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PML at mitochondria-associated membranes governs a trimeric
complex with NLRP3 and P2X7R that modulates the tumor
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Uncontrolled inflammatory response arising from the tumor microenvironment (TME) significantly contributes to cancer
progression, prompting an investigation and careful evaluation of counter-regulatory mechanisms. We identified a trimeric
complex at the mitochondria-associated membranes (MAM:s), in which the purinergic P2X7 receptor - NLRP3 inflammasome liaison
is fine-tuned by the tumor suppressor PML. PML downregulation drives an exacerbated immune response due to a loss of P2X7R-
NLRP3 restraint that boosts tumor growth. PML mislocalization from MAMs elicits an uncontrolled NLRP3 activation, and
consequent cytokines blast fueling cancer and worsening the tumor prognosis in different human cancers. New mechanistic
insights are provided for the PML-P2X7R-NLRP3 axis to govern the TME in human carcinogenesis, fostering new targeted

therapeutic approaches.
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INTRODUCTION

Promyelocytic Leukemia Protein (PML), a nuclear moonlighting protein
with an established role in genetic control, also acts at the endoplasmic
reticulum (ER)-mitochondria interface, namely, at mitochondria-
associated membranes (MAMs) [1]. PML behaves as a tumor
suppressor, regulating cell fate via Ca®" transfer to mitochondria and
thereby regulating cellular metabolism and death [2, 3].

Recently, MAMs were identified as platforms for inflammatory
signaling that are regulated by the multiprotein complex NOD-like
receptor family, pyrin domain containing-3 protein (NLRP3)
inflammasome [4]. At rest, NLRP3 resides at the ER, whereas in
response to danger signals it redistributes to MAMs together with
its adapter ASC (apoptosis-associated speck-like protein), driving
inflammasome assembly and maturation thus leading to IL-13 and
IL-18 secretion [4, 5].

Inflammasome activation leads to defense against several patho-
gens, but lack of shutdown may be attributed to many diseases,
including neurodegenerative, metabolic, and autoimmune diseases as
well as cancer [6]. The negative feedback dampening NLRP3
inflammasome activation is poorly understood but essential [7].

The purinergic P2X7 receptor (P2X7R) is one of the most potent
activators of the NLRP3 inflammasome. Well known to be a
ubiquitous damage-associated molecular pattern (DAMP) receptor
and to trigger the release of substantial amounts of IL-1f and IL-18
in response to extracellular ATP [8, 9], P2X7R was recently shown
to interact with NLRP3 directly [10].

Here, we put forward the hypothesis of a new PML function in
macrophages as a modulator of the P2X7R-NLRP3 axis at MAMs
for a new understanding of the rational design of novel anti-
inflammatory therapies.

RESULTS

The PML/NLRP3/P2X7R complex at MAMs

Membranes at the ER-mitochondria interface (mitochondria-
associated membranes; MAMs) have been reported as a platform
for activating the NLRP3 inflammasome [4]. We previously
reported that PML localizes at the ER and mitochondria contact
sites, forming PML MAMs-bodies (PML-MaBs) and acting as a
scaffold protein to regulate mitochondrial metabolism and cell
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death [2, 3]. Therefore, we hypothesized that PML at MAMs plays a
role in controlling NLRP3 activation to trigger inflammation.

Co-immunoprecipitation (Co-IP) and proximity ligation assays
(PLA) revealed close proximity of PML and NLRP3 in macrophages
ER (Fig. 1A, B, and Supplementary Fig. S1A).
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We then investigated the ER localization of NLRP3 in wild-type
(WT) and PML-depleted (Pm/~7) cells under both the resting
condition and after treatment with the inflammasome inducers
lipopolysaccharide (LPS) and nigericin. Co-immunostaining of
NLRP3 and calnexin, an ER marker, revealed enhanced
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Fig. 1 PML at MAMs orchestrates the interaction between P2X7R and NLRP3. A Endoplasmic reticulum (ER) fraction obtained from the liver
of wild-type (WT) mice was used for co-immunoprecipitation (Co-IP) of endogenous PML with NLRP3. Using PML as a bait, the levels of NLRP3
were detected, showing the interaction between NLRP3 and PML. B Proximity ligation assay (PLA) showing the interaction of NLRP3 with PML
(red dots) in the ER fraction of WT resident peritoneal macrophages (pRM@s) left untreated or treated with LPS and nigericin. PDI (green) was
used as an ER marker (scale bars, 20 um). In the bottom panel, the zoomed regions display interaction sites at the ER (scale bar, 2 pm). In the
upper right panel, the columns show the quantification of the PLA signal between NLRP3 and PML. Bars: mean = SEM. (n = 3 independent
experiments) € Confocal immunofluorescence staining images of NLRP3 (red) and calnexin (used as an ER marker, green) in WT and Pm/~/~
PRM@s untreated or treated with LPS and nigericin (scale bars, 5 pm). Merged images of the two immunostainings are shown. The right panel
shows the proportion of clustered NLRP3 on the total NLRP3 signal. Bars: median. *p < 0.05. D Left panels show immunoblots of subcellular
fractions isolated from WT and Pm/~’~ BMDMs. Where indicated, cells were exposed to LPS and nigericin treatment. The following markers
were used: IP3R3 for the ER, VDAC for mitochondria (Mp, mito pure), Sigma 1-R for MAMs, and GAPDH for