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25 GRAPHICAL ABSTRACT
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26 ABSTRACT

27

28  Transcriptional cofactors YAP/TAZ have recently been found to support autophagy and
29 inflammation, which are part of cell autonomous immunity and are critical in antibacterial
30 defense. Here, we studied the role of YAP against Staphylococcus aureus using
31 CRISPR/Cas9-mutated HEK293 cells and a primary cell-based organoid model. We found
32 that S. aureus infection increases YAP transcriptional activity, which is required to reduce
33 intracellular S. aureus replication. A 770-gene targeted transcriptomic analysis revealed that
34  YAP upregulates genes involved in autophagy/lysosome and inflammation pathways in both
35 infected and uninfected conditions. The YAP/TEAD transcriptional activity promotes
36 autophagic flux and lysosomal acidification, which are important for defense against
37 intracellular S. aureus. Furthermore, the staphylococcal toxin C3 exoenzyme EDIN-B was
38 found effective in preventing YAP-mediated cell-autonomous immune response. This study
39 provides new insights on the anti-S. aureus activity of YAP, which could be conserved for
40 defense against other intracellular bacteria.

41
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46 INTRODUCTION

47

48  Yes-associated protein (YAP) and transcriptional co-activator with PDZ-binding motif (TAZ)
49  are transcriptional co-factors involved in many basic cellular functions. YAP and TAZ could
50 interact with TEA domain transcription factor (TEAD), their main transcriptional partner, to
51 elicit target gene expression 2. This interaction occurs through the TEAD-binding domain
52  (TBD) of YAP, which is highly conserved throughout evolution **. The Hippo pathway was
53  the first described mechanism for YAP/TAZ phosphorylation that leads to its cytoplasmic

54  retention or proteasomal degradation °°

Additionally, YAP/TAZ act as major
55 mechanotransducers that integrate mechanical stimuli into transcriptional responses ‘. The
56  subcellular localization and nuclear translocation of YAP are regulated by the Rho family of
57 GTPases and actin tension”®. At low cell density, YAP exists in the nucleus and is
58 transcriptionally active, whereas at high cell density, it remains in the cytoplasm 2. The
59  YAP/TAZ transcriptional program has been extensively studied in cancer research because it
60 promotes cancer cell survival, proliferation, and invasiveness '°. Growing evidence suggests
61 that YAP/TAZ are inflammation-responsive and promote inflammation, as well as immune

11-13

62  pro-inflammatory cell differentiation Recent studies have highlighted the role of

63  YAP/TAZ in autophagy through the transcription of genes encoding proteins involved in the

64 formation autophagosomes or their fusion with lysosomes **°.

Autophagy against
65 intracellular pathogens (formerly called xenophagy) is used by virtually any cell type.
66  Autophagy and inflammation are conserved cell-autonomous responses that restrict infection
67 and increase specialized immune cell recruitment for pathogen clearance ***’. Despite its
68 involvement in autophagy and inflammation, the modulation and role of YAP during bacterial
69 infections remain poorly investigated, and the findings are somewhat controversial.
70  Helicobacter pylori infection in gastric cells (in vitro) leads to YAP transcriptional activation
71 and inflammation (increased IL-1B expression), which, in turn, promotes tumorigenesis 2.

72 YAP transcriptional activity in B cells has been found to promote inflammasome activation

73 and likely contribute to defense against Salmonella infection in vitro *°. In a mouse model of
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74  pneumonia due to Streptococcus pneumoniae, alveolar cells exhibited increased YAP/TAZ
75  activity, which is important for tissue healing as well as reducing NF-kB activity %°. In C.
76  elegans and mice, YAP is required to control intestinal infection by Pseudomonas aeruginosa

77 and Salmonella typhimurium 2.

In contrast, Yorkie (YAP homolog in Drosophila
78 melanogaster) transcriptional activity was found to inhibit the production of anti-microbial
79  peptides by inhibiting NF-kB activity and fostering infection with gram-positive bacteria %. In
80 addition, indirect observations could link YAP and bacterial infections. Indeed, C3
81 exoenzyme ADP-ribosyltransferase, a bacterial toxin secreted by Clostridium botulinum, is

23

82 known to be a highly specific RhoA inhibitor “°. This commercially available toxin is

83 commonly used to inhibit YAP activity in vitro ’. It is also noteworthy that many intracellular
84  bacterial species can produce C3-like and other toxins that are potent RhoA inhibitors 2*%°.
85  For instance, epidermal cell differentiation inhibitors (EDINS) produced by Staphylococcus
86 aureus belong to the Clostridium botulinum C3 exoenzyme family of bacterial ADP-
87 ribosyltransferases ?°. The EDIN-B-expressing S. aureus clone ST80-MRSA-IV was found to
88 inhibit RhoA activity in vitro #’. In humans, the prevalence of edin-positive S. aureus strains is
89 associated with deep-seated infections of soft tissues, suggesting that EDINs increase the
90 virulence of S. aureus in vivo ?®. Despite the strong ability of the C3 exoenzyme to inhibit
91  YAP transcriptional activity, whether the intracellular production of C3 exoenzymes, such as
92  EDINSs, could foster S. aureus infection through YAP inhibition remains unknown.

93 Staphylococcus aureus is both a commensal and a life-threatening human pathogen
94  responsible for various infections, such as soft skin tissue infections, bacteremia,

95 endocarditis, and osteoarticular infections %°.

It is widely recognized as a facultative
96 intracellular bacterium capable of triggering its internalization inside non-professional
97  phagocytic cells (NPPCs) by interacting with different host cell receptors *°. Inside the host
98 cell, S. aureus has been found to be engulfed in autophagosomes by selective autophagy
99 involving cargo receptor proteins, such as sequestosome 1 (SQSTM1/P62), restricting

100 intracellular S. aureus *'. Autophagy has been shown to be a critical mechanism in defense

101  against S. aureus infection in mice and zebrafish 3233,
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102 In this study, we investigated the potential antibacterial role of the YAP/TEAD
103 transcriptional program using S. aureus infection in HEK293 cells and synovial organoid-
104  based models. We showed that YAP/TEAD transcriptional activity is involved in xenophagy
105 because it enhances autophagic flux to promote S. aureus clearance. Further, we showed
106 that YAP mediates the expression of host response genes that are known to be important for
107 clearing bacterial infections. In addition, we demonstrated that EDIN-B-producing S. aureus

108 prevents YAP/TEAD transcriptional activity and fosters intracellular bacterial replication.
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109 RESULTS

110

111  Staphylococcus aureus infection elicits YAP transcriptional activity prevented by the
112  expression of the edinB gene

113 In this study, we used a lysostaphin (a non-cell permeable bacteriocin active against S.
114  aureus) protection assay-based model ** to focus on intracellular bacteria and avoid
115 uncontrolled extracellular bacterial replication.

116  To investigate YAP signaling in response to S. aureus infection, we first used the HGOO1 S.
117  aureus strain (that lacks edin genes) in HEK293 cells at different cell densities. At high cell
118 density (HD), YAP was mainly cytoplasmic, as expected (Figure 1A). In this scenario, S.
119  aureus induced an increase in YAP nuclear mean fluorescence intensity (MFI) but not in
120  cytoplasmic MFI, resulting in an increase in the YAP nuclear cytoplasmic (NC) ratio at 7 h
121 post infection (hpi) (Figure 1A-D). In contrast, at low cell density (LD) (i.e., when cells are
122  completely isolated from each other, and YAP is exclusively localized in the nucleus) YAP
123  remained localized in the nucleus upon S. aureus infection (S. Figure 1A). Immunoblotting
124  showed that S. aureus did not change YAP and TAZ total protein levels at medium cell
125 density (MD) (i.e., when cells formed few contacts and YAP was mainly localized in the
126  nucleus) (S. Figure 1B-D). In MD, neither the activity of TEAD nor the expression of
127  cysteine-rich inducer 61 (CYR61), which is a YAP/TAZ/TEAD target gene, was modified
128 upon S. aureus infection (S. Figure 1E-G). Thus, S. aureus HGOO1 strain infection was
129 found to trigger YAP nuclear translocation but did not enhance YAP signaling when it was
130 already active. We then tested whether the C3 exoenzyme EDIN-B secreted by the S.
131 aureus ST80-MRSA-IV strain could prevent YAP activation. Given that the edinB-encoded
132  C3 exoenzyme is a membrane non-permeable toxin *, cells were incubated with S. aureus
133  culture supernatants for 24 h to allow the toxin to enter cells. We found that the culture
134  supernatant of the ST80 wild-type (WT) strain reduced the nuclear and cytoplasmic
135 localization of YAP, resulting in a decrease in the YAP NC ratio in cells at HD (S. Figure 2A-

