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ER-mitochondria association negatively affects wound healing

by requlating NLRP3 activation
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Methicillin-resistant Staphylococcus aureus (MRSA) is the most common causative agent of acute bacterial skin and skin-structure
infections (ABSSSI), one of the major challenges to the health system worldwide. Although the use of antibiotics as the first line of
intervention for MRSA-infected wounds is recommended, important side effects could occur, including cytotoxicity or immune

dysregulation, thus affecting the repair process. Here, we show that the oxazolidinone antibiotic linezolid (LZD) impairs wound

healing by aberrantly increasing interleukin 1  (IL-1f) production in keratinocytes. Mechanistically, LZD triggers a reactive oxygen
species (ROS)-independent mitochondrial damage that culminates in increased tethering between the endoplasmic reticulum (ER)
and mitochondria, which in turn activates the NLR family pyrin domain-containing 3 (NLRP3) inflammasome complex by promoting
its assembly to the mitochondrial surface. Downregulation of ER-mitochondria contact formation is sufficient to inhibit the LZD-
driven NLRP3 inflammasome activation and IL-1f3 production, restoring wound closure. These results identify the ER-mitochondria
association as a key factor for NLRP3 activation and reveal a new mechanism in the regulation of the wound healing process that

might be clinically relevant.
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INTRODUCTION

The acute bacterial skin and skin structure infections (ABSSSIs)
definition was introduced by the FDA in 2013 and includes
cellulitis/erysipelas, wound infection, and major cutaneous abscess
with a minimum lesion surface area of 75cm? (FDA guidance
document  https://www.fda.gov/regulatory-information/search-
fda-guidance-documents/acute-bacterial-skin-and-skin-structure-
infections-developing-drugs-treatment). ABSSSIs are very com-
mon infections diffused both in community and hospital settings
and mainly sustained by Staphylococcus aureus [1]. These species,
and in particular the methicillin-resistant S. aureus (MRSA) strains,
constitute a global burden on healthcare systems: in the USA, the
rates of hospitalization due to S. aureus skin and soft tissue
infections increased dramatically and reached 51% of all S. aureus
hospitalizations with an incidence of 117 cases per 100,000
populations [2].

The first-line therapy for the management of ABSSSI due to
MRSA is vancomycin [3], a first-generation glycopeptide with
broad activity against Gram-positive bacteria, but alternative
therapies included many options that demonstrated non-
inferiority to glycopeptides, such as ceftaroline, linezolid, dalba-
vancin, or daptomycin [4]. Although the use of antibiotics and

antibacterial products for the management of MRSA-infected
wounds is mandatory, considerable doubits still exist regarding the
efficacy of antibiotics in accelerating wound repair, mainly due to
their putative detrimental effects on both fibroblasts and
keratinocytes [5-7]. These cells, particularly keratinocytes, are
deeply involved in the stage of re-epithelization, one of the major
phases of the healing process and universally used as a distinctive
parameter of successful wound closure [8].

Normal closure and tissue repair consist of keratinocyte
differentiation, migration, and proliferation at the edge of the
wound, to extend the newly formed epithelial carpet made of
several layers of cells in the epidermis [9]. Importantly, keratino-
cytes actively contribute to innate immunity during skin repair,
producing a series of cytokines, chemokines, and antimicrobial
peptides that virtually regulate all phases of healing [10-12]. In
this context, keratinocytes initiate and boost the immune
response, but also show mechanisms to restrict and minimize
inflammation, which is crucial for the success of the healing
process [13]. Therefore, a persistent inflammatory phase is a
typical trait of non-healing (chronic) wounds, which are character-
ized by undifferentiated keratinocytes undergoing divisions
throughout the suprabasal layers, thereby composing a hyper-
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proliferative epidermis (hypertrophic epithelium) [14, 15]. How-
ever, whether antibiotics might affect wound closure by altering
specific intracellular mechanisms and the immune functions of
keratinocytes, is still obscure.

Here, we focused on linezolid (LZD), the first antibiotic of the
synthetic class of oxazolidinones, as a means to interrogate the
effects of antibiotic-mediated damage on wound repair. Since its
approval in the 2000s, LZD represents a last resort option to treat
severe infections sustained by Gram-positive bacteria and in
particular MRSA, vancomycin-resistant enterococci (VRE), and
multi-drug resistant streptococci [16]. Despite its favorable
pharmacodynamic-pharmacokinetic profiles and the low rates of
resistance, the prolonged courses with LZD are associated with
some side effects such as diarrhea, headache, nausea, vomiting,
and reversible myelosuppression (mostly thrombocytopenia) [17].
These adverse events seem to be related to the mechanisms of
action of the oxazolidinone class, which targets the peptidyl-
transferase center of the bacterial ribosome but also interferes
with the mitochondrial activity and protein synthesis by blocking
mitochondrial ribosomes [18-20]. Mitochondria play an essential
role in the control of inflammation [21], and different mitochon-
drial aberrations have been associated with multiple disorders
encompassing deregulated inflammatory response [22]. The
consequence of interfering with mitochondrial functions in
keratinocytes and wound healing process, however, has not been
well elucidated.

In this study, we show that LZD treatment of MRSA-infected
wounds significantly delays skin repair, mainly due to an excess of
interleukin 1 B (IL-1B) in keratinocytes. Mechanistically, LZD
triggers mitochondrial damage that culminates in increased
tethering between the endoplasmic reticulum (ER) and mitochon-
dria, which in turn activates the NLR family pyrin domain-
containing 3 (NLRP3) inflammasome. By downregulating the ER-
mitochondria connection, we inhibit the LZD-driven NLRP3
inflammasome activation and IL-13 production, restoring wound
closure.

RESULTS

LZD impairs wound healing in vivo

To test the effects of LZD on wound healing, we used a mouse
model of wound infected with MRSA [23]. Macroscopic observa-
tion on day 10 (Fig. 1a) revealed deposition of pus and large
wound area in the MRSA-infected mice. Conversely, the epithelial
tongues converged to completely cover both the uninfected
wounds and those treated with vancomycin, whereas in the LZD-
treated wounds, the epithelial gap was still evident, covered with
a thick scab (Fig. 1a). Histological evaluation, according to
specific wound healing criteria (Supplementary Table 1), showed
typical traits of compromised repair in MRSA-infected animals,
including incomplete central re-epithelialization, a markedly
thicker epithelium in the edges, abundant inflammatory infil-
trate, and a poor organization of the dermis (Fig. 1b, c). The
vancomycin-treated group displayed a robust epidermal cover-
age, with reconstitution of the regular and keratinized epidermal
lining, and few inflammatory cells, whereas LZD significantly
delayed the wound repair, as evidenced by pronounced
hypertrophy of the epithelium, a modest dermis organization,
and a marked increase in inflammatory cells infiltration (Fig.
1b, ¢). Analysis of the collagen network through Sirius Red
staining confirmed the impaired wound healing in LZD-treated
group, which exhibited a disorganized structure and decreased
deposition of collagen fibers compared to vancomycin (Fig. 1d
and Supplementary Fig. 1a). All these effects cannot be ascribed
to inadequate bacterial clearance, since LZD displayed a superior
antibacterial activity than vancomycin (Supplementary Fig. 1b),
indicating that LZD affects wound healing by targeting specific
cellular events.
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To investigate the LZD-induced defects in wound repair at the
molecular level, we analyzed different markers of healing by
immunohistochemistry. = Compared to  uninfected and
vancomycin-treated groups, LZD reduced the levels of vascular
endothelial growth factor (VEGF) and aberrantly increased matrix
metalloproteinases (MMPs), especially MMP2 (Fig. 1e and Supple-
mentary Table 2), reflecting a condition of impaired wound
closure [24]. Accordingly, the expression of the keratinocyte
differentiation marker keratin 10 (K10) in the uppermost layers of
the wound bed, the neo-epidermis, was absent in MRSA group
and only focally stained in LZD-treated mice (Fig. 1e and
Supplementary Table 2). LZD promotes IL-1f production [25],
and persistent IL-13-mediated inflammatory signals in wounds
evoke a cascade of events that drastically impinges on repair and
regeneration [26, 27]. Thus, we examined if high levels of IL-18
could be associated with the impaired healing process observed
upon LZD addiction. IL-13 is virtually undetectable in both
uninfected and vancomycin-treated wounds, whereas it was
highly expressed in LZD-treated mice, prevalently in the
epithelium and infiltration tissue (Fig. 1e and Supplementary
Table 3). These data were supported by analysis of caspase 1
(CASP1) immunoreactivity, which was robust in both MRSA and
LZD groups, especially in the epithelial cells, whereas it was
negligible in the other conditions (Fig. 1e and Supplementary
Table 3).

Taken together, these findings indicated that despite its high
efficiency as antibacterial agent, LZD severely impairs the normal
wound healing response, which coincides with the aberrant
upregulation of IL-1(3 levels.

LZD stimulates IL-1f secretion in keratinocytes by promoting
NLRP3 docking to mitochondria

The proteolytic maturation of IL-1 mainly entails the recruitment/
activation of CASP1 to the NLRP3 inflammasome, a multiprotein
complex that also includes the sensing subunit NLRP3 and the
adapter protein PYD and CARD domain containing (PYCARD; best
known as ASC) [28]. The activation of NLRP3 inflammasome
consists of a two-step process: a first “priming” event, which
mainly serves to upregulate the expression of inflammasome
components, and a second step to fully activate the complex [29].
LZD has been described as a potential NLRP3 activator in
macrophages [25]. Thus, we investigated whether pharmacologi-
cal inhibition of NLRP3 could restore healing in LZD-treated
wounds. As shown in Fig. 2a, addiction of the NLRP3 inhibitor
MCC950 ameliorated wound repair in the MRSA-infected/LZD-
treated group, evidenced by increased skin differentiation with
development of new hair follicles, reduced inflammatory infiltrate,
and well-assembled collagen matrix in the skin dermis. These
observations were supported by analysis of K10 immunoreactivity,
showing abundant K10-positive cells located in suprabasal and
uppermost layers at the wound edges and center level, after
MCC950 treatment (Fig. 2b). Moreover, IL-1 immunopositive cells
were not detected (Fig. 2b), confirming that the LZD-induced IL-1B
production was mainly ascribed to NLRP3 activation.

