Peptides were resuspended in 0.5% formic acid and 18 pL of each sample was analyzed by nanoflow LC-MS/MS
using an Orbitrap Elite (Thermo Fisher) hybrid mass spectrometer equipped with an easyspray source, coupled to an Ultimate
RSLCnano LC System (Dionex). The system was controlled by Xcalibur 3.0.63 (Thermo Fisher) and DCMSLink (Dionex). Peptides
were desalted on-line using an Acclaim PepMap 100 C18 nano/capillary BioLC, 100A nanoViper 20 mm X 75 um |.D. particle size
3 um (Fisher Scientific) and then separated using a 125-min gradient from 5 to 35% buffer B (0.5% formic acid in 80% acetonitrile)
on an EASY-Spray column, 50 cm x 50 um ID, PepMap C18, 2 um particles, 100 A pore size (Fisher Scientific). The Orbitrap Elite was
operated with a cycle of one MS (in the Orbitrap) acquired at a resolution of 60,000 at m/z 400, with the top 20 most abundant multiply
charged (2+ and higher) ions in a given chromatographic window subjected to MS/MS fragmentation in the linear ion trap using CID
with a normalised collision energy of 35%. An FTMS target value of 1e6 and an ion trap MSn target value of 1e4 were used with the
lock mass (445.120025) enabled. Maximum FTMS scan accumulation time of 200 ms and maximum ion trap MSn scan accumulation
time of 50 ms were used. Dynamic exclusion was enabled with a repeat duration of 45 s with an exclusion list of 500 and an exclusion
duration of 30 s.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of proteomic data

All raw mass spectrometry data were processed with MaxQuant version 1.6.10.43. Data were searched against a human UniProt
sequence database (June 2015) using the following search parameters: digestion set to Trypsin/P with a maximum of 2 missed cleav-
ages, methionine oxidation and N-terminal protein acetylation as variable modifications, cysteine carbamidomethylation as a fixed
modification, match between runs enabled with a match time window of 0.7 min and a 20-min alignment time window, label-free
quantification enabled with a minimum ratio count of 2, minimum number of neighbors of 3 and an average number of neighbors
of 6. A first search precursor tolerance of 20ppm and a main search precursor tolerance of 4.5 ppm was used for FTMS scans
and a 0.5 Da tolerance for ITMS scans. A protein FDR of 0.01 and a peptide FDR of 0.01 were used for identification level cut-
offs. MaxQuant output was loaded into Perseus version 1.5.6.0 and the matrix was filtered to remove all proteins that were potential
contaminants, only identified by site and reverse sequences. LFQ intensities were log2(x) transformed and data was filtered to retain
proteins with a minimum of three valid LFQ Intensities in one group. Subsequently, data were visualised using multi-scatter plots and
Pearson’s correlation analysis. Data were then normalised by subtracting column medians and missing values were imputed from the
normal distribution with a width of 0.3 and downshift of 1.8. In order to identify quantitatively enriched proteins between groups, two-
sided Student’s t-tests were performed with a permutation-based FDR of 0.05 with an SO = 0.1. Data was then exported into an excel
file and input into GraphPad Prism to create the figures and plots presented.

Quantification

Phenotypes in microscopy images were quantified using either CellProfiler 4.2.1 in semi-automated fashion (Quantification Protocols
Q1-Q5) or manually using Fiji 2.1.0/1.53c (Q6). Quantification protocols used are cited in each legend. Quantification using
CellProfiler 4.2.1: (Q1) DAPI-stained nuclei and EdU-labelled objects were detected using IdentifyPrimaryObject module by nomi-
nating diameter ranges and an absolute signal threshold, then RelateObjects module was used to automatically determine EdU-pos-
itive nuclei. (@Q2) Nuclei were detected in the same way as Q1 then integrated intensity of the nuclear proteins of interest were
measured using the MeasureObject intensity module. Cells were then classified using (a) average or (b) the upper quartile of the nega-
tive control measured intensity as a threshold for positive cells. (Q3) Cytoplasmic components were quantified using the
Measurelmagelntensity module divided by the number of nuclei counted using IdentifyPrimaryObjects. (Q4) Nuclei were detected
as described in Q1, then foci were detected using IdentifyPrimaryObjects, and then the RelateObjects were used to attribute the
number of foci to each nucleus. To identify foci-positive and negative nuclei, threshold was set at average number of foci in untreated
cells. Pan-stained nuclei (e.g., YH2AX) were quantified and excluded from foci analysis by selecting them using the
EditObjectsManually module. (@5) IdentifySecondaryObjects module was used to expand an area around the nucleus (around
50px for SA-B-gal or Apotracker and 1px for RPApT21). An intensity threshold was manually set, then the MaskObjects was used
to identify positive cells based on the fraction of their overlap with the expanded area. Cells were classified into positive or negative
using the ClassifyObjects module. Quantification using Fiji: (Q6) FIJI cell counter plugin was used and raw numbers were then re-
corded and processed in Microsoft Excel. Quantification of immunoblots (Q7) were carried out using ImageStudio v5.0 where
band intensities of target proteins were normalised to loading controls before determining relative band intensities to negative
controls.

Image processing

Fiji 2.1.0/1.53c macro code was created to automate processed images. Briefly, brightness and contrast are normalised across all
images of interest, a pre-set ROl is used to crop images to regions of interest, and a pre-set scale bar is added. DAPI nuclei are then
outlined, overlaid with the other channels and saved as png files. Many variants of the code have been created to cater for 2-channel,
3-channel and 4-channel images, with either normal composite images or with DAPI outlines. The codes can be found via this link:
https://drive.google.com/drive/folders/1SwUO-bgyWO0rjYOMetAfKGtdd77FsCahF?usp= sharing. Adobe lllustrator was used to
manually hand-draw illustrations, and assemble all results figures.

Statistics

Data was recorded and organised in Microsoft Excel. Graphs were generated and statistics were performed using GraphPad Prism
9.0.0. Statistical significance (*) was defined as *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, ns denotes non-significance. Sta-
tistical details can be found in the figure legends including statistical tests and n number (biological replicates). Error bars indicate
standard error of the mean (SEM). Each circle in bar charts represents a biological replicate (defined as n) from which statistics
were performed on at least 3 biological replicates.
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