136 D) and an inhibition of TEAD transcriptional activity at LD (Figure 1F). In contrast, the culture
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137  supernatant of the edinB-deleted ST80-MRSA-IV strain (ST80 AedinB) had no effect on YAP
138 localization and TEAD activity (Figure 1F and S. Figure 2A-D). Together, these results
139 demonstrate that S. aureus EDIN-B toxin is highly effective in inhibiting YAP/TEAD activity.
140  Staphylococcus aureus has been shown to be more efficient in delivering EDIN-B directly
141 into the host cell after internalization **. Consequently, we tested whether infection with the
142 ST80 WT and ST80 AedinB strains modulates YAP subcellular localization and
143  transcriptional activity. As expected, the ST80 AedinB strain was found to enhance YAP
144  nuclear intensity and decrease YAP cytoplasmic intensity, resulting in a strong increase in
145 the YAP NC ratio (Figure 1A-D) at 7 hpi in HD cells. In contrast, the EDIN-B-expressing
146  ST80 WT strain was found to reduce YAP nuclear MFI and NC ratio compared to ST80
147  AedinB at 7 hpi in HD cells as well as YAP cytoplasmic and nuclear MFI compared to the
148  control cells (Figure 1A-D). In addition, ST80 AedinB was found to increase TEAD
149  transcriptional activity as soon as 3 hpi in HD cells, whereas it was not the case with the
150 ST80 WT strain (Figure 1E). These results demonstrated that the S. aureus infection (but
151 not the S. aureus supernatant) caused an increase in YAP nuclear localization and
152  YAP/TEAD transcriptional activity in vitro. Interestingly, the EDIN-B-expressing ST80 WT
153 strain as well as the EDIN-B toxin alone were found to be effective in preventing or
154  decreasing YAP activity.

155

156  YAP transcriptional activity is required to limit the intracellular replication of S. aureus
157 As YAP is activated during infection, we investigated whether YAP/TEAD transcriptional
158  activity was needed to fight S. aureus in vitro. We used WT and YAP-deleted (YAP')
159  HEK293 cells generated using the CRISPR-Cas9 technique *. YAP knockout was confirmed
160 by immunoblotting, and the absence of YAP transcriptional activity was confirmed by a
161 decrease in CYR61 expression by RT-qgPCR (S. Figure 1B, C, and G). Interestingly, YAP
162  knockout decreased TAZ total protein levels (S. Figure 1B and D), which can contribute to
163 decreased TEAD transcriptional activity. To specifically investigate the role of YAP/TEAD

164  activity, we engineered HEK293 cells with a heterozygote mutation of YAP within its TEAD-
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165  binding domain (YAPATEAD™) that resulted in the substitution of four amino acids (Figure
166  2A) critical for binding to TEAD “. In LD cells, YAP/TEAD activity was strongly decreased in
167 YAPATEAD™ cells compared to WT cells (Figure 2B). Subsequent experiments were
168 performed at MD to have a robust basal activity of YAP in WT cells, compared to YAP-
169 mutated cells (i.e., YAP” and YAPATEAD™ cells). Using the DsRed-expressing S. aureus
170 HGOO01 strain, we first observed by confocal microscopy that S. aureus was able to replicate
171  in WT cells between 3 and 7 hpi. Strikingly, S. aureus intracellular replication was more
172  pronounced in both YAP” and YAPATEAD™ cells, with the presence of heavily infected cells
173  (Figure 2C and D). These results were confirmed by quantifying intracellular S. aureus loads
174  on agar plates (Figure 2E). Interestingly, in WT cells, the intracellular replication of the ST80
175  WT strain was more pronounced than that of the ST80 AEB strain, showing that EDIN-B
176  expression was an advantage for S. aureus intracellular replication in vitro (Figure 2C, F).
177  Thus, YAP/TEAD activity and EDIN-B expression exerted opposite effects by restricting and
178  enhancing the intracellular replication of S. aureus, respectively.

179

180 YAP is critical to promote the expression of host response genes usually induced by
181  S. aureus infection

182 To understand why YAP transcriptional activity was important in inhibiting S. aureus
183 intracellular replication, we analyzed the expression of 770 genes involved in host response
184  in control or HGOO1-infected WT or YAP™ cells at 7 hpi and at MD using the nCounter host
185 response panel. Since we showed that S. aureus did not increase YAP activity at this cell
186 density, we focused more on the differences between YAP” and WT cells in both uninfected
187 and infected conditions.

188  Striking differences were observed between WT and YAP™ cells under both uninfected and
189 infected conditions. For instance, 240 genes were downregulated, whereas only 52 were
190 upregulated in YAP” infected cells compared to WT infected cells. Most of the
191 downregulated signaling pathways in YAP” cells were inflammation-related signaling

192 pathways (e.g., chemokine, interleukin, inflammasome, and prostaglandin signaling
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193 pathways) (Figure 3A). Upon S. aureus infection in WT cells, a pro-inflammatory response
194  profile was induced, whereas in YAP" cells, this response was induced but remained at
195 lower levels than that in WT control or infected cells (Figure 3A). At the level of individual
196 genes, those encoding pro-inflammatory cytokines and chemokines, such as IL-11, CXCL8,
197  and LIF, were among the most downregulated genes in YAP infected cells compared to WT
198 infected cells (Figure 3B). In a few upregulated genes in YAP™ infected cells compared to
199  WT infected cells, we detected lysosomal genes such as LAMP1, NPC2, and GBA (Figure
200  3B).In YAP' cells, we found an upregulation of the lysosome pathway and a downregulation
201 of the autophagic pathway (Figure 3A), which are known to reduce the intracellular
202  replication of S. aureus. Altogether, these results indicate the involvement of YAP in host
203 response gene expression and its contribution to transcriptional immune response in
204  HEK293 cells, consistent with the gene expression profile induced by S. aureus infection.

205

206  YAP/TEAD transcriptional activity regulate autophagic flux and lysosomal acidification
207  We then decided to focus on the modulation of autophagy and lysosome signaling pathways
208 by YAP activity in non-infected conditions since these processes are critical for defense
209 against intracellular bacteria. In our model, the overall increase in the lysosome signaling
210 pathway in YAP" cells was mainly due to an increased expression of genes encoding
211 lysosomal membrane proteins, which could be used as lysosome markers (e.g., LAMP1,
212 NPC2, and GBA) (Figure 4A). In contrast, we found decreased expression of several genes
213 related to lysosomal functions. Indeed, we found a decrease in the expression of the AP1S2
214  and AP1G1 genes encoding adaptins that are involved in lysosomal enzyme transport from
215  the trans-Golgi network to lysosomes *. Furthermore, we observed a downregulation in the
216  expression of cathepsin L (CTSL) and W and an upregulation in the expression of cathepsin
217 A and Z. A previous study has shown that CTSL inhibition leads to LC3-Il accumulation and
218 lysosomal enlargement in macrophages *. In addition, we found that ATP6VOD1, a gene
219 encoding a subunit of the V-ATPase lysosomal pump critical for lysosomal acidification and

220 autophagy *, was downregulated in YAP™ cells (Figure 4A and S. Figure 4A). Interestingly,

10


https://doi.org/10.1101/2022.05.17.492111

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.17.492111; this version posted May 17, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

221 a chromatin immunoprecipitation assay using next-generation sequencing (ChlP-seq) data

222  from previous reports *°

revealed YAP/TAZ/TEAD peaks at active enhancer sites of the
223 ATP6VOD1, ATP6VOA1l, ATP6VIC1, and ATP6VOB genes “°. Thus, this transcriptional
224  profile indicates potential lysosome defects in YAP” cells that are modulated by YAP/TEAD
225 transcriptional activity. In addition, several autophagy-related genes, including MAP1LC3A
226  (encoding microtubule-associated protein 1 light chain 3 alpha (LC3A) protein), ATG12
227  (involved in autophagosome elongation through the LC3-I to LC3-II lipidation), and ATG13
228 (involved in autophagosome formation), were downregulated. In addition, we observed an
229  upregulation in ATG10 (involved in the formation of the ATG5-ATG12-ATG16L elongation
230 complex) that probably compensates for ATG12 downregulation (Figure 4A and S. Figure
231  4A). This profile argued for default autophagosome formation and elongation in YAP™" cells.
232  Given that YAP/TAZ control the expression of actin-related tension proteins MLC2 and
233  DIAPH1, which are important for autophagosome formation **, we assessed the expression
234  of these two genes; however, MLC2 expression was not detected in HEK293 cells and
235  DIAPH1 expression was similar in HEK293 WT and YAP™ cells (data not shown).