Human keratinocytes contain all the key components of the
inflammasome [30] and release IL-1 in response to many stimuli,
including S. aureus [31]. MRSA infection of HaCaT cells for 6 h was
sufficient to induce CASP1 autoproteolytic activation (Supplemen-
tary Fig. 2a), in agreement with previous results [32]. The MRSA-
dependent CASP1 processing was not secondary to putative
MRSA-induced cytotoxicity, since we observed multiple mitotic
events during the first hours of infection (Supplementary Video 1)
and only a slight reduction in cell viability at longer times
(Supplementary Fig. 2b). Analysis of keratinocytes migration using
a wound healing scratch assay revealed that vancomycin mostly
abolished the detrimental effects driven by MRSA, whereas LZD
did not (Fig. 2¢, d). Importantly, both MCC950 and the IL-1
receptor antagonist Anakinra were able to improve wound closure
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Fig. 1 LZD inhibits healing in a murine model of MRSA-
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infected wound. a Representative images of wound closure in mice, treated as

indicated, at day 10. b Representative histology of the wound healing in mice, treated as indicated, at day 10 (skin sections; H&E staining).
Scale bars; 100 um; inserts: 40 um. ¢ Evaluation of wound healing by different histological parameters (One-way ANOVA: *P =0.0109
[Inflammatory infiltrate: uninfected/untreated vs MRSA/LZD]; *P = 0.0497 [Inflammatory infiltrate: MRSA/Vanco vs MRSA/LZD]; **P = 0.0018;
****p < 0.0001). d Representative Sirius Red staining of collagen organization in wounded skin sections of mice, treated as indicated, at day 10
(scale bars: 40 um). Fluorescent images on the right. e Representative immunohistochemistry staining images of different wound healing
markers, taken from skin sections of mice, treated as indicated. Scale bars: 40 pym; inserts: 20 um.

in MRSA-infected/LZD-treated cells (Supplementary Fig. 2c, d),
indicating IL-1P overproduction as the key event in the inhibition
of wound repair induced by LZD. The involvement of pyroptotic
cell death couples with IL-1f secretion has been excluded, since
silencing of the pyroptosis executor gasdermin D (GSDMD)
(Supplementary Fig. 2e) did not affect wound closure

Cell Death and Disease (2024)15:407

(Supplementary Fig. 2f). Moreover, MRSA was able to induce IL-
1B release also in GSDMD-silenced cells (Supplementary Fig. 29g),
indicating that, in our conditions, IL-1p secretion could occur in a
GSDMD-independent manner [33].

LZD induced the activation of CASP1 (Fig. 2e, f) and consequent
IL-1B secretion (Fig. 2g) in HaCaT cells, as well as in primary normal

SPRINGER NATURE
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Human Epidermal Keratinocytes (nHEK) (Supplementary Fig. 2h),
indicating a non-cell autonomous activity. Of note, LZD alone was
unable to generate mature IL-1(3, reasonably due to the lack of
priming stimuli. Accordingly, we detected LZD-mediated CASP1
activation in intact keratinocytes only upon infection with MRSA
(Fig. 2h, i), which implies the formation of active inflammasome
platforms.

Mitochondria play a crucial role in the coordination of the
inflammatory response [21] and NLRP3 associates with the
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mitochondrial surface to ensure the complete activation of the
whole complex [34]. Therefore, we examined if LZD could
positively regulate NLRP3 activity by favoring its localization to
mitochondria. We observed an augmented fraction of NLRP3
overlapping mitochondria in MRSA-infected and MRSA-infected/
LZD-treated cells, as well as with LZD alone, whereas vancomycin
had no effects (Fig. 2j, k). Similar data have been obtained in nHEK
(Supplementary Fig. 2I, j). Moreover, biochemical isolation of
mitochondria showed that ASC, like NLRP3, translocated to
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Fig.2 LZD promotes IL-1B secretion via NLRP3 activation. a Representative histology of the wound healing in mice, treated as indicated, at
day 10 (skin sections; H&E staining). Scale bars; 100 um; inserts: 40 ym. b Representative immunohistochemistry staining images of wounded
skin sections, taken from mice, treated as indicated. Scale bars: 40 ym; inserts: 20 um. ¢ Representative images at times 0 and 24 h from wound
opening in HaCaT cells, treated as indicated. d HaCaT cells were treated as indicated. Quantification of wound closure (showed as percentage)
has been performed 24h after wound opening (n=3 independent experiments; Two-way ANOVA: ***P—=0.0008; ****P <0.0001).
e Representative immunoblot for Caspase 1 p20 secreted into the culture medium of HaCaT cells, treated as indicated. f Densitometric
analysis of immunoblots for Caspase p20 in HaCaT culture media, normalized on Ponceau Red staining (n = 3 independent experiments; Two-
way ANOVA: *P =0.0197 [uninfected/untreated vs MRSA/untreated]; *P = 0.0472 [uninfected/LZD vs MRSA/LZD]). g Quantification of IL-1p
secreted into supernatants from HaCaT cells, treated as indicated, performed by ELISA assay (n =3 independent experiments; Two-way
ANOVA: **P =0.0015; ***P =0.0002; ****P < 0.0001). h Representative images of Caspase 1 activation (green) in HaCaT cells treated as
indicated, detected by FAM-FLICA (scale bars: 10 um). Magnifications of Caspase 1 activation (white arrows) have been reported.
i Quantification of the FLICA intensity in HaCaT cells, treated as indicated (n = 3 independent experiments; Two-way ANOVA: ****P < 0,0001).
j Representative confocal immunofluorescence staining images of NLRP3 (red) and TOM20 (used as a mitochondrial marker, green) in
HaCaT cells, treated as indicated (scale bars: 5 pm). Merged images are shown. Magnification of TOM20, NLRP3, and merged images in insets.
k Quantification of NLRP3/mitochondria association in HaCaT cells, treated as indicated, by Manders' coefficient calculation (n=3

independent experiments; Two-way ANOVA: ***P = 0.0003; ****P < 0.0001).
<4

mitochondria upon LZD treatment or with MRSA alone (Supple-
mentary Fig. 2k).

Overall, these results demonstrated that the LZD-mediated
impairment of wound closure correlates with the recruitment and
activation of the NLRP3 inflammasome to the mitochondrial
compartment.

LZD induces mitochondrial damage

Numerous danger signals triggering NLRP3 activation involve
different molecular pathways that in turn emerge from mitochon-
drial dysfunctions [35, 36]. LZD usage is associated with
mitochondrial toxicity [37]. Thus, we aimed to explore the
mitochondrial alterations evoked by LZD in keratinocytes. Firstly,
we assessed that LZD inhibited respiratory complex IV (C-IV)
activity (Supplementary Fig. 3a, b), as previously suggested [20]. As
expected, LZD markedly reduced mitochondrial respiration
(Supplementary Fig. 3c), which coincided with parallel stimulation
of aerobic glycolysis (Fig. 3a). Moreover, vancomycin showed no
side effects on mitochondrial bioenergetics (Supplementary Fig.
3d), and its antibacterial activity is sufficient to mitigate the
activation of glycolysis induced by MRSA (Fig. 3a—c). Consistent
with the metabolic data, the energy sensor AMP-activated protein
kinase (AMPK) [38] was activated in response to those stimuli that
are capable to initiate glycolysis, both in vitro (Fig. 3d and
Supplementary 3e) and in vivo, where the expression of
phosphorylated AMPK was robust at the epithelial and dermal
level in mice infected with MRSA alone or upon LZD addiction,
while it was absent in uninfected and vancomycin-treated wounds
(Fig. 3e). Next, we analyzed if the metabolic stress elicited by LZD
would coexist with morphological defects of mitochondria. Both
LZD, either in non-infected and infected cells, and MRSA evoked a
drastic remodelling of the mitochondrial network, evidenced by
accumulation of spherical and toroidal mitochondria, as well as
reduction of mitochondrial interconnections, whereas vancomycin
inhibited extensive fragmentation (Fig. 3f-h). The mitochondrial
damage induced by MRSA also involved the dissipation of
mitochondrial transmembrane potential (Supplementary Fig. 3f),
as described for multiple bacterial pathogens that target
mitochondria [39]. Conversely, LZD-treated cells displayed normal
electrochemical gradient despite the electron transport chain
imbalance, similar to mtDNA-depleted (p°) cells [40].

LZD increases ER-mitochondria contacts

To correlate these mitochondrial dysfunctions with NLRP3
regulation, we investigated the main mitochondrial damage-
associated molecular patterns (mtDAMPs) that have been
proposed as NLRP3 activators, including reactive oxygen species
(ROS) and cytosolic mtDNA [21]. Both vancomycin and LZD
abolished the MRSA-mediated mitochondrial ROS overproduction
(Fig. 4a), suggesting that LZD could activate NLRP3 in a ROS-

Cell Death and Disease (2024)15:407

independent manner. Furthermore, LZD did not promote mtDNA
release into the cytoplasm, as evidenced by RT-PCR (Fig. 4b) and
live imaging (Supplementary Fig. 4a, b). We thereby searched for
alternative mitochondrial mechanisms underlying NLRP3 activa-
tion by LZD. Mitochondrial Ca®™ entry through the mitochondrial
calcium uniporter (MCU) complex has been indicated as a positive
regulator of NLRP3 inflammasome [41, 42]. However, LZD did not
affect mitochondrial Ca>" uptake, either alone or in combination
with MRSA (Supplementary Fig. 4c, d). Mitochondria juxtapose
with the ER membranes to form structural and functional
connections, known as ER-mitochondria contact sites, which
control multiple cellular processes and could vary in both length
and number upon different stimuli, including stressful conditions
[43, 44]. During their activation process, NLRP3 and ASC
translocate, at least transitorily, at the ER-mitochondria interface
[45, 46]. Nevertheless, the spatial rearrangement of intracellular
organelles appeared crucial for NLRP3 trafficking and optimal
inflammasome activation [47-50]. Confocal pseudo co-localization
revealed that both LZD and MRSA were capable to increase ER-
mitochondria contacts in live cells, whereas vancomycin had no
effects (Fig. 4c, d). Moreover, using a bioluminescence resonance
energy transfer (BRET)-based approach (Fig. 4e) [51], we validated
that LZD, alone or in MRSA-infected cells, enhanced the ER-
mitochondria association (Fig. 4f). Notably, MCC950 did not
alleviate the LZD-mediated metabolic defects (Supplementary
Fig. 4e), morphological alterations (Supplementary Fig. 4f), and
aberrant ER-mitochondria coupling (Supplementary Fig. 4q),
suggesting that NLRP3 activation is a consequence of the
mitochondrial damage induced by LZD.

These findings mainly indicated that i) LZD activated NLRP3
inflammasome independently from ROS and mtDNA leakage,
and ii) the mitochondrial derangements induced by LZD, as
well as MRSA, culminated in increased ER-mitochondria
tethering.