236  To confirm the findings of the transcriptional analysis, we monitored autophagic flux in WT,
237  YAP”, and YAPATEAD™ cells. The immunoblotting assay showed a decrease in the LC3-I
238  total protein level in YAP" cells, corroborating the transcriptomic results (Figure 4BC).
239  Moreover, the decrease in LC3-1 was associated with a decrease in the LC3-II total level,
240 without a change in the LC3-1/LC3-I ratio, suggesting that LC3 lipidation was retained
241  (Figure 4BC). To further study autophagy regulation in both models, we used live-cell
242  confocal microscopy and a CytolD probe to label autophagic vesicles in living cells.
243  Autophagic vesicles were more abundant and especially much larger in YAP” and
244  YAPATEAD™ cells than in WT cells (Figure 4DE). In YAP-mutated cells, these larger
245  autophagic vesicles also appeared misshapen, in contrast to the spherical vesicles observed
246  in WT cells (Figure 4D). Similar results were obtained from cells immunolabeled with anti-
247  LC3 antibody (Figure 4F), ruling out an artifact due to CytolD. Together, these results reflect

248  autophagic flux reduction resulting in the accumulation of large autophagic vesicles, which

11
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249  suggests an anomaly in the degradative activity of autophagolysosomes. For instance,
250 lysosomal alkalinization is known to induce the accumulation of autophagic vesicles and
251 larger autophagolysosomes . Since our transcriptomic results indicate possible defects in
252  lysosomal acidification, we tested lysosomal acidity in YAP-mutated cells. No difference was
253 detected in basal conditions between WT, YAP™”, and YAPATEAD™ cells. Bafilomycin Al, an
254  inhibitor of the V-ATPase pump, was effective in inducing lysosomal alkalinization in both cell
255 lines (Figure 4GH). However, 20 min after bafilomycin A1 removal, lysosomes reacidification
256 was more efficient in WT cells than in YAP” and YAPATEAD™ cells, indicating lysosomal
257  dysfunction in these cells (Figure 4GH). These results showed that YAP/TEAD activity
258  promotes the expression of autophagic and lysosomal genes that are important for normal
259  autophagic flux regulation and lysosomal acidification.

260

261 Loss of YAP/TEAD transcriptional activity worsens blockage of autophagic flux
262 induced by S. aureus and fosters its escape from autophagic vesicles

263 Internalized S. aureus is known to elicit a strong autophagic response in NPPCs, which is
264  required to clear intracellular S. aureus by addressing S. aureus-containing autophagosomes
265 to lysosomes. Therefore, we decided to investigate how the alteration of autophagy and
266 lysosome signaling pathways observed in YAP-mutated cells could explain the strong
267  replication of intracellular S. aureus in these cells.

268  Transcriptomic analysis of WT and YAP™ cells infected with S. aureus showed that the
269  expression of specific genes involved in autophagy and lysosome signaling pathways were
270 altered in YAP™ cells (S. Figure 3AB). For instance, CTSL expression was still lower in YAP
271 " infected cells compare to WT infected cells (S. Figure 3A-C).

272  Live-cell confocal microscopy was used to quantify the number and volume of autophagic
273  vesicles. In WT cells, we observed a strong increase in autophagic vesicle count and volume
274  at 3 hpi, whereas at 7 hpi, the volume of autophagic vesicles continued to rise with no further
275 increase in the vesicle count, which is in favor of the blockage of autophagic flux (Figure 5A-

276  C). Interestingly, in WT cells, the colocalization of S. aureus with autophagic vesicles was

12
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277  found to decrease between 3 and 7 hpi (S. Figure 4A and Figure 5D), which reflects the
278 ability of S. aureus to escape from autophagic vesicles (e.g., autophagosomes or
279  autolysosomes). In some of the WT cells, we also observed disrupted S. aureus and diffused
280 red fluorescence within autophagic vesicles, indicating that the degradative function of
281 autophagolysosomes can limit the intracellular replication of S. aureus in WT cells (Figure
282  5A). In contrast, such a pattern of degradation was not observed in YAP” and YAPATEAD"*
283  cells, suggesting that lysosomal degradative function is altered in these cells, which is in
284  accordance with our data of transcriptomic and LysoSensor analyses.

285 This statement is also supported by the fact that the colocalization of S. aureus with
286  autophagic vesicles at 7 hpi in these cells was lower than that observed in WT cells (Figure
287 5A, D, and S. Figure 4A), which reflected S. aureus escape from autophagic vesicles. This
288  result did not seem to be due to a defect in autophagy initiation since the autophagic vesicle
289  count increased at 3 hpi compared to non-infected conditions, as it did for WT cells (Figure
290 5AB and S. Figure 4AB). It is also noteworthy that even if the level of colocalization of S.
291 aureus with autophagic vesicles was identical to that of WT cells at 3 hpi in YAP-mutated
292  cells, the autophagic vesicles surrounding S. aureus were unusually distorted as compared
293  to the spherical vesicles surrounding each individual S. aureus bacterium in WT cells (Figure
294 5A, D, and S. Figure 4A). More importantly, the volume of autophagic vesicles strongly
295 increased at 3 hpiin YAP" cells than in WT infected cells (Figure 5A, C), indicating a further
296 autophagic flux blockage during S. aureus infection. In YAPATEAD™ cells, the vesicle
297  volume did not increase further at 3 hpi (S. Figure 4B, C), which could be explained by the
298 fact that the vesicle volume in uninfected cells was already higher than that in WT and YAP™"
299 cells. For YAP-mutated cell lines, vesicle count and volume decreased between 3 and 7 hpi,
300 which seems to be due to the disruption of autophagic vesicles by S. aureus that did not
301 colocalize with the spherical vesicles but were surrounded by CytolD-labeled residues
302 (Figure 5AC and S. Figure 4AC). Immunoblots showed that the LC3-II/LC3-] ratio was
303  higher during infection in YAP™ cells compared to WT cells, corroborating that S. aureus

304 takes advantage of YAP-deficient cells to further inhibit autophagic flux (Figure 5EF).

13
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305 We then performed similar experiments with WT cells infected with ST80 WT and ST80
306 AedinB strains, both of which were found to enhance vesicle count and volume in a very
307  similar manner (S. Figure 5AC). Although both ST80 WT and ST80AEB strains were found
308 to be highly colocalized in autophagic vesicles at 3 hpi, but the former was able to escape
309 from autophagic vesicles at 7 hpi in contrast to the latter that remained more confined to
310 autophagic vesicles (S. Figure 5AB).

311 Altogether, these results indicate that the alteration of autophagy and lysosome basal
312 functions in YAP-mutated cells enables S. aureus to block autophagic flux more efficiently,
313 as soon as 3 hpi, to escape from autophagic vesicles and avoid its clearance into
314  degradative compartments at 7 hpi. These results can explain why S. aureus exhibits more
315 pronounced replication in YAP-mutated cells after 3 hpi. In addition, we showed that EDIN-B-
316  expressing S. aureus was able to inhibit YAP and was more efficient in escaping autophagy.
317

318 YAP promotes inflammatory response during S. aureus infection

319  Upon bacterial infection, the cell-autonomous immune response of non-specialized immune
320 cells displays antimicrobial mechanisms **"*'. An important part of this response is the
321 activation of molecular signaling pathways that enable the expression of inflammatory
322  mediators to attract specialized immune cells for bacterial clearance.