Downregulation of ER-mitochondria association inhibits LZD-
mediated NLRP3 inflammasome activation

Although several molecular events governing the inflammatory
signaling, including antiviral or antibacterial pathways, originate at
both ER and mitochondria [52], if changes in the physical
association between the two organelles affect the immune
response is still elusive [53, 54]. To understand the real
contribution of ER-mitochondria contacts in the process of NLRP3
inflammasome activation, we targeted the PDZ domain-
containing protein 8 (PDZD8) gene, which encodes for a crucial
component of an ER-mitochondria tether [55-57]. Downregulation
of PDZD8 (Supplementary Fig. 5a) abolished the increase of ER-
mitochondria interactions induced by both LZD and MRSA,
measured either by confocal co-localization (Fig. 5a, b) or BRET
technique (Supplementary Fig. 5b).

SPRINGER NATURE
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HaCaT cells, with or without addiction of Vancomycin or LZD. The additions of glucose, oligomycin (Oligo.), and deoxyglucose (2-DG) are
indicated as dotted, vertical lines. b Evaluation of glycolytic activity by the extracellular acidification rate (ECAR) in MRSA-infected HaCaT cells,
with or without addiction of Vancomycin or LZD. The additions of glucose, oligomycin (Oligo.), and deoxyglucose (2-DG) are indicated as
dotted, vertical lines. ¢ Quantification of glycolysis in HaCaT cells, treated as indicated (n =3 independent experiments; Two-way ANOVA:
*P =0.0193; **P = 0.0042; ****P < 0.0001). d Representative immunoblot for AMPK and phosphorylated AMPK (p-AMPK; Thr172) in HaCaT cells,
treated as indicated e Representative immunohistochemistry staining of p-AMPK in wounded skin sections, taken from mice treated as
indicated. f Representative confocal images of mitochondrial morphology (TOM20) in HaCaT cells, treated as indicated (scale bars: 5 pm).
Magnifications in insets. g Morphometric analysis of the mitochondrial network in HaCaT cells, treated as indicated, by calculation of the
parameter “form factor” (n = 3 independent experiments; Two-way ANOVA: ****P < 0.0001). h Analysis of mitochondrial network connectivity
in HaCaT cells, treated as indicated, by calculation of the parameter “branch length” (n =3 independent experiments; Two-way ANOVA:
***p — 0.0002; ****P < 0.0001).

The enhanced ER-mitochondria proximity observed in LZD- the increased tethering is a crucial event in the mechanism of
treated and MRSA-infected cells reflected the ability of NLRP3 NLRP3 activation induced by LZD. Analysis of IL-13 secretion
to dock at mitochondria (Fig. 2k, | and Supplementary 2e, f). To confirmed that PDZD8 depletion abrogated the pro-inflammatory
test this correlation, we measured the amount of NLRP3 functions of LZD, whereas MRSA-infected cells were sensitive to

overlapping mitochondria in PDZD8-depleted keratinocytes. treatment with the mitochondria-targeted antioxidant mito-
Unexpectedly, PDZD8 silencing diminished the quote of Tempo (Fig. 6b).
mitochondrial NLRP3 only upon LZD treatment (alone or in Finally, we examined whether reducing the immunogenic

combination with MRSA), without affecting NLRP3 translocation effects of LZD through inhibition of ER-mitochondria connection
in  MRSA-infected cells (Fig. 5¢, d). Of note, the other could affect wound repair. The scratch assay showed that
mitochondrial alterations elicited by LZD, such as metabolic knockdown of PDZDS8 significantly ameliorated wound closure in
and morphological remodelling, were not influenced by PDZD8 LZD-treated keratinocytes (Fig. 6¢). Nevertheless, mitochondrial
downregulation (Supplementary Fig. 5¢, d), which indicates that ROS scavenging partially rescued the negative effects produced
the lower NLRP3 activity was primarily due to reduction in ER- by MRSA on cell migration (Supplementary Fig. 6a). Encouraged
mitochondria proximities. by the above results, we created a 3D model of wound repair

consisting of fibroblasts and keratinocytes in a collagen matrix
Blocking ER-mitochondria contact formation restores healing (Supplementary Fig. 6b) and mimicked persistent inflammation by
in LZD-treated wounds using MRSA supernatant (MRSA-S). Repeated exposure with
The reduction of ER-mitochondria contacts blocked the activation diluted (20%) MRSA-S did not affect cell viability (Supplementary
of CASP1 triggered by LZD, but not MRSA (Fig. 6a), suggesting that Fig. 6¢) but delayed keratinocyte migration and wound healing in
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Fig. 4 LZD increases ER-mitochondria association. a Mitochondrial Superoxide levels in HaCaT cells, treated as indicated, were detected by
Mitosox probe (n = 3 independent experiments; Two-way ANOVA: ****P < 0.0001). b Cytosolic mtDNA evaluation by the analysis of mt-CO1
and mt-Dloop levels, in HaCaT cells, treated as indicated (n =3 independent experiments; Two-way ANOVA: **P=0.0014 [uninfected/
untreated vs MRSA/untreated]; **P = 0.0016 [MRSA/untreated vs MRSA/Vanco]; **P = 0.0023 [MRSA/untreated vs MRSA/LZD]; **** P < 0.0001).
¢ Representative confocal images of ER-mitochondria association in HaCaT cells, transiently transfected with SEC61-GFP (ER marker) and
mitochondrial-targeted cherry (mt-cherry, mitochondrial marker), and then treated as indicated (scale bars: 5 um). Merged images are shown.
Magnification of SEC61-GFP, mt-cherry, and merged images in insets. d Quantification of ER-mitochondria associations by Manders’
coefficients calculation in HaCaT cells, treated as indicated (n = 3 independent experiments; Two-way ANOVA: **P = 0.0024 [M1: uninfected/
untreated vs MRSA/untreated]; **P = 0.0080 [M1: uninfected/untreated vs uninfected/LZD]; **P = 0.0092 [M1: uninfected/Vanco vs uninfected/
LZD]; ***P = 0.0005 [M1: MRSA/untreated vs MRSA/Vanco]; ***P = 0.0005 [M1: MRSA/Vanco vs MRSA/LZD]; ***P = 0.0009 [M2: MRSA/untreated
vs MRSA/Vanco]; **P =0.0012 [M2: MRSA/Vanco vs MRSA/LZD]; ****P < 0.0001). e Schematic drawing representing principles of the BRET
method. Bioluminescence is developed as a consequence of the proximity of R-Luc (mitochondria) and mVenus (ER). f Quantification of
bioluminescence intensity detected by BRET assay, in HaCaT cells, treated as indicated (n =3 independent experiments; Two-way ANOVA:
*P = 0.0383; ***P = 0.0008; ****P < 0.0001).

the 2D model (Supplementary Fig. 6d), in accordance with
previous results [58]. Thus, we generated stable PDZD8 knock-
down keratinocytes (Supplementary Fig. 6e) and analyzed wound
closure in our skin-equivalent system, treated with MRSA-S, with
or without addiction of LZD. Figure 6d, e shows that low levels of
PDZD8 did not affect the migratory activity of keratinocytes upon
treatment with MRSA-S alone, but strongly improved wound
closure in response to LZD.

Collectively, these results revealed that blocking the ER-
mitochondria contacts increase by downregulation of PDZD8
completely abrogated the LZD-mediated activation of NLRP3
inflammasome and IL-1p production, thus alleviating, at least
in part, the detrimental effects of the antibiotic on wound
healing.

Cell Death and Disease (2024)15:407

DISCUSSION

Our findings revealed three significant aspects of mitochondrial
dynamics in controlling skin repair and NLRP3 inflammasome
activation. First, LZD showed detrimental effects on the re-
epithelization of infected wounds, which are due, at least in part,
to excessive IL-13 production. Accordingly, sustained NLRP3
inflammasome activation has been correlated with defective wound
repair in diabetic and aged mice [59]. However, inadequate healing
has been described in NLRP3-null mice, as a consequence of the
suppression of the early inflammatory phase, which is crucial for
efficient skin repair, as well as maximal bacterial clearance [60].
Based on these considerations, we designed an in vivo protocol that
included the administration of MCC950 only in the late phase (from
day 5 to 10) of healing, which provided significant benefits by
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Fig. 5 LZD-mediated NLRP3 activation depends on ER-mitochondria contact increase. a Representative confocal images of ER-
mitochondria association in control (negative siRNA) and PDZD8-silenced HaCaT cells, transiently transfected with SEC61-GFP (ER marker) and
mitochondrial-targeted cherry (mt-cherry, mitochondrial marker), and then treated as indicated (scale bars: 5 um). Merged images are shown.
Magnification of SEC61-GFP, mt-cherry, and merged images in insets. b Quantification of ER-mitochondria associations by Manders’
coefficients calculation in control (negative siRNA) and PDZD8-silenced HaCaT cells, treated as indicated (n =3 independent experiments;
Two-way ANOVA: **P =0.0011 [M1: CTRL siRNA uninfected/LZD vs PDZD8 sirna uninfected/LZD]; ***P = 0.0008 [M1: CTRL siRNA uninfected/
untreated vs CTRL siRNA uninfected/LZD]; ***P = 0.0010 [M1: CTRL siRNA uninfected/untreated vs CTRL siRNA MRSA/untreated]; ***P = 0.0004
[M1: CTRL siRNA MRSA/LZD vs PDZD8 siRNA MRSA/LZD]; ***P = 0.0001 [M2: CTRL siRNA uninfected/untreated vs CTRL siRNA uninfected/LZD];
***¥%p < 0.0001). ¢ Representative confocal immunofluorescence staining images of NLRP3 (green) and TOM20 (used as a mitochondrial marker,
red) in control (negative siRNA) and PDZD8-silenced HaCaT cells, treated as indicated (scale bars: 5um). Merged images are shown.
Magnification of TOM20, NLRP3, and merged images in insets. d Quantification of NLRP3/mitochondria association in control (negative siRNA)
and PDZD8-silenced HaCaT cells, treated as indicated, by Manders' coefficient calculation (n = 3 independent experiments; Two-way ANOVA:
*¥**p — 0.0008; ****P < 0.0001.

minimizing the LZD-driven persistent inflammation. Thus, NLRP3
inhibition could mitigate the negative effects of antibiotics on
wound closure only by following a well-defined treatment schedule.

Second, MRSA strongly impaired mitochondrial functions using
its reservoir of virulent factors, as evidenced by mitochondrial
fragmentation, metabolic rewiring, and reduction of membrane
potential. Such morpho-functional alterations culminated with
mitochondrial ROS generation and mtDNA release, forming
oxidized mtDNA that trigger NLRP3 inflammasome activation
[61, 62]. These events have been indicated as strategic for the host
to counteract S. aureus infection [31, 63], pointing out mitochon-
dria as critical players in the orchestration of defence to restrict S.

SPRINGER NATURE

aureus dissemination. Contrarily to LZD, the increased ER-
mitochondria contacts induced by MRSA appeared dispensable
for NLRP3 activation, suggesting that a mitochondrial dysfunction
encompassing ROS accumulation and/or mtDNA leakage is
sufficient to ensure NLRP3 localization at mitochondria and
activation, thereby masking the potential role of ER-
mitochondria juxtapositions as positive regulators of the complex.
On the other hand, MRSA toxins could also activate other
inflammasome platforms and sustain IL-1f production in an
NLRP3-independent manner, as previously suggested [32], thus
justifying the capacity of MRSA to elicit IL-13 secretion despite
PDzZD8 downregulation.

Cell Death and Disease (2024)15:407
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Fig. 6 Downregulation of ER-mitochondria tethering improves closure of LZD-treated wounds. a Quantification of the FLICA intensity in
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**p—=0.0081; ****P<0.0001). b Quantification of IL-1p secreted into supernatants from control (negative siRNA) and PDZD8-silenced
HaCaT cells, treated as indicated, performed by ELISA assay (n = 3 independent experiments; Two-way ANOVA: ***P = 0.0004; ****P < 0.0001).
¢ Control (negative siRNA) and PDZD8-silenced HaCaT cells were treated as indicated. Quantification of wound closure (showed as percentage)
has been performed 24 h after wound opening (n = 3 independent experiments; Two-way ANOVA: ****P < 0.0001). d Wound healing in the
3D-wound model. The colored parts represent pLKO-transfected (CTRL shRNA) and PDZD8 shRNA-transfected stable HaCaT cells. Colors from
blue to yellow denote low to higher cell density, respectively. Scale bar: 100 um. e Quantification of wound closure (showed as percentage) in
the 3D-wound healing assay (n =3 independent experiments; Two-way ANOVA: *P =0.0202 [CTRL shRNA MRSA-S/LZD vs PDZD8 shRNA
MRSA-S/LZD]; *P = 0.0356 [PDZD8 shRNA MRSA-S vs PDZD8 shRNA MRSA-S/LZD]).

Third, we showed that the LZD-driven mitochondrial damage
induced a non-canonical, ROS-independent activation of NLRP3
inflammasome, which relied on increased ER-mitochondria
proximities. In this context, ER stress can trigger inflammation
via activation of NLRP3 [64], as well as promote ER-mitochondria
tethering [65]. However, whether the modulation of organelles
coupling directly interferes with NLRP3 activation was heretofore
unknown. Here, we observed that by targeting PDZD8, an ER
transmembrane protein whose depletion drastically reduces ER-
mitochondria proximities [55], we inhibited the NLRP3 transloca-
tion to the mitochondrial surface and IL-1P production elicited by
LZD, but not MRSA, demonstrating that ER-mitochondria contacts
are essential to provide NLRP3 activation under specific condi-
tions, and specifically in a ROS-independent fashion. Of note, the
ER-mitochondria tethering factor mitofusin 2 (MFN2) [66] has been
proposed as a critical regulator of NLRP3 activation upon RNA
virus infection [67]. Accordingly, the E3 ubiquitin-protein ligase
membrane-associated ring-CH-type finger 5 (MARCHF5, also
known as MARCH5 or MITOL), which positively regulates ER-
mitochondria contact formation [68], has been implicated in
NLRP3 inflammasome assembly and activation at the mitochon-
dria in a recent preprint (not peer-reviewed) [69].

The capacity of LZD to stimulate IL-1(3 production via NLRP3 has
been associated with the exposure of the phospholipid cardiolipin
to the outer mitochondrial membrane [25], which is another
potential element into NLRP3 inflammasome activation. Our work
does not address or rebut this mechanistic route. However, it is
important to note that experimental approaches aimed to inhibit
cardiolipin synthesis also disable respiratory complex | functions
[70, 71], which have been recently reported to sustain NLRP3
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activation [72]. Thus, it is possible that downregulation of the
enzyme cardiolipin synthase (CLS) could impair NLRP3 inflamma-
some [25] also by partially interfering with normal complex |
activity. Intriguingly, treatment with the saturated fatty acid
palmitate, which has been suggested to limit NLRP3 localization to
mitochondria by diminishing the content of cardiolipin [25], also
reduces the interaction between ER and mitochondria [73, 74].
Based on these findings, it might be assumed that cardiolipin, in
concert with ER-mitochondria association, serves as regulator for
optimal NLRP3 activation by driving the assembly of the
inflammasome complex to the mitochondrial surface.

In conclusion, we identified the ER-mitochondria association as
a crucial factor for NLRP3 activation and revealed a new
mechanism in the regulation of the wound healing process that
might be clinically relevant. For example, minimizing the adverse
effects of LZD, using combined therapies, could be extremely
significant, especially for the treatment of complicated skin and
skin-structures infections that require prolonged use of LZD,
including diabetic foot ulcers or chronic wounds.

MATERIALS AND METHODS

Bacterial strain and in vitro S. aureus stimulation

S. aureus ATCC 43300 (methicillin-resistant and mecA-positive strain) was
the strain used for all the experiments. A S. aureus culture was established
in 3 ml of Brain Heart Infusion broth (BHIB) until reaching an ODgsgnm Of
~0.4 to achieve the log phase of growth. Then, S. aureus was diluted in
medium without antibiotics and added to HaCaT or nHEK cells with a MOI
of 50 and 5, respectively. After 2 h of incubation, cells were not washed
and treated either with vehicle (water), vancomycin (10 mg/L), or LZD
(25mg/L) for 4h. For experiments with MRSA-S, Staphylococcus
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supernatant was recovered from an O/N broth culture. Briefly, S. aureus
ATCC4300 was inoculated in 10 ml of BHIB O/N at 37 °C. The culture was
centrifuged at 8000g for 10min. Pellet was discharged and the
supernatant was recovered by filtration with a 0.22 um syringe filter.

Animals

In vivo studies were conducted with the approval and oversight of the
Institutional Animal Care Committee of the Ministry of Health and by the
Animal Research Ethics Committee of IRCCS INRCA (Istituto di Ricovero e
Cura a Carattere Scientifico—Istituto Nazionale di Riposo e Cura per Anziani)
(authorization 767/2016 Pr 28/7/2016). Appropriate sample size was
calculated by PS software (biostat.mc.vanderbilt.edu/twiki/bin/view/Main/
PowerSampleSize).

Male mice (3-6 months) weighting 28-32 g were used in the wound
infection model. Animals were housed in individual cages following local
and European guidelines, with constant temperature (22°C), humidity,
12-h light/dark cycle, and food and water “ad libitum".

Wound infection model

The wound infection model was established as previously described [23].
Briefly, the study included a total of 36 animals, divided into 4 groups. S.
aureus ATCC43300 was inoculated O/N at 37°C in BHIB and diluted in
saline to a final concentration of 5 x 107 CFU/m.

Mice were anesthetized by an intramuscular injection of ketamine
(50 mg/kg of body weight) and xylazine (8 mg/kg of body weight), the hair
on their back was shaved, and the skin was cleansed with 10% povidone-
iodine solution (no animals dropped out due to infection or anesthetics).
One full-thickness wound for each animal was established through the
panniculus carnosus on the back subcutaneous tissue of each animal. A
small piece of gauze was placed over each wound and then inoculated
with 200 pl of bacterial culture or sterile saline in control group. The pocket
was closed using skin clips. This procedure resulted in a local abscess at
24 h. The animals were returned to individual cages and thoroughly
examined daily. After 24 h, the wound was opened and washed with
saline, the gauze was removed, and treatment started. Mice were treated
with daily intraperitoneal administration of 200 pl of saline or intraper-
itoneal vancomycin or LZD (10mg/kg). For NLRP3 inflammasome
inhibition, mice were treated with MCC950 (20 mg/kg).

After 10 days, animals were euthanized, and a 1 x 2-cm area of skin that
included the wound was excised. To determine the bacterial burden,
samples were homogenized using a stomacher with 1 ml of PBS. The
suspensions were serially diluted in saline and dilution-containing bacteria
were plated in mannitol-salt agar plates. After 24-48 h of incubation at
37°C, viable bacteria were counted (detection limit 100 CFU/ml).

Histological and immunohistochemical staining

The wound biopsies, including the epidermis, the dermis, and the
subcutaneous panniculus carnosus muscle, were surgically removed at
the time of euthanasia, fixed with 10% neutral buffered formalin and
processed according to the standard routine light microscope tissue
protocols. The processed tissues were embedded in paraffin, and serial
sections (5.0 um thick) were mounted on glass slides, and stained
separately with hematoxylin and eosin (H&E), picrosirius red (365548
Sigma-Aldrich, Merck Life Science S.rl, Milan, Italy) and immunohisto-
chemical staining.

For all assays, digital images were obtained using a Nikon Eclipse E600
microscope and analyzed using NIS Elements image analysis software
(Nikon Instruments, EuropeBV, Kingston, Surrey, England). The tissue
sections by two independent investigators without knowledge of the
previous treatment were scored.

The H&E stained sections were observed and scored according to a
5-tiered wound repair grading system (Supplementary Table 1). The
quantitative measure of Sirius Red-stained collagen fibers was calculated
as the percentage of positive collagen content by digital image analysis
(ImageJ software) obtained using both brightfield and fluorescent
microscopy. Each image was converted to 8-bit and then to 16-colors
Lookup Table (LUT). After assigning a threshold, the dermis was selected as
the region of interest (ROI), and the red staining percentage (collagen) area
was evaluated.

From the paraffin-embedded tissues, some sections were prepared for
immunohistochemical staining according to [75] and incubated with the
antibodies reported in Supplementary Table 4. Two investigators (GL and
CL), who were blind to the mouse outcome, evaluated separately the
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reactivity for the antibodies in at least 10 fields/sample (area of field
0.07 mm?) randomly selected at x20 magnification. The number of positive
stained cells was counted and estimated as the percentage of the total
cells counted. The k value was >0.80, showing a substantial agreement
between the two observers and among different observations of the same
observer. Cells showing membranous or cytoplasmic staining were
considered positive.

Monitoring MRSA infection in live using a 3D
holotomographic approach

HaCaT were seeded in 35 mm dishes (Ibidi GmbH, Gréfelfing, Germany) in
medium without antibiotics. The day after, cells were infected with MRSA
(MOl of 50) and monitored over time using a 3D Cell Explorer-fluo
microscope (Nanolive, Ecublens, Switzerland), equipped with a 60x
objective. Refractive index (RI) images (holographic reconstructions) were
acquired every 2 min for 6-8 h and processed using a custom-made macro
(based on “max projection”) in the Fiji software.