323  Our transcriptomic analysis highlighted that most of the differences in gene expression
324  between YAP” and WT cells were related to inflammatory signaling pathways. Members of
325 the IL-6, IL-11, and LIF signaling pathways were found to be enhanced during S. aureus
326 infection in WT cells but remained downregulated in both infected and uninfected YAP™ cells.
327 These cytokines support the proliferation and differentiation of hematopoietic stem cells *,
328 and LIF has been shown to enhance the killing of S. aureus by neutrophils *2. Although IL6
329 was expressed at low levels in the nCounter panel, RT-gqPCR showed that IL6 expression
330 was low in HEK293 cells but was nevertheless increased during S. aureus infection in WT
331 cells and remained lower in both infected and uninfected YAP” cells (Figure 6C). The

332 expression of chemokine genes, including CXCL8, CCL20, CXCL2, and CXCL1, which are
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333  known to enhance immune cell recruitment and are consequently involved in the S. aureus
334 inflammatory response, especially CXCL8, which is critical for neutrophil recruitment “3**,
335 was enhanced during S. aureus infection in WT cells. Even if these genes were upregulated
336 during S. aureus infection in YAP™ cells, the expression of these genes remained strongly
337 downregulated in YAP” cells compared to WT cells (Figure 6AB). Moreover, S. aureus
338 infection enhanced the expression of PTGS2 (also known as cyclooxygenase-2) (Figure
339 6AB), which encodes a key enzyme for the synthesis of prostaglandins that are involved in
340 the inflammatory response against S. aureus “°; however, PTGS2 expression remained lower
341  in YAP" infected and uninfected cells than in WT infected and uninfected cells (Figure 6AB).
342 The inflammasome response is important during S. aureus infection for neutrophil
343  recruitment *°. We found that several inflammasome-related genes, such as CASP4 and
344  NLRC4, were downregulated in YAP” infected and uninfected cells. In addition, using RT-
345 gPCR detect the low-level expression of IL1B was detected in WT cells during infection,
346  whereas it remained undetectable in YAP” infected and uninfected cells (Figure 6C).
347  Although YAP/TEAD itself could contribute to the expression of cytokines and chemokines,
348 we found that the expression of some transcription factors involved in inflammation was
349  modified in YAP" cells. During infection, nuclear factor kB (NF-kB) and activator protein 1
350 (AP-1) are known to trigger the first inflammatory response in cells *’. Our results confirmed
351 that S. aureus infection triggers NF-kB pathway-related genes but does not increase NF-kB
352  subunits (S. Figure 6AB). Likewise, we showed that S. aureus infection upregulates MAPK
353 pathway-related genes with increased expression of AP1 members JUNB and FOS (S.
354  Figure 6AB). However, in YAP™ control or infected cells, we found that these two pathways
355  were highly disrupted due to the downregulation of genes encoding NF-kB subunits (NFKB1,
356 NFKB2, REL, RELA, and RELB) and AP1 members, including JUN, JUNB, and FOS (S.
357  Figure 6A-B). Of note, several other inflammatory pathways were altered in YAP cells, with
358 a reduction in interferon signaling, NLR signaling, DNA sensing, and MHC class | signaling

359 (Figure 3A). Altogether, these results highlight that YAP activity can modulate the
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360 expression of a wide range of inflammation-related genes involved in the response against S.
361  aureus.

362

363 S. aureus ST80 infection in synovial organoids also modulates YAP signaling

364  Organoid-based infection models enable the study of infection in a 3D cell model using
365 primary cells that display more physiological characteristics than continuous cell lines. In this
366 experiment, we used a model of synovial organoids *°, formed with fibroblast-like
367  synoviocytes (FLSs) from three different donors that were infected with ST80 strains. Given
368 that S. aureus is one of the leading causes of osteoarticular infection in humans (Tong et al.,
369  2015), this infection model should be highly clinically relevant.

370 Live-cell confocal microscopy showed that S. aureus was internalized in FLS and replicated
371 inthese cells (Figure 7A). We found that the EDIN-B-expressing ST80 WT strain thoroughly
372  altered the organization of the actin cytoskeleton as early as 30 min post-infection and
373 prevented the formation of actin fibers, whereas actin fibers were neither disrupted nor
374  hindered by the ST80 AedinB strain (Figure 7A), which reflects the ability of EDIN-B to
375 inhibit RhoA.

376 In this model of synovial organoids, FLS forms a lining layer at the edge of the organoid, and
377 more sparse cells in the core of the structure are organized like a stroma mimicking the

378 human synovial membrane *°

(Figure 7B). Synovial lining layer thickening, which is
379 recognized as a hallmark of synovial inflammation, was found to be mediated through YAP
380 activity *****° At 7 hpi, ST80 AedinB induced synovial lining layer thickening (Figure 7B-D)
381  which suggest that YAP is activated. In contrast, ST80 WT that expressed EDIN-B did not
382 induce an increase in of the synovial lining layer thickness (Figure 7B-D), probably reflecting
383  YAP inhibition. This assumption was strengthened by the confocal microscopy images
384  showing that the EDIN-B-expressing ST80 WT strain, unlike the ST80 AedinB strain, was
385 able to reduce YAP immunolabeling in infected synovial lining layer cells at 7 hpi (Figure

386  7E). In addition, the ST80 WT strain was found to inhibit YAP transcriptional activity by

387  reducing the expression of the connective tissue growth factor (CTGF) and CYR61 genes,
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388 whereas the ST80 AedinB strain increased their expression (Figure 7F), which confirmed
389 that the EDIN-B-expressing ST80 WT strain was able to inhibit YAP transcriptional activity in
390 synovial organoids. In addition, since the CXCL8 and PTGS2 genes were downregulated in
391 HEK293 YAP™ infected cells compared to WT infected cells, we assessed the expression of
392 these two genes in synovial organoids. Compared to uninfected organoids, ST80 AedinB
393 induced an increase in the expression of CXCL8 and PTGS2, in contrast to the EDIN-B-
394  expressing ST80 WT strain, which was consistent with YAP transcriptional activity inhibition
395  in HEK293 cells.

396 In conclusion, this organoid-based model confirmed the strong ability of the EDIN-B-
397 expressing ST80 WT strain to inhibit YAP transcriptional activity and reduce the expression
398  of inflammatory mediators. These results suggest that YAP inhibition by EDIN-B can reduce
399 synovial inflammation and prevent immune cell recruitment at the infection site.

400

401 DISCUSSION

402 In this study, we sought to investigate whether YAP is involved in the clearance of
403 intracellular S. aureus. We demonstrated that YAP plays a critical role in efficient cell-
404  autonomous immune response against intracellular S. aureus by controlling autophagy-
405 lysosome and inflammation-related signaling pathways.

406  Our results are consistent with the role of YAP/TAZ transcriptional activity in promoting
407  autophagy ****>°'. In our model of YAP-mutated cells, we found no differences in MLC2 and

408 DIAPH1 expression, which is important for autophagosome formation **

. In contrast, we
409 observed alterations in the late phase of autophagy, which is consistent with a previous study
410 showing impaired fusion between autophagosomes and lysosomes *°, but the mechanism
411  involved seems to be different. Indeed, we observed abnormal and oversized autophagic
412  vesicles. In particular, we found that YAP” cells have an alteration in lysosomal acidification,
413  which can be explained by the decreased expression of ATP6VOD1, which encodes a V-

414  ATPase subunit required for lysosomal acidification *>. Moreover, abnormal and oversized

415  autophagolysosomes with poor degradative functionality have been described in cells
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416  deficient for V-ATPase subunits *°, which supports our findings. In addition, we found that
417  CTSL was downregulated in the YAP” HEK293 cells. It has been shown that CTSL-deleted
418 cells have important lysosomal dysfunction and LC3-1l accumulation, reflecting an altered
419 autophagic flux *. In addition, we showed that this effect was mediated by the YAP TEAD
420  binding domain, since YAPATEAD* cells display autophagic defects similar to those of YAP
421 " cells. However, we cannot exclude the possibility that YAP interacts through its TEAD-
422  binding domain with another transcription factor involved in autophagy and lysosome
423  signaling pathways. Indeed, a recent study showed that YAP can interact with transcription
424  factor EB (TFEB) to induce the expression of autophagic and lysosomal genes °* but whether
425  the TEAD-binding domain of YAP is required for its interaction with TFEB is unknown. Thus,
426  YAP/TEAD and/or YAP/TFEB could act synergistically for autophagy-and lysosome-related
427  gene regulation. Overall, our data reinforce the role of YAP in autophagy regulation and
428  provide new insights into how YAP promotes autophagic flux.