Cell culture and transfection

Human immortalized keratinocytes (HaCaT), normal human dermal
fibroblasts (NhDF), and Human Embryonic Kidney cells (HEK293FT) were
cultured in High Glucose Dulbecco’s Modified Eagle Medium (HG-DMEM;
Corning Inc,, Corning, NY, USA), supplemented with 10% fetal bovine
serum (Corning Inc.), 1% L-glutamine (Thermo Fisher Scientific, Waltham,
MA, USA) and 1% penicillin/streptomycin (Thermo Fisher Scientific).
Normal Human Epidermal Keratinocytes (nHEK) were cultured in
Keratinocyte-SFM 1X (Life Technologies, Carlsbad, CA, USA), supplemented
with 30 ug/ml Bovine Pituitary Extract (BPE), 0.2ng/ml recombinant
Epidermal Growth Factor (rEGF), and 5 mg/ml Gentamycin (Thermo Fisher
Scientific). Cells were incubated at 37 °C with 5% CO2. All the cell lines
were tested to prove the absence of mycoplasmas.

For each experiment, HaCaT cells were seeded at a cell density of 5 x 10*
cells/cm?, and nHEK cells were seeded at a cell density of 3.5 x 103 cells/cm?.

For transient PDZD8 and GSDMD silencing, Stealth™ siRNA for PDZD8
(Invitrogen, Carlsbad, CA, USA) and pre-designed GSDMD siRNA (Sigma-
Aldrich) were complexed with Lipofectamine RNAIMAX (Invitrogen) by
reverse transfection (final concentration 40nM), according to the
manufacturer’s instruction. Stealth™ RNAi negative control Medium CG
Duplex (Invitrogen) was used as negative control. Cells were transfected
twice (the first at time 0, the second after 36 h) for 72 h overall, before
processing cells.

Transient transfections were performed using polyethylenimine (PEI)
(#23966, Polysciences, Warrington, PA, USA) as transfection reagent, with a
DNA:PEI ratio of 1:6 for 16 h.

For stable PDZD8 silencing, lentiviral particles for shPDZD8 or empty
pLKO were produced in HEK293FT cells as previously described [76]. The
collected supernatant containing lentiviral particles was used to transfect
HaCaT. Transfected clones were selected by adding 2 ug/ml puromycin to
the culture medium.

For experiments with NLRP3 Inhibitor, MCC950 (Sigma-Aldrich) was
diluted into the medium at the final concentration of 10uM. For
experiments with Interleukin-1 Receptor Antagonist, Anakinra (MedChem-
Express, Monmouth Junction, NJ, USA) was used at the final concentration
of 5 pg/ml.

SDS-PAGE and immunoblotting

Cells were seeded in 6-well plates, treated as indicated above, and then
lysed in Denaturing Lysis Buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Triton
X-100, 0.1% Sodium Dodecyl Sulfate), supplemented with 1 mM PMSF,
protease inhibitors (Sigma-Aldrich) and PhosStop (Roche, Basil, Switzer-
land). The supernatants were collected after centrifugation at 12,000 x g
for 10 min at 4 °C. Total protein amount was measured by DC protein assay
(Bio-Rad, Hercules, CA, USA). Samples (10 ug of protein for each sample)
were prepared using NuPAGE™ LDS Sample Buffer 4x (Invitrogen) and
NuPAGE™ Sample Reducing Agent 10X (Invitrogen) and fractionated in
Bolt™ 4 to 12%, Bis-Tris, 1.0 mm, Mini Protein Gels (Invitrogen).

Proteins were electrophoretically transferred to 0.2 um nitrocellulose
membranes (Bio-Rad). Membranes were incubated with 5% milk in Tris-
Buffered Saline containing 0.1% Tween 20 (TBS-T) to block non-specific sites
and then with primary antibodies at 4 °C overnight (Supplementary Table 4).

After three washes with TBS-T for 15 min, membranes were incubated
with the appropriate secondary antibodies. Membranes were treated with
Clarity Western ECL Substrate (Bio-Rad), and images were acquired with
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Alliance Mini HD9 (Uvitec, Cambridge, UK). Densitometric analysis was
performed with Fiji software. (https://imagej.net/software/fiji/downloads)
Images of original western blots are available as Supplementary Materials.

To evaluate secreted Caspase-1, cell supernatants were collected and 1
volume of 20% TCA was added to 1 volume of supernatant before
incubation at —20 °C for 1 h. The solutions were centrifuged at 15,000 X g
for 15 min at 4 °C, the supernatants were removed, and the pellets were
resuspended in ice-cold acetone and incubated at —20 °C for 1 h, vortexing
every 20min. After centrifugation at 13,000 x g for 15min, the
supernatants were discarded, and the pellets were air-dried before re-
suspending in Denaturing Lysis Buffer.

2D wound healing

HaCaT were seeded in a 12-well plate, in duplicate. After reaching 100%
confluence, cells were treated as stated above and a wound was
performed in each well by a 200 pl tip. Images were taken at time point
0 and 24h after wound execution. The covered area, expressed as
percentage, was analyzed by Fiji software.

ELISA

To quantify secreted IL-1, cells were seeded in 48-well plates and treated
as mentioned above. The supernatant was collected and stored at —80 °C
until use. ELISA assay was executed with Quantikine® ELISA Human IL-1(3/
IL-1F2 Immunoassay (DLB50, R&D Systems, Minneapolis, MN, USA) for
HaCaT and Human IL-13 ELISA Kit (KHC0011, Invitrogen) for nHEK,
according to manufacturer’s instruction. Absorbance was read at 450 nm
using MultiskanGO plate reader (Thermo Fisher Scientific).

Immunofluorescence
Cells were seeded on 13 mm diameter coverslips and treated as indicated,
before fixing with 4% paraformaldehyde in PBS for 10 min at RT and then
washing with PBS. Permeabilization was performed in 0.1% Triton X100 in
PBS (PBS-Triton) and non-specific antigen blocking was conducted in 5%
milk in PBS-Triton. Primary antibodies (dilution 1:100) (Supplementary
Table 4) were incubated at 4 °C overnight. 488- and 594-labeled secondary
antibodies (dilution 1:1000) were used for antigen visualization, before
mounting with ProLong™ Diamond Antifade Mountant with DAPI
(Invitrogen). Images were acquired with a confocal microscope (Zeiss
LSM510) using a 63 x 1.4 NA Plan-Apochromat oil-immersion objective.

The fraction of NLRP3 overlapping mitochondria has been calculated
using the JACoP plugin, available in Fiji.

For the analysis of mitochondrial morphology, morphometry para-
meters, and network connectivity were calculated using the plugin
“Mitochondria Analyzer” [77], available in Fiji.

FLICA-Caspase1 assay

FAM-FLICA kit (ICT098, Bio-Rad), was used for detecting caspasel activity.
For microscopic analysis, HaCaT cells were seeded in 24-well plates and
treated as indicated. Cells were then labeled with FAM-FLICA, covered with
ProLong™ Diamond Antifade Mountant with DAPI (Invitrogen), and
observed with a fluorescent microscope Eclipse 600 (Nikon). NIS-
Elements microscope imaging software (Nikon) was used to take images.
Parallel experiments have been performed for quantification of fluores-
cence. HaCaT cells were seeded in 24-well plates, treated as indicated,
trypsinized to create suspension, and then labeled with FAM-FLICA kit,
according to the manual’s instructions. In the end, cells in suspension were
aliquoted into a black 96-well plate and the fluorescent signal was
detected by fluorescence microplate reader Infinite 200 PRO (Tecan,
Mannedorf, Switzerland) with excitation/emission at 485 nm/535 nm.

XTT assay

HaCaT were seeded in 96-well plates and infected as already described.
Cell viability was evaluated at different time points (0, 3, 6, 16, and 24 h) by
sodium 3’ -[1- (phenylaminocarbonyl)- 3,4- tetrazolium]-bis (4-methoxy6-
nitro) benzene sulfonic acid hydrate (XTT) colorimetric assay (Roche),
according to the manufacturer’s instruction. Absorbance at 555 nm was
read with 655 nm as reference wavelength using MultiskanGO plate reader
(Thermo Fisher Scientific).

Isolation of cytosolic and mitochondrial fractions
To separate mitochondrial and cytosolic proteins, cell fractionation was
performed as indicated by [76]. Briefly, cells grown on 100 mm dishes were
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washed with cold PBS, scraped in ice, resuspended in Homogenization
Buffer pH 7.4 (250 mM Sucrose, 50 mM Tris-HCl, and 2 mM EGTA) and
homogenized in 1 ml glass Wheaton Potter in ice. A small part of the
homogenate (100 pl) was centrifuged at 16500 g for 30’ at 4°C and the
supernatant was stored as the cytosolic fraction. The remaining part was
centrifuged three times for 3 min at 600 x g at 4 °C to pellet and remove
residual unbroken cells and nuclei. Then, the supernatant was centrifuged
for 10 min at 10,000 x g at 4°C to pellet the fraction containing crude
mitochondria. The resulting pellet was lysed in Denaturing Lysis Buffer
supplemented with PMSF, protease inhibitors, and PhosStop, then
processed for SDS-PAGE and immunoblotting as described above.

OCR and ECAR measurements (Seahorse)

The OCR and ECAR were measured using the real-time flux analyser XF-24e
(Seahorse Bioscience). In brief, 6x10% were infected and treated as
indicated above. For OCR, cells were treated with 1 uM oligomycin, 2 uM
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), rotenone
and antimycin A (both 1uM) (all Sigma-Aldrich). For ECAR, cells were
treated with 10 mM glucose, 1 uM oligomycin, and 50 mM 2-deoxyglucose
(2-DG). Analysis was performed according to the XF Glycolysis Stress Test
Kit User Guide. At the end of the run, cells were lysed using Denaturing
Lysis Buffer. The total protein amount was measured by DC protein assay
(Bio-Rad). OCR and ECAR were normalized to the total protein content as
indicated.

Mitochondrial superoxide measurements

Cells grown in 96-well plates were treated as indicated, washed two times
with PBS, and stained for 30 min at 37 °C with 5 uM MitoSox (Thermo Fisher
Scientific) diluted in HBSS supplemented with 5 mM glucose. Then, cells
were washed three times with PBS and bathed with HBSS + glucose.
Measurements were performed using the fluorescence microplate reader
Infinite 200 PRO (Tecan). For each experiment, a positive control -
consisting of cells treated with 50 uM Antimycin A (Sigma Aldrich) for 1 h -
has been used as reference.

DNA extraction and RT-PCR for cytosolic mtDNA (cmtDNA)
evaluation

Cells were seeded in 6-well plates and treated as already described. Cells
were washed with PBS, detached, and suspended in 1 ml PBS. A smaller
amount of each cell suspension (200 pl) was used to obtain DNA and
mtDNA from whole cells (WC) for cmtDNA normalization.

The remaining suspension (800 pl) was centrifuged and the obtained cell
pellet was resuspended in an Extraction Solution (220 MM mannitol,
70 mM sucrose, 20 MM HEPES-KOH pH 7.5, 1 mM EDTA, 2 mg/ml BSA)
containing protease inhibitors (Sigma-Aldrich) and PhosStop (Roche). The
suspension was maintained in ice during homogenization with a 26 G
needle syringe. A first centrifugation was performed at 1000 x g for 15 min
at 4 °C to throw out the remaining whole cells, and a second centrifugation
at 10,000 x g for 10 min at 4°C was performed to save the supernatant
with the cytosolic part. The purity (no mitochondrial contamination) of the
cytosolic fractions has been assessed by western blotting. The WC and the
cytosolic extracts were processed with QlAamp Mini Kit (Qiagen, Hilden,
Germany) and QlAamp DNA Blood Mini Kit (Qiagen) respectively. RT-PCR
was conducted on DNA from WC and cytosolic extracts using HOT FIREPoI®
EvaGreen® qPCR Supermix, 5x (Solis Biodyne, Tartu, Estonia). Primers were
listed in Supplementary Table 5. cmtDNA relative expression (2-24°%) was
obtained calculating Cq (Ct(WC mtDNA) - Ct(WC GAPDH), ACq
(Ct(cmtDNA) - Cq), and AACq (ACq - ACq CTR).

Extramitochondrial mtDNA evaluation through confocal
microscopy

Cells were seeded in 35 mm dishes (Ibidi GmbH) and treated as described
above. Cells were then incubated with PicoGreen™ dsDNA Assay (1:400,
P7589, Invitrogen) and with 150 nM MitoTracker Red (M7512, Invitrogen).
Cells were incubated with dyes for 30 min, washed 3 times with PBS, and
then immediately observed. Images were taken with an inverted
microscope Eclipse Ti2-E supplied with an AX confocal system (Nikon) at
60x magnification. Analysis was performed based on previous indications
[78, 79]. Briefly, the red and green channels were separated and tresholded
using the Otsu’s method. Then, the mitochondrial mask was subtracted
from the DNA channel (PicoGreen dots/nucleoids) using the “Image
calculator” available on Fiji, and the non-mitochondrial signals were
identified using “Analyze particles”. The percentage of extramitochondrial
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puncta have been calculated on the total number of PicoGreen dots,
resulted from the thresholded green channel (% of extramitochondrial
dots x cell).

ER-mitochondria contacts evaluation through confocal
microscopy

Cells were seeded in 24 mm coverslips, transiently transfected for 16 h with
GFP-SEC61B (Addgene, plasmid #121159) and mito-mCherry to label ER
and mitochondria, respectively, and then treated as indicated. Images were
acquired with a confocal microscope (Zeiss LSM510) using a 63 x 1.4 NA
Plan-Apochromat oil-immersion objective. Co-localization analysis has
been performed using the JACoP plugin, available in Fiji, for the calculation
of M1 and M2 Manders' coefficients.

ER-mitochondria contacts evaluation through BRET technique
Analysis of ER-mitochondria contacts using BRET has been performed as
previously described [51], with slight modifications. Briefly, cells seeded in
white 96-well plates were co-transfected with Donor (RLuc8-L1, targeted to
the mitochondria) and Acceptor (mVenus-L1, targeted in the ER) in a 1:3
ratio. Transfection of RLuc alone served as background luminescence,
whereas the fusion protein RlucL1-mVenus was used as positive BRET
control (maximum BRET values). After 16 h of expression, cells were treated
as indicated and then washed 2 times in PBS. Freshly prepared 5puM
coelenterazine h (#C6780, Invitrogen) was added to the cells and
incubated for 5min in the dark. Double-color luminescence was
immediately read with a microplate reader Infinite 200 PRO (Tecan). BRET
signal was measured as milli BRET Unit (mBU), obtained by the calculation
of acceptor/donor emission ratio and corrected by subtraction of the BRET
value derived from RLuc alone.

Complex IV activity

HaCaT were seeded in 100 mm dishes and three different LZD concentra-
tions were tested (5 pg/ml, 10 ug/ml, 25 pug/ml). Cells were collected and
lysates were used to determine Cytochrome C oxidation by Complex IV
Human Enzyme Activity Microplate Assay kit (#ab109909, Abcam, Cam-
bridge, UK), following the manufacturer’s protocol. Measurements were
taken in a kinetic mode, reading absorbance at 550 nm every 5 min by
MultiskanGO plate reader (Thermo Fisher Scientific) and the difference in
the activity was measured using the 55th and 115th-minute reading.

Mitochondrial membrane potential (AW) measurements

Cells were seeded on 35 mm dishes (lbidi) and treated as described.
Mitochondrial AY was measured by loading cells with 10 nM tetramethyl
rhodamine methyl ester (TMRM, Invitrogen) for 30min at 37°C.
Successively, cells were imaged over time using a 3D Cell Explorer-fluo
microscope (Nanolive, Switzerland). Basal levels were normalized on
fluorescence in the presence of 10 uM FCCP.

Mitochondrial Ca®>" uptake analysis

Cells were seeded on 13mm coverslips, transiently transfected with
mutated mitochondrial matrix-targeted aequorin (mtAEQmut) for 16 h, and
treated as indicated. Then, cells were incubated with 5 pM coelenterazine
for 1 h and allocated in a thermostated (37 °C) chamber located in close
proximity to a low-noise photomultiplier with a built-in amplifier/
discriminator for luminescence detection. Cells were perfused with
Krebs-Ringer modified buffer (KRB: 125 mM NaCl, 5 mM KCl, T mM NasPO,,
1 mM MgSQ,, 5.5mM glucose, and 20 mM 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid [HEPES], pH 7.4, at 37 °C) supplemented with 1 mM
CaCl, and Ca** rise was evoked by stimulation with 100 uM ATP. Cells were
then lysed with Triton X-100 in a hypotonic Ca®>"-rich solution (10 mM
Cadl; in Hy0), thus discharging the remaining aequorin pool. The aequorin
luminescence data were collected and calibrated into [Ca®*] values using
the appropriate algorithm reported in [80].

RT-PCR

Total RNA was extracted from cells treated for both transient and stable
transfection using Quick-RNA™ Miniprep Kit (Zymo Research, Irvine, CA,
USA) and stored at -80°C until use. Retrotranscription reaction was
performed with All-In-One 5X RT MasterMix (Applied Biological Materials
Inc., Richmond, Canada). RT-PCR was performed to amplify the obtained
cDNA using HOT FIREPol® EvaGreen® qPCR Supermix, 5x (Solis Biodyne,
Tartu, Estonia). PDZD8, GSDMD, and GAPDH primers were used
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(Supplementary Table 5). The mRNA expression was calculated using the
AACt method and showed as Relative Expression.

3D-wound healing model

A 3mg/ml Collagen solution was prepared with Cultrex® Rat Collagen |
(#440-100-01, R&D Systems) and culture medium, and NaOH 1 N was used
to adjust pH to 7. All ingredients were stored on ice before and during the
preparation and mixed in the exact order listed above. 1x10° NnDF/ml was
added to the solution, and 1.5 ml collagen discs were prepared in 12-well
plates. After 5 days, 5 x 10* HaCaT/cm? were seeded on the top of half
collagen discs and cultured for 7 days, before practicing the wound with a
2-mm biopsy punch. Wounded discs were glued on the top of HaCaT-free
discs with 100 pl collagen solution and wounds were filled with 20 pl
collagen solution. Diluted (20%) MRSA-S was used for mimicking chronic
inflammation and 50% of medium was replaced daily for 10 days. For
experiments of Fig. 4h, i, LZD was added daily, starting from day 2 (in
combination with MRSA-S) and then alone from day 3 to day 10. Wound
models were fixed in 4% PFA in PBS for 1 h at 4°C and washed with PBS.
Immunofluorescence was performed as described above, using an anti-K10
antibody (Supplementary Table 4) overnight at 4 °C. Images were acquired
with an inverted microscope Eclipse Ti2-E supplied with an AX confocal
system (Nikon) at x4 magnification. Wound closure was calculated by Fiji
software. Briefly, single images were obtained by z-projection of z-stack
acquisition (Sum Slices projection), an arbitrary threshold was set to
discriminate fluorescence from the background and the wound closure
was measured.

Statistical analysis

Errors bars in graphs represent the mean+SD from at least three
independent experiments. Statistical significance was analyzed using a
two-tailed, unpaired, Student’s t-test, or one-way or two-way ANOVA. All
statistical analyses were performed using the GraphPad Prism software.

DATA AVAILABILITY
All data needed to evaluate the conclusions in the paper are present in the paper and
the supplementary materials.

REFERENCES

1. Russo A, Vena A, Bassetti M. Antibiotic treatment of acute bacterial skin and skin
structure infections. Curr Opin Infect Dis. 2022;35:120-7.

2. Kaye KS, Petty LA, Shorr AF, Zilberberg MD. Current epidemiology, etiology, and
burden of acute skin infections in the United States. Clin Infect Dis.
2019;68:5193-5199.

3. Golan Y. Current treatment options for acute skin and skin-structure infections.
Clin Infect Dis. 2019;68:5206-5212.

4. Giacobbe DR, Dettori S, Corcione S, Vena A, Sepulcri C, Maraolo AE, et al.
Emerging treatment options for acute bacterial skin and skin structure infections
and bloodstream infections caused by staphylococcus aureus: a comprehensive
review of the evidence. Infect Drug Resistance. 2022;15:2137-57.

5. Kalghatgi S, Spina CS, Costello JC, Liesa M, Morones-Ramirez JR, Slomovic S, et al.
Bactericidal antibiotics induce mitochondrial dysfunction and oxidative damage
in Mammalian cells. Sci Transl Med. 2013;5:192ra185.

6. Altoe LS, Alves RS, Sarandy MM, Morais-Santos M, Novaes RD, Goncalves RV. Does
antibiotic use accelerate or retard cutaneous repair? A systematic review in
animal models. PLoS ONE. 2019;14:e0223511.