429  Our work shows that YAP transcriptional activity is required to control the replication of S.
430 aureus, and that some EDIN-B-expressing S. aureus strains can inhibit YAP to promote their
431 own intracellular replication. Given that autophagy is clearly established as a major
432  mechanism for clearing S. aureus in vitro and in vivo ¥ the autophagy dysfunction
433  observed in YAP-mutated cells in this study could explain why S. aureus infection was more
434  pronounced when YAP transcriptional activity was inhibited or absent. The altered lysosomal
435  function observed in YAP-mutated cells may also decrease S. aureus clearance as CTSL-
436  deficient macrophages exhibit a poor ability to remove intracellular S. aureus >3, and genetic
437  manipulations of V-ATPases or bafilomycinAl treatment in macrophages promoted S.
438 aureus intracellular replication **. However, to avoid degradation, S. aureus has also been
439  found to inhibit the fusion of autophagosomes with lysosomes and escape from autophagic
440 vesicles to replicate inside the cytosol *!. In our model, the loss of YAP transcriptional
441  activity, which induces the blockage of autophagic flux, was found to promote

442  autophagosome escape and replication of S. aureus.
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443  In addition, we found that EDIN-B-expressing S. aureus inhibited YAP transcriptional activity,
444  which enabled them to replicate more efficiently in the cells, likely by escaping from
445  autophagic vesicles. Autophagy is a conserved cellular process known to be involved in the
446  clearance of intracellular bacteria *°, and RhoA-targeting toxins (such as EDINs) can be
447  expressed by other pathogenic bacteria such as Yersinia and Salmonella species #*?°. In
448  addition, bacteria secreting RhoA targeting-toxins were found to alter actin dynamics, leading
449  to the impairment of tight and adherent junctions and an increase in bacterial invasion across
450  the epithelium and endothelium >%’. Interestingly, YAP is known to promote the formation of
451  focal adhesion complex, and regulate actin dynamics, and be activated after intestinal barrier
452  disruption following bacterial infection **?°®, Thus, we speculated that some known RhoA
453  inhibition mechanisms achieved by bacteria could be mediated by YAP activity.

454  Increasing evidence demonstrates that YAP/TEAD transcriptional activity can play a pro-
455  inflammatory role by promoting the expression of pro-inflammatory mediators such as IL6 2,
456 CCL2 °"*8 |L8 °, IL1B '3, PTGS2 *° and NF-kB family members . However, contradictory
457  results exist in the literature, indicating an anti-inflammatory role of YAP in mouse models
458  2°%%82 |n our study, YAP transcriptional activity was found to have a pro-inflammatory effect
459  in HEK293 cells. We found that the loss of YAP activity decreased the expression of several
460  pro-inflammatory genes known to foster S. aureus clearance in vivo. Thus, RhoA-mediated
461 inhibition of YAP by bacteria could be a way to evade the immune system by decreasing the
462  inflammatory response.

463  Another important question is how bacteria modulate YAP activity in host cells. In contrast to
464  our results, S. aureus infection in Drosophila was found to increase Yorkie cytoplasmic
465 localization in fly fat bodies %. Yorkie overexpression in fly fat bodies was found to increase
466 S. aureus-induced death compared to WT flies . However, there are important differences
467 between human NPPCs and fly fat bodies, which can influence YAP activity and its
468  subcellular localization upon infection. In mice, several other bacterial species (e.g.,
469  Streptococcus pneumoniae and Helicobacter pylori) lead to nuclear translocation **%. Thus,

470 it could be interesting to test whether YAP has an anti-S. aureus function in mouse models.
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471  Although bacteria-induced tissue damage can promote YAP activation in mouse models, the
472  mechanisms that induce nuclear translocation of YAP upon bacterial infection are not fully
473  understood ?°?*. Our results showed that S. aureus supernatant alone is not sufficient to
474  induce YAP nuclear translocation, which suggests that internalization of S. aureus is needed
475  for inducing nuclear translocation of YAP. Interestingly, S. aureus internalization is mainly
476  driven by a5B1 integrins, which trigger the activation of focal adhesion kinase (FAK) *°. YAP
477 is known to be highly sensitive to cell mechanical stimulation, such as integrin-FAK
478  activation, which increases RhoA activity and causes YAP nuclear translocation ®. Thus, it
479  will be important to investigate whether YAP activation following S. aureus internalization
480 could be a nonspecific “danger signal” by converting cell mechanical events into cell-
481  autonomous immune responses, including xenophagy and inflammatory responses.

482  Overall, this work provides new fundamental insights into the role of YAP in cell-autonomous
483 immune responses. It also provides new insight into the role of the C3 exoenzyme EDIN
484  during S. aureus infections. Thus, the findings of this work could help find new ways to fight
485 intracellular bacteria and open the way for future microbiology and YAP-related

486  investigations.
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644  Methods

645

646  Cell culture

647 HEK293 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich,
648  St. Louis, MO, USA) with 10% fetal bovine serum (FBS), 1% non-essential amino acid
649  solution, and 1% penicillin and streptomycin (PS) solution. The plates were coated with
650 fibronectin (1:100, Sigma-Aldrich, F1141) for 2 h at 37 °C before use. HEK293 cells were
651 grown at different cell densities: For low density (LD) cell culture, cells were seeded at
652 10,000 cells/cm? and used 24 h after seeding; for medium density (MD) cell culture, cells
653 were seeded at 100,000 cells/cm? and used 24 h after seeding; for high density (HD) cell
654  culture, cells were seeded at 100,000 cells/cm® and used 72 h after seeding.

655

656  Cell line generation using CRISPR-Cas9 technology

657 HEK293 YAP' were generated using commercially available plasmids with specific CRISPR-
658  Cas-9 single guide RNA (sgRNA) and sequence for homology-directed repair targeting YAP
659 sequence (Santa Cruz Biotechnology, Dallas, TX, USA) as previously reported *. HEK293
660 YAPATEAD™ cells were generated using the CRISPR-Cas9 technique and homology-
661  directed repair. SgRNA was designed to cut in exon 1 of the YAP gene at proline 98 using
662 the following protospacer: 5'-CGACTCCTTCTTCAAGCCGC-3'. Homologous recombination
663  was supported by a donor plasmid with a 5' homology arm of 681 bp, a 3' homology arm of
664  837+12 bp, whose original sequence TTCAAGCCGCCG was modified by the sequence
665 AGAAGAAGAAGA that introduced the following mutations: Phe96Arg, Lys97Arg, Pro98Arg,
666 and Pro99Arg. CRISPR-Cas9 and donor plasmids were manufactured on demand by
667  VectorBuilder (VectorBuilder, Neu-Isenburg, Germany). HEK293 cells were transfected with
668 0.5 pg of each plasmid and 2 pL transfection reagent (Jet prime, Polyplus transfection, New
669  York, NY, USA) in a final volume of 100 pL. After 48 h of transfection, the cells were seeded

670 at one cell per well in a 96-well plate for monoclonal expansion. Mutations following
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671 homologous recombination were confirmed by PCR sequencing (Eurofins Genomics,
672 Nantes, France).

673

674  Bacterial strains and plasmids

675  Staphylococcus aureus strains used in the study were the HGOO1 strain, which is a
676 methicillin-susceptible S. aureus (MSSA) strain that lacks edin genes ® and the LUG1799
677  strain, which is a minimally passaged strain belonging to the European lineage community-
678 acquired methicillin-resistant S. aureus (CA-MRSA) ST80-MRSA-IV strain ®° and is referred
679 to as ST80 wild-type (WT) and its isogenic edinB mutant that is referred to as ST80 AedinB
680  ?'. All strains were stored at —20°C in cryotubes.

681  For live cell imaging, the plasmid pSK265, a derivative of pC194 ®, was used to express the
682 DsRed gene under the control of the rpob promoter in S. aureus strains. All strains were
683  transformed with the plasmid pSK265::DsRed by electroporation (Gene Pulser, Bio-Rad) and
684  were grown at 37 °C on blood agar (43049, Biomérieux) or tryptic soy agar (TSA) (920241,
685  Becton Dickinson) supplemented with 20 pug/mL of chloramphenicol when appropriate.
686

687  Organoid culture and processing

688  Synovial organoids were assembled as previously described ® with modifications *.
689  Fibroblast-like synoviocytes (FLS) were collected from osteoarthritis (OA) patients who
690 provided written consent after oral information (IRB # 2014-A01688-39). FLS were mixed in
691  phenol red-free Matrigel (356237, Corning, Corning, NY, USA) at 4x10° cells/mL, and a
692  single 22 pL droplet (representing approximately 90,000 cells) was added to each well of a
693  96-well U-shaped very low-attachment surface plate (CLS4515, Corning). The plate was
694  incubated at 37 °C in 5% CO, for 45 min to allow droplet gelation. Wells containing solidified
695 droplets were filled with 200 pL of DMEM high-glucose medium supplemented with 10%
696 FBS, 1 % glutamine, 1 % nonessential amino acids, 1 % PS, 0.1 mM ascorbic acid, and
697 insulin (10 pug/mL)-transferrin (10 pg/mL)-selenium (3x10® M) solution at 37 °C in 5% CO, for

698 21 days. At day 21, organoids were fixed with glyoxal solution at pH 4.5 (e.g., for 500 mL:
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699 355 mL ddH,O, 99 mL ethanol, 39 mL glyoxal (128465, Sigma-Aldrich), and 1 mL acetic
700 acid) for 1 h at room temperature (RT) because PFA fixation was deleterious. Organoids
701 were embedded in a gelatin 100G (7.5%)-sucrose (10%) solution and frozen in an
702  isopentane bath at —50 °C for 2 min before storage at —80 °C.

703

704  Bacterial infection of HEK293 cells and organoids

705 HEK293 cells and organoids were infected with S. aureus using the enzyme protection assay
706 (EPA) technique as previously described 3*. Briefly, S. aureus bacterial suspensions were
707 adjusted to an ODgy of 0.5 and serially diluted in the culture media of HEK293 cells or
708 organoids. HEK293 cells were infected at a multiplicity of infection (MOI) of 1 (or 10 if
709 indicated) for 2 h at 37 °C and 5% CO,. Organoids were infected with 1x10° S. aureus per
710  well in 24-well plates for 2 h at 37 °C and 5% CO, with gentle agitation. After incubation,
711 media was replaced with fresh culture media supplemented with 10 pg/mL lysostaphin
712 (Ambicin, Ambi Products, Lawrence, NY, USA) to kill extracellular S. aureus. Bacterial
713  suspensions used for infection challenges were seeded on agar plates and quantified after a
714  24-h incubation period to verify the real bacterial concentration. To quantify the intracellular
715 load of S. aureus by culture, HEK293 cells were washed with phosphate buffered saline
716  (PBS) to remove lysostaphin. Cells were lysed by osmotic shock using lysis buffer containing
717  0.25% Triton X-100 (Sigma-Aldrich), 0.25X trypsin-EDTA (Sigma-Aldrich), and sterile
718 water. The S. aureus load of cell lysates was quantified on an agar plate using an automatic
719 plate seeder (EasySpiral Dilute, Interscience, St-Nom la Breteche, France) and a colony
720  counter (Scan 4000, Interscience).

721

722 Immunofluorescence

723  HEK293 cells were fixed with 4% PFA at RT for 20 min or in ice-cold methanol for 15 min (for
724  LC3A/B immunolabeling). Fixed and frozen organoids were cryosectioned to a thickness of
725 30 um. Samples (cells or cryosections) were rehydrated in PBS for 10 min and permeabilized

726  in 0.3% Triton X-100 for 15 min. The samples were then incubated in blocking buffer
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727  containing 1% BSA, 5% goat serum, and 0.1% Triton-X100 for 60 min at RT. Subsequently,
728 the samples were incubated with the primary antibody or isotypic control diluted in blocking
729  buffer overnight at 4 °C. The antibodies used were mouse IgG anti-YAP antibody (63.7 sc-
730 101199, Santa Cruz Biotechnology; 1:100), rabbit anti-LC3A/B antibody (4108, Cell Signaling
731  Technology, Leiden, The Netherlands), mouse and rabbit IgG isotype antibody (31903 and
732 31235, Thermo Fisher Scientific; used at the same concentration as YAP or LC3A/B
733 antibodies). After washing, the cells were incubated with secondary antibody, goat anti-
734  mouse 488 or goat anti-rabbit 488 diluted in blocking buffer (A11034 and A32731, Thermo
735  Fisher; 1:400) for 75 min at RT. The cells were counterstained with 4',6-diamidino-2-
736  phenylindole (DAPI) for 10 min at 37 °C with or without dye-labeled phalloidin (ab176753 or
737 abl176759, Abcam, Cambridge, UK) for 1 h at 37 °C. For LC3 immunolabeling (ref, Cell
738  Signaling Technology, Leiden, The Netherlands), the cells were fixed with ice-cold methanol
739  for 15 min, and the immunolabeling procedure was identical to YAP immunolabeling.

740

741  Live-cell confocal microscopy of HEK293 cells or organoids

742  Cells and organoids were infected with DsRed-expressing S. aureus strains using the
743 enzyme protection assay (EPA) technique described above. In HEK293 cells,
744  autophagosomes were labelled using the CYTO-ID Autophagy Detection Kit 2.0 (ENZ-
745  KIT175, Enzo Life Sciences) as recommended by the manufacturer. Briefly, 30 min before
746  image recording (i.e., 2.5 hpi or 6.5 hpi), the spent media was discarded, and cells were
747  washed once with the assay buffer. Cells were incubated with the CYTO-ID Green detection
748  reagent and 5 pg/mL Hoechst 33342 for 30 min at 37 °C and 5% CO, protected from light.
749  Cells were then washed once with the assay buffer and imaged immediately by confocal
750  microscopy.

751 In organoids, Actin-F was labelled with Sir-Actin dye (1:5000, Cytoskeleton, Denver, CO,
752  USA) for 4 h prior to infection.

753

754  Image acquisition and quantification
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755 Images were acquired using a spinning disk confocal microscope (SDCM) (Ti2 CSU-W1,
756  Nikon, France) with a 60x objective (CFI Plan Apo Lambda NA = 1.40, MRD1605, Nikon) or
757  using a confocal laser scanning microscope (CLSM) (LSM 800 airyscan, Zeiss, Oberkochen,
758  Germany) with a 10x objective (Plan-Apochromat 10x/0.45 M27, Zeiss). Image analysis was
759  performed with the General Analysis 3 module of the NIS software (v5.30, Nikon) or Fiji
760  software (v1.52p, NIH, USA).

761 In HEK293 cells, YAP immunolabeling was quantified using an automatic macro developed
762  with the NIS software to measure MFI in the cytoplasmic and nuclear areas and to calculate
763  the NC ratio by dividing the nuclear MFI by the cytoplasmic MFI. CytolD quantification was
764  also performed using the NIS software. Briefly, the images were denoised and binarized in
765  3D. The CytolD vesicle count and volume as well as the S. aureus volume were measured,
766 and the colocalization between the S. aureus volume and CytolD vesicle volume was
767  assessed. The cell area was determined using an extended area of DAPI labeling. For each
768  cell, the count and mean volume of the CytoID vesicles were measured. The same method
769 was used to measure the S. aureus volume per cell. Quantifications were performed by
770 analyzing 2 to 3 fields per well using a 60x objective.

771  For organoid lining layer thickness, quantification was performed with the Fiji software using
772  cryosections stained with DAPI and dye-labeled phalloidin. Two slices per organoid were
773  assessed. Quantification was performed on tile images acquired with a 10x objective,
774  allowing quantification of the entire structure. Images were binarized, and the synovial lining
775 layer area was automatically selected. The organoid perimeter was then measured. The
776 lining layer thickness was the result of the synovial lining layer area divided by the perimeter
777  of the synovial organoid.