7. Worster B, Zawora MQ, Hsieh C. Common questions about wound care. Am Fam
Physician. 2015;91:86-92.

8. Pastar |, Stojadinovic O, Yin NC, Ramirez H, Nusbaum AG, Sawaya A, et al. Epi-
thelialization in wound healing: a comprehensive review. Adv  Wound Care.
2014;3:445-64.

9. Gurtner GC, Werner S, Barrandon Y, Longaker MT. Wound repair and regenera-
tion. Nature. 2008;453:314-21.

10. Krausgruber T, Fortelny N, Fife-Gerned| V, Senekowitsch M, Schuster LC, Lercher
A, et al. Structural cells are key regulators of organ-specific immune responses.
Nature. 2020;583:296-302.

11. Strbo N, Yin N, Stojadinovic O. Innate and adaptive immune responses in wound
epithelialization. Adv Wound Care. 2014;3:492-501.

12. Brazil JC, Quiros M, Nusrat A, Parkos CA. Innate immune cell-epithelial crosstalk
during wound repair. J Clin Investig. 2019;129:2983-93.

13. MacLeod AS, Mansbridge JN. The innate immune system in acute and chronic
wounds. Adv Wound Care. 2016;5:65-78.

Cell Death and Disease (2024)15:407



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

. Falanga V, Isseroff RR, Soulika AM, Romanelli M, Margolis D, Kapp S, et al. Chronic

wounds. Nat Rev Dis Prim. 2022;8:50.

. Pastar |, Balukoff NC, Marjanovic J, Chen VY, Stone RC, Tomic-Canic M. Molecular

pathophysiology of chronic wounds: current state and future directions. Cold
Spring Harb Perspect Biol. 2023;15(4):a041243.

. Brenciani A, Morroni G, Schwarz S, Giovanetti E. Oxazolidinones: mechanisms of

resistance and mobile genetic elements involved. J Antimicrob Chemother.
2022;77:2596-621.

. Zahedi Bialvaei A, Rahbar M, Yousefi M, Asgharzadeh M, Samadi Kafil H. Linezolid:

a promising option in the treatment of Gram-positives. J Antimicrob Chemother.
2017;72:354-64.

. Garrabou G, Soriano A, Pinos T, Casanova-Molla J, Pacheu-Grau D, Morén C, et al.

Influence of mitochondrial genetics on the mitochondrial toxicity of linezolid in blood
cells and skin nerve fibers. Antimicrob Agents Chemother. 2017;61(9):e00542-17.

. Leach KL, Swaney SM, Colca JR, McDonald WG, Blinn JR, Thomasco LM, et al. The

site of action of oxazolidinone antibiotics in living bacteria and in human mito-
chondria. Mol Cell. 2007;26:393-402.

Milosevic TV, Payen VL, Sonveaux P, Muccioli GG, Tulkens PM, Van Bambeke F.
Mitochondrial alterations (inhibition of mitochondrial protein expression, oxida-
tive metabolism, and ultrastructure) induced by linezolid and tedizolid at clini-
cally relevant concentrations in cultured human HL-60 promyelocytes and THP-1
monocytes. Antimicrob Agents Chemother. 2018;62(3):e01599-17.

Marchi S, Guilbaud E, Tait SWG, Yamazaki T, Galluzzi L. Mitochondrial control of
inflammation. Nat Rev Immunol. 2023;23:159-73.

Mehta MM, Weinberg SE, Chandel NS. Mitochondrial control of immunity:
beyond ATP. Nat Rev Immunol. 2017;17:608-20.

Simonetti O, Lucarini G, Morroni G, Orlando F, Lazzarini R, Zizzi A, et al. New
evidence and insights on dalbavancin and wound healing in a mouse model of
skin infection. Antimicrob Agents Chemother. 2020;64(4):e02062-19.

Wilkinson HN, Hardman MJ. Wound healing: cellular mechanisms and patholo-
gical outcomes. Open Biol. 2020;10:200223.

lyer SS, He Q, Janczy JR, Elliott El, Zhong Z, Olivier AK, et al. Mitochondrial
cardiolipin is required for NiIrp3 inflammasome activation. Immunity.
2013;39:311-23.

Eming SA, Krieg T, Davidson JM. Inflammation in wound repair: molecular and
cellular mechanisms. J Investig Dermatol. 2007;127:514-25.

Tan JL, Lash B, Karami R, Nayer B, Lu YZ, Piotto C, et al. Restoration of the healing
microenvironment in diabetic wounds with matrix-binding IL-1 receptor
antagonist. Commun Biol. 2021;4:422.

Gross O, Thomas CJ, Guarda G, Tschopp J. The inflammasome: an integrated
view. Immunol Rev. 2011;243:136-51.

Swanson KV, Deng M, Ting JP. The NLRP3 inflammasome: molecular activation
and regulation to therapeutics. Nat Rev Immunol. 2019;19:477-89.

Watanabe H, Gaide O, Petrilli V, Martinon F, Contassot E, Roques S, et al. Acti-
vation of the IL-1beta-processing inflammasome is involved in contact hyper-
sensitivity. J Investig Dermatol. 2007;127:1956-63.

Wickersham M, Wachtel S, Wong Fok Lung T, Soong G, Jacquet R, Richardson A,
et al. Metabolic stress drives keratinocyte defenses against Staphylococcus aur-
eus infection. Cell Rep. 2017;18:2742-51.

Simanski M, Rademacher F, Schroder L, Glaser R, Harder J. The inflammasome and
the epidermal growth factor receptor (EGFR) are involved in the Staphylococcus
aureus-mediated induction of IL-1alpha and IL-1beta in human keratinocytes.
PLoS ONE. 2016;11:e0147118.

Wang C, Yang T, Xiao J, Xu C, Alippe Y, Sun K, et al. NLRP3 inflammasome
activation triggers gasdermin D-independent inflammation. Sci Immunol.
2021;6:eabj3859.

Elliott El, Miller AN, Banoth B, lyer SS, Stotland A, Weiss JP, et al. Cutting edge:
mitochondrial assembly of the NLRP3 inflammasome complex is initiated at
priming. J Immunol. 2018;200:3047-52.

Gurung P, Lukens JR, Kanneganti TD. Mitochondria: diversity in the regulation of
the NLRP3 inflammasome. Trends Mol Med. 2015;21:193-201.

Paik S, Kim JK, Silwal P, Sasakawa C, Jo EK. An update on the regulatory mechanisms
of NLRP3 inflammasome activation. Cell Mol Immunol. 2021;18:1141-60.

Soriano A, Miro O, Mensa J. Mitochondrial toxicity associated with linezolid. N
Engl J Med. 2005;353:2305-6.

Herzig S, Shaw RJ. AMPK: guardian of metabolism and mitochondrial home-
ostasis. Nat Rev Mol cell Biol. 2018;19:121-35.

Marchi S, Morroni G, Pinton P, Galluzzi L. Control of host mitochondria by bac-
terial pathogens. Trends Microbiol. 2022;30(5):452-65.

Appleby RD, Porteous WK, Hughes G, James AM, Shannon D, Wei YH, et al.
Quantitation and origin of the mitochondrial membrane potential in human cells
lacking mitochondrial DNA. Eur J Biochem. 1999;262:108-16.

Rimessi A, Bezzerri V, Patergnani S, Marchi S, Cabrini G, Pinton P. Mitochondrial
Ca2+-dependent NLRP3 activation exacerbates the Pseudomonas aeruginosa-
driven inflammatory response in cystic fibrosis. Nat Commun. 2015;6:6201.

Cell Death and Disease (2024)15:407

C. Licini et al.

42.

43,

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Dong H, Zhao B, Chen J, Liu Z, Li X, Li L, et al. Mitochondrial calcium uniporter
promotes phagocytosis-dependent activation of the NLRP3 inflammasome. Proc
Natl Acad Sci USA. 2022;119:e2123247119.

Giacomello M, Pyakurel A, Glytsou C, Scorrano L. The cell biology of mitochon-
drial membrane dynamics. Nat Rev Mol Cell Biol. 2020;21:204-24.

Giorgi C, Marchi S, Pinton P. The machineries, regulation and cellular functions of
mitochondrial calcium. Nat Rev Mol Cell Biol. 2018;19:713-30.

Zhou R, Yazdi AS, Menu P, Tschopp J. A role for mitochondria in NLRP3 inflam-
masome activation. Nature. 2011;469:221-5.

Missiroli S, Perrone M, Gafa R, Nicoli F, Bonora M, Morciano G, et al. PML at
mitochondria-associated membranes governs a trimeric complex with NLRP3
and P2X7R that modulates the tumor immune microenvironment. Cell Death
Differ. 2023;30:429-41.

Zhang Z, Meszaros G, He WT, Xu Y, de Fatima Magliarelli H, Mailly L, et al. Protein
kinase D at the Golgi controls NLRP3 inflammasome activation. J Exp Med.
2017;214:2671-93.

Arumugam S, Qin Y, Liang Z, Han SN, Boodapati SLT, Li J, et al. GSK3beta med-
iates the spatiotemporal dynamics of NLRP3 inflammasome activation. Cell Death
Differ. 2022;29:2060-9.

Akbal A, Dernst A, Lovotti M, Mangan MSJ, McManus RM, Latz E. How location
and cellular signaling combine to activate the NLRP3 inflammasome. Cell Mol
Immunol. 2022;19(11):1201-14.

Pereira AC, De Pascale J, Resende R, Cardoso S, Ferreira I, Neves BM, et al. ER-
mitochondria communication is involved in NLRP3 inflammasome activation under
stress conditions in the innate immune system. Cell Mol Life Sci. 2022;79:213.
Hertlein V, Flores-Romero H, Das KK, Fischer S, Heunemann M, Calleja-Felipe M,
et al. MERLIN: a novel BRET-based proximity biosensor for studying mitochondria-
ER contact sites. Life Sci Alliance. 2020;3.

Missiroli S, Patergnani S, Caroccia N, Pedriali G, Perrone M, Previati M, et al.
Mitochondria-associated membranes (MAMs) and inflammation. Cell Death Dis.
2018;9:329.

Namgaladze D, Khodzhaeva V, Briine B. ER-mitochondria communication in cells
of the innate immune system. Cells. 2019;8(9):1088.

Seoane P, Lee B, Hoyle C, Yu S, Lopez-Castejon G, Lowe M, et al. The NLRP3-
inflammasome as a sensor of organelle dysfunction. J Cell Biol.
2020;219(12):e202006194.

Hirabayashi Y, Kwon SK, Paek H, Pernice WM, Paul MA, Lee J, et al. ER-
mitochondria tethering by PDZD8 regulates Ca(2+) dynamics in mammalian
neurons. Science. 2017;358:623-30.

Elbaz-Alon Y, Guo Y, Segev N, Harel M, Quinnell DE, Geiger T, et al. PDZD8
interacts with Protrudin and Rab7 at ER-late endosome membrane contact sites
associated with mitochondria. Nat Commun. 2020;11:3645.

Hewitt VL, Miller-Fleming L, Twyning MJ, Andreazza S, Mattedi F, Prudent J, et al.
Decreasing pdzd8-mediated mito-ER contacts improves organismal fitness and
mitigates Abeta42 toxicity. Life Sci. Alliance. 2022;5(11):e202201531.

Issa R, Thompson KL, Price BL. Control of Staphylococcal-mediated endogenous
protease activity alters wound closure time in a complex wound model. J Der-
matol Sci. 2022;105:105-12.

Cavalcante-Silva J, Koh TJ. Targeting the NOD-Like receptor pyrin domain con-
taining 3 inflammasome to improve healing of diabetic wounds. Adv Wound
Care. 2023;12:644-56.

Weinheimer-Haus EM, Mirza RE, Koh TJ. Nod-like receptor protein-3 inflamma-
some plays an important role during early stages of wound healing. PLoS ONE.
2015;10:e0119106.

Shimada K, Crother TR, Karlin J, Dagvadorj J, Chiba N, Chen S, et al. Oxidized
mitochondrial DNA activates the NLRP3 inflammasome during apoptosis.
Immunity. 2012;36:401-14.

Xian H, Watari K, Sanchez-Lopez E, Offenberger J, Onyuru J, Sampath H, et al.
Oxidized DNA fragments exit mitochondria via mPTP- and VDAC-dependent
channels to activate NLRP3 inflammasome and interferon signaling. Immunity.
2022;55:1370-85.e1378.

Dunham-Snary KJ, Surewaard BG, Mewburn JD, Bentley RE, Martin AY, Jones O,
et al. Mitochondria in human neutrophils mediate killing of Staphylococcus
aureus. Redox Biol. 2022;49:102225.

Bronner DN, Abuaita BH, Chen X, Fitzgerald KA, Nunez G, He Y, et al. Endoplasmic
reticulum stress activates the inflammasome via NLRP3- and caspase-2-driven
mitochondrial damage. Immunity. 2015;43:451-62.

Bravo R, Vicencio JM, Parra V, Troncoso R, Munoz JP, Bui M, et al. Increased ER-
mitochondrial coupling promotes mitochondrial respiration and bioenergetics
during early phases of ER stress. J Cell Sci. 2011;124:2143-52.

de Brito OM, Scorrano L. Mitofusin 2 tethers endoplasmic reticulum to mito-
chondria. Nature. 2008;456:605-10.

Ichinohe T, Yamazaki T, Koshiba T, Yanagi Y. Mitochondrial protein mitofusin 2 is
required for NLRP3 inflammasome activation after RNA virus infection. Proc Natl
Acad Sci USA. 2013;110:17963-8.

SPRINGER NATURE

13



C. Licini et al.

14

68. Sugiura A, Nagashima S, Tokuyama T, Amo T, Matsuki Y, Ishido S, et al. MITOL
regulates endoplasmic reticulum-mitochondria contacts via Mitofusin2. Mol Cell.
2013;51:20-34.

69. Park Y-J, Dodantenna N, Kim T-H, Lee H-S, Yoo Y-S, Lee E-S, et al. MARCH5-
dependent NLRP3 ubiquitination is an essential step for NEK7 docking on the
mitochondria. bioRxiv. 2023: https://doi.org/10.1101/2023.01.12.523764.

70. Jussupow A, Di Luca A, Kaila VRI. How cardiolipin modulates the dynamics of
respiratory complex I. Sci Adv. 2019;5:eaav1850.

71. Vos M, Geens A, Bohm C, Deaulmerie L, Swerts J, Rossi M, et al. Cardiolipin
promotes electron transport between ubiquinone and complex | to rescue PINK1
deficiency. J Cell Biol. 2017;216:695-708.

72. Billingham LK, Stoolman JS, Vasan K, Rodriguez AE, Poor TA, Szibor M, et al.
Mitochondrial electron transport chain is necessary for NLRP3 inflammasome
activation. Nat Immunol. 2022;23:692-704.

73. Shinjo S, Jiang S, Nameta M, Suzuki T, Kanai M, Nomura Y, et al. Disruption of the
mitochondria-associated ER membrane (MAM) plays a central role in palmitic
acid-induced insulin resistance. Exp Cell Res. 2017;359:86-93.

74. Thivolet C, Vial G, Cassel R, Rieusset J, Madec AM. Reduction of endoplasmic
reticulum- mitochondria interactions in beta cells from patients with type 2
diabetes. PloS one. 2017;12:e0182027.

75. Simonetti O, Lucarini G, Orlando F, Pierpaoli E, Ghiselli R, Provinciali M, et al.
Role of daptomycin on burn wound healing in an animal methicillin-resistant
Staphylococcus aureus infection model. Antimicrob Agents Chemother.
2017;61.

76. Marchi S, Corricelli M, Branchini A, Vitto VAM, Missiroli S, Morciano G, et al. Akt-
mediated phosphorylation of MICU1 regulates mitochondrial Ca*" levels and
tumor growth. EMBO J. 2019;38(2):e99435.

77. Hemel |, Engelen BPH, Luber N, Gerards M. A hitchhiker’s guide to mitochondrial
quantification. Mitochondrion. 2021;59:216-24.

78. Sato A, Buque A, Yamazaki T, Bloy N, Petroni G, Galluzzi L. Immunofluorescence
microscopy-based assessment of cytosolic DNA accumulation in mammalian
cells. STAR Protoc. 2021;2:100488.

79. Newman LE, Weiser Novak S, Rojas GR, Tadepalle N, Schiavon CR, Grotjahn DA,
et al. Mitochondrial DNA replication stress triggers a pro-inflammatory endoso-
mal pathway of nucleoid disposal. Nat Cell Biol. 2024;26:194-206.

80. Bonora M, Giorgi C, Bononi A, Marchi S, Patergnani S, Rimessi A, et al. Subcellular
calcium measurements in mammalian cells using jellyfish photoprotein aequorin-
based probes. Nat Protoc. 2013;8:2105-18.

ACKNOWLEDGEMENTS

We are in debt with Ana J. Garcia-Saez for providing us MERLIN plasmids for BRET
analysis, and with Prof. Andrea Frontini for his valuable support in the confocal
microscopy observation. PP is grateful to C. degli Scrovegni for her continuous
support. PP is supported by the Italian Association for Cancer Research (IG-23670), A-
ROSE, Progetti di Rilevante Interesse Nazionale (PRIN2017E5L5P3 and
PRIN2020RRJP5L_003), and local funds from University of Ferrara. SMa. is supported
by the Italian Ministry of Health (GR-2016-02364602), Progetti di Rilevante Interesse
Nazionale (PRIN2022ALIJN73 and PRINP202243ZAR), and local funds from Marche
Polytechnic University (Ancona, Italy). The research leading to these results has
received funding from the European Union - NextGenerationEU through the Italian
Ministry of University and Research under PNRR - M4C2-11.3 Project PE_00000019
“HEAL ITALIA" to Saverio Marchi (SMa), CUP 133C22006900006 (Marche Polytechnic
University).

SPRINGER NATURE

AUTHOR CONTRIBUTIONS

CL designed and performed the majority of experiments, performed statistical analysis
and generated the figures, with assistance of GM and GL. GM contributed to design the
experiments, to S. aureus preparation and infection, and assisted with in vivo
experiments. GL performed the histological and histochemical experiments, and
performed statistical analysis. VWAM assisted CL with mitochondrial morphology
experiments and immunofluorescence analysis. FO and GB performed in vivo
experiments, with supervision of MPr. SMi, MPe, and VWAM performed experiments
with MCC950. TS and LG assisted with confocal imaging. GDA assisted with S. aureus
preparation and infection. SMa wrote the manuscript with assistance of CL, GM, and GL,
and inputs from AO, OC, MMB, PP, and OS. OS and SMa conceived the project, supervised
the experiments and oversaw the study. SMa directed experimental analysis, interpreted
data, and supervised figure preparation. All authors read and approved the manuscript.

COMPETING INTERESTS

The authors declare no competing interests.

ETHICS APPROVAL

Mouse procedures were submitted to the Institutional Animal Care Committee of the
Ministry of Health and by the Animal Research Ethics Committee of IRCCS INRCA
(Istituto di Ricovero e Cura a Carattere Scientifico-Istituto Nazionale di Riposo e Cura
per Anziani) (authorization 767/2016 Pr 28/7/2016).

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-024-06765-9.

Correspondence and requests for materials should be addressed to Oriana Simonetti
or Saverio Marchi.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Cell Death and Disease (2024)15:407


https://doi.org/10.1101/2023.01.12.523764
https://doi.org/10.1038/s41419-024-06765-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	ER-mitochondria association negatively affects wound healing by regulating NLRP3 activation
	Introduction
	Results
	LZD impairs wound healing in�vivo
	LZD stimulates IL-1β secretion in keratinocytes by promoting NLRP3 docking to mitochondria
	LZD induces mitochondrial�damage
	LZD increases ER-mitochondria contacts
	Downregulation of ER-mitochondria association inhibits LZD-mediated NLRP3 inflammasome activation
	Blocking ER-mitochondria contact formation restores healing in LZD-treated�wounds

	Discussion
	Materials and methods
	Bacterial strain and in�vitro S. aureus stimulation
	Animals
	Wound infection�model
	Histological and immunohistochemical staining
	Monitoring MRSA infection in live using a 3D holotomographic approach
	Cell culture and transfection
	SDS-PAGE and immunoblotting
	2D wound healing
	ELISA
	Immunofluorescence
	FLICA-Caspase1�assay
	XTT�assay
	Isolation of cytosolic and mitochondrial fractions
	OCR and ECAR measurements (Seahorse)
	Mitochondrial superoxide measurements
	DNA extraction and RT-PCR for cytosolic mtDNA (cmtDNA) evaluation
	Extramitochondrial mtDNA evaluation through confocal microscopy
	ER-mitochondria contacts evaluation through confocal microscopy
	ER-mitochondria contacts evaluation through BRET technique
	Complex IV activity
	Mitochondrial membrane potential (&#x02206;&#x003A8;) measurements
	Mitochondrial Ca2&#x0002B; uptake analysis
	RT-PCR
	3D-wound healing�model
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics approval
	ADDITIONAL INFORMATION