778

779 Luciferase assay

780 HEK293 cells were transfected in 96-well plates with the 8xGTIIC-luciferase plasmid (firefly
781 luciferase, # 34615, Addgene, Watertown, MA, US) and the pRL-SVI40P plasmid (Renilla

782 luciferase, # 27163, Addgene), using 0.5 pug of each plasmid and 2 pL of the jetPRIME
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783  transfection reagent (Polyplus transfection, New York, NY, USA) in a final volume of 100 pL
784  per well and incubated overnight at 37°C in 5% CO,. The next day, the spent medium was
785  replaced with the fresh complete culture medium, and the cells were incubated for another
786 24 h at 37°C in 5% CO,, The day after, the transfected cells were challenged with S. aureus
787  or supernatant only, as mentioned in the text. After the challenge, the cells were lysed and
788  luminescence was quantified using the Promega dual glow assay (Promega, Madison, WI,
789  USA) with a multimodal plate reader (TriStar, Berthold). The blank value was subtracted, and
790 the firefly luciferase activity was divided by the Renilla luciferase activity to normalize the
791  results according to the number of cells.

792

793  Protein extraction and western blotting

794  For HEK293 cells, protein extraction was performed using the Allprep RNA/Protein Kit
795 (80404 Qiagen Inc., Hilden, Germany). Proteins (10-20 ug) were denatured and separated
796  for 20 min at 200 V before being transferred onto the polyvinylidene difluoride membrane
797  (1B24002, Thermo Fisher Scientific). The membrane was blocked in TBS Tween 0.1% with
798 5% skimmed milk and incubated with primary antibody overnight at 4 °C. The membrane was
799  washed once with washing buffer and incubated with a horseradish peroxidase-conjugated
800 secondary antibody (31460, Thermo Fisher Scientific; 1:5000) for 1 h at RT. Immunoreactive
801 protein bands were visualized using the Clarity Western ECL Substrate (Bio-Rad, Hercules,
802 CA, USA). Western blotting (WB) was performed using the following primary antibodies
803  purchased from Cell Signaling Technology (Danvers, MA, USA) diluted at 1:1,000: YAP/TAZ
804  (#8418), LC3A/B (#12741), and 1:5,000: GAPDH (#2118).

805

806 RNA extraction and RT-qPCR

807  For synovial organoids, lysis was performed using the TRI Reagent (Sigma-Aldrich); three
808  synovial organoids were pooled together during the lysis step to yield sufficient RNA.

809  For synovial organoids, the agueous phase was processed following lysis in the TRI Reagent

810 for RNA extraction and purification. For cell culture, RNA was extracted using the Allprep
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811 RNA/Protein Kit (Qiagen). The quality and quantity of RNA were assessed using the
812  Experion RNA Analysis Kit (BioRad) and QuantIT RiboGreen RNA Assay Kit (Thermo Fisher
813  Scientific), respectively. Complementary DNA (cDNA) was synthesized using an iscript cDNA
814  Synthesis Kit (Bio-Rad). Quantitative RT polymerase chain reaction (PCR) was performed
815 using the CFX96 RealTime System (BioRad) with LightCycler FastStart DNA Master plus
816 SYBR Green | (Roche Diagnostics, Basel, Switzerland). The results were normalized to the
817 housekeeping gene expression hypoxanthine-guanine phosphoribosyltransferase (HPRT).
818 The sequences of the primers used in this study are available upon request.

819

820 Transcriptomic analysis using nCounter Host Response Panel

821 The nCounter Host Response panel (Nanostring technology), which includes 770 genes
822 involved in host response processes, was performed with the nCounter Sprint instrument
823 following the manufacturer's recommendations. Briefly, we used 50 ng of RNA extracted
824  from WT or YAP” HEK293 infected (or not) with the HG0OO1 strain at MOI 10 for 7 h (n = 3
825  per group). All quality controls were performed according to the manufacturer’s instructions.
826  Normalization was performed using the housekeeping genes identified by the geNorm
827 analysis using the NanoString advance software. The count detection limit was determined
828 using a threshold based on the negative controls. Data analysis was performed using the
829 nSolver package (version 3.0) and the Advanced Analysis module (version 1.0.36).
830 Differential expression and pathway analyses were performed using the nSolver advance
831 analysis module according to the guidance given by manufacturer’s instructions. Genes with
832 a false discovery rate (FDR)-corrected p-value < 0.05 were considered significantly
833 differentially expressed.

834

835  Statistical analysis

836  Data are represented as single values with mean and standard deviation and are expressed,
837 if indicated in the figure legend, as a percentage of the mean of control values. The results

838 are representative of at least three independent experiments. Multiple comparisons were
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839 performed by analysis of variance (ANOVA) or Kruskal-Wallis test, and post hoc
840 comparisons were corrected using the FDR method of Benjamini and Hochberg. Results
841 were considered significantly different when p<0.05 or g<0.05. All statistical analyses were
842  performed using the GraphPad software (v9.2.0, Prism). The NanoString results were
843 analyzed using the nSolver software (v4.0, NanoString Technology) and nSolver Advance

844  Analysis Module (v2.0.134, NanoString Technology).
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870 FIGURE LEGENDS

871

872  Figure 1. Staphylococcus aureus toxin EDIN-B prevented YAP activation in HEK293
873 cells

874  HEK293 cells were cultured at high (A-E) or low density (F). HGOO1 or ST80 S. aureus
875 infection was at a multiplicity of infection of 10 for 7 h (A-D) or 3 h (E). S. aureus were
876  allowed to contact for 2 h with the cells, and lysostaphin was added at 10 pg/mL for the rest
877  of the experiments to avoid extracellular S. aureus multiplication. A: Confocal representative
878  z-stack max intensity projection images of YAP (immunolabeling, green), DAPI (nucleus,
879  blue), S. aureus (DsRed, red), and merged. Scale bar: 20 um. B-D: Quantification of YAP
880  nuclear mean fluorescence intensity (MFI) (B), YAP cytoplasmic MFI (C), and YAP nuclear
881 cytoplasmic ratio (D) of HGOOl-infected cells. E-F: luciferase reporter assay of TEAD
882  transcription factor activity (8XGTIIC) for ST80 S. aureus infection (E) or ST80 strain
883  supernatant treatment for 24 h (F). Results were expressed as fold change vs. control group
884 and presented as individual values with mean = SD, representing three independent
885  experiments. CTRL: control; WT: wild-type; ST80AEB: ST80 EDIN-B-deleted strain; Sp:
886  supernatant. ANOVA test with false discovery rate (FDR) correction for multiple comparisons
887  post hoc tests: * p<0.05, ** p<0.01, *** p<0.001.

888

889 Figure 2. YAP transcriptional activity inhibits intracellular Staphylococcus aureus
890 replication

891 HEK293 cells were cultured at low (B) or medium density (C-F). HG00O1 or ST80 S. aureus
892 infection was at a multiplicity of infection of 1 for 3 or 7 h, as indicated. Staphylococcus
893  aureus were allowed to contact cells for 2 h, and lysostaphin was added at 10 pg/mL for the
894  remaining experiments to avoid extracellular S. aureus multiplication. A: Electrophorogram of
895 WT and YAPATEAD" cells showing TTCAAGCCGCCG replacement by AGAAGAAGAAGA.
896 B: Luciferase reporter assay of TEAD transcription factor activity (8xGTIIC) for WT and

897 YAPATEAD™ cells; C: Representative confocal z-stack max intensity projection images of
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898 live cells labeled with DAPI (nucleus, blue) and infected with DsRed S. aureus HG0O01 or
899  ST80 strains as indicated (red); scale bar 20 um and 5 um for zoomed image D: Microscopy
900 quantification of intracellular HGO01 mean volume per cell. E: Quantification of HG001
901 colony forming unit (CFU) per mL on an agar plate at a ratio of 3 hpi/7 hpi. F: Microscopy
902 quantification of the intracellular ST80 strain mean volume per cell. For microscopy
903 quantification (D and F), the total S. aureus volume measured in the field was divided by the
904 number of nuclei in the same field. Results were expressed as fold change vs. control group
905 and presented as individual values with mean = SD, representing three independent
906 experiments. WT: wild type; ST80AEB: ST80 EDIN-B-deleted ST80 strain; CFU: colony-
907 forming unit. Unpaired t-test (B) or Analysis of variance (ANOVA) test with false discover rate
908 (FDR) correction for multiple comparison post hoc tests: * p<0.05, ** p<0.01, *** p<0.001.

909

910 Figure 3. YAP promotes host response gene expression important during
911 Staphylococcus aureus infection

912 HEK293 cells were cultured at medium density and infected with HGOO1 S. aureus strain at a
913  multiplicity of infection of 10 for 7 h. Staphylococcus aureus were allowed to contact cells for
914 2 h with the cells. Subsequently, lysostaphin was added at 10 pg/mL for the remaining
915 experiments to avoid extracellular S. aureus multiplication. A: Heat map of nCounter
916 NanosString host response pathways; pathways are listed to the left, the most upregulated
917 pathways are depicted in orange, and the most downregulated pathways are shown in blue;
918 each column corresponds to one sample (n=3 / group). C: Volcano plot representation of
919 differential gene expression in YAP' infected group versus the baseline of WT infected
920  group; depicted genes were the most differentially expressed with the combination of a low
921 p-value and a high fold change; p-value was calculated with the NanoString software based
922  on t-test corrected with false discovery rate. WT: Wild type; SA: S. aureus.

923

924  Figure 4. YAP/TEAD activity is involved in autophagic flux regulation via lysosomal

925 acidification
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926 HEK293 cells were cultured at medium density and remained uninfected. A: Volcano plot
927  representation of differential gene expression (nCounter NanoString) in YAP™ control group
928  versus the baseline of WT control group; depicted genes are autophagic (red) or lysosomal
929 (green) pathway genes differentially expressed. B-C: Representative western blot results of
930 LC3A/B -l and -ll, and GAPDH (B), with their quantification normalized by GAPDH
931 expression (C). D: Representative confocal z-stack max intensity projection images of live
932 cells labeled with DAPI (nucleus, blue) and CytolD (LC3-II vesicles, green). Scale bar: 20 um
933 (left) and 5 um (right). E: corresponding quantification of the LC3-Il positive vesicle count or
934 mean vesicle volume per cell, as indicated. Each point represents one cell, the number of
935 analyzed cells per group is indicated; F: Confocal representative z-stack max intensity
936  projection images of LC3 (immunolabeling, green) and DAPI (nucleus, blue); scale bar: 5 um
937  G:timeline of LysoSensor experiment; bafilomycin pre-treatment was performed for 2 h, cells
938 were washed, and the relative 450/550 nm ratio was assessed immediately or 20 min after
939 LysoSensor addition. H: corresponding results indicating the relative acidity of lysosomes in
940 control or BafAl-treated cells after 0 or 20 min as indicated. Notably, an increase of 450/550
941 nm ratio is representative of lysosome alkalinization. Results are expressed as fold change
942  vs. control group (only in C and H), and presented as individual values with mean + SD (C
943 and H) or median with interquartile range (E), representing three independent experiments.
944  WT: wild type; BafAl: Bafilomycin Al. Unpaired t-test (C), Analysis of variance (ANOVA) or
945  Kruskal-Wallis (KW) test with false discovery rate (FDR) correction for multiple comparisons
946  post hoc tests: * p<0.05, ** p<0.01, *** p<0.001.

947

948 Figure 5. YAP/TEAD transcriptional activity is required to reduce Staphylococcus
949 aureus induced autophagic flux blockage

950 HEK293 cells were cultured at medium density. HGO01 S. aureus infection was at a
951  multiplicity of infection of 1 for 3 or 7 h, as indicated. Staphylococcus aureus were allowed to
952  contact cells for 2 h, and lysostaphin was added at 10 pg/mL for the remaining experiments

953 to avoid extracellular S. aureus multiplication. A: Representative confocal (0.5 pm thick z-
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954  stack) images of live cells labeled with DAPI (nucleus, blue), CytoID (LC3-II vesicles, green),
955 HGO00l1 (DsRed, red), and merged; white arrowhead: diffused red fluorescence within
956 autophagic vesicles. White empty arrowhead: disrupted S. aureus. scale bar: 5 um. B-C:
957  corresponding quantification of the LC3-Il-positive vesicle count (B) or mean volume (C) per
958 cell as indicated. Each point represents one cell. The number of analyzed cells per group is
959  shown. D: Quantification of the relative percentage of colocalization between S. aureus and
960 CytolD labelling (LC3-Il vesicles). The results are expressed as fold change vs. the WT 3 hpi
961 group set at 100%. E-F: Representative western blot results of LC3-I and I, and GAPDH (E),
962  with their quantification normalized by GAPDH expression (F). Results are expressed as fold
963 change vs. control group (only in D and F) and presented as individual values with mean *
964 SD (D and F) or median with interquartile range (B and C), representing three independent
965  experiments. WT: Wild type. Analysis of variance (ANOVA) or Kruskal-Wallis (KW) test with
966 false discovery rate (FDR) correction for multiple comparisons post hoc tests: * p<0.05, **
967 p<0.01, *** p<0.001.

968

969 Figure 6. YAP promotes inflammatory response during Staphylococcus aureus
970 infection

971 HEK293 cells were cultured and infected, as described in Figure 3. A: nCounter NanoString
972 host response inflammatory gene expression in the four groups; depicted genes were
973  selected if at least one comparison between two groups gave a corrected p-value<0.01, and
974  they must be related to chemokine, cytokine, prostaglandin, or inflammasome signaling as
975 indicated. B: Volcano plot representation of differential gene expression in YAP' infected
976  group versus the baseline of WT infected group; depicted genes are chemokine and cytokine
977  (red circle), leukotriene and prostaglandin (green square), and inflammasome (blue triangle)
978 pathway genes differentially expressed. C: RT-gPCR quantification of IL6, CXCL8, PTGS2,
979 and IL1B expression normalized to HPRT expression. Results are expressed as fold change
980 vs. control group (only in A and C) and presented as histograms (A) or individual values (C)

981 with mean + SD, representing three independent experiments (C). WT: Wild type; SA: S.
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982  aureus. Analysis of variance (ANOVA) test with false discovery rate (FDR) correction for
983  multiple comparisons post hoc tests: * p<0.05, ** p<0.01, *** p<0.001.

984

985 Figure 7. Staphylococcus aureus EDIN-B expression decreased YAP activity in a
986 synovial organoid model

987  Primary fibroblast-like synoviocytes (FLSs) from human osteoarthritic patients (n=3) were
988 used to form synovial organoids. Organoids were infected with 1x10® S. aureus per mL.
989  Staphylococcus aureus ST80 strains were allowed to contact organoids for 30 min and
990 imaged immediately (A) or let in contact for 2 h upon agitation, then, lysostaphin was added
991 at 10 pg/mL for the rest of the experiments to avoid extracellular S. aureus multiplication. A:
992  Representative deconvolved confocal z-stack max intensity projection images of live
993 organoids labeled with Sir-actin (actin filaments, magenta), ST80 strains (DsRed, red), and
994 merged images were obtained from the surface of the organoid; scale bar: 25 um. B-C:
995  Confocal representative z-stack maximum intensity projection of 30 um thick cryosections of
996 the entire organoid (B) or the lining layer (C); #: organoid stromal part, *: outside of the
997  organoid, dotted line: limit between lining layer and stromal part, white arrow: local synovial
998  thickening; Scale bar: 200 um (B), 25 um (C). D: Microscopy quantification of synovial lining
999 layer thickness. n=14 to 15 per group. E: Confocal representative z-stack max intensity
1000 projection images of 30 um thick cryosections labeled with YAP (immunolabeling, green),
1001  DAPI (nucleus, blue), ST80 strains (DsRed, red), phalloidin (actin filaments, magenta), and
1002 merged; scale bar: 20 pm or 5 um for zoom. F: RT-gPCR quantification of CTGF, CYR61,
1003 CXCL8, and PTGS2 expression normalized to HPRT expression, n= 11 to 12 per group.
1004  Results are expressed as fold change vs. control group and presented as individual values
1005 with mean + SD, and representative of three independent experiments corresponding to
1006 three different fibroblast-like synoviocytes (FLS) donors. WT: wild type; ST80AEB: ST80
1007 EDIN-B-deleted strain. Analysis of variance (ANOVA) or Kruskal-Wallis (KW) test with false
1008  discovery rate (FDR) correction for multiple comparisons post hoc tests: * p<0.05, ** p<0.01,

1009  *** p<0.001.
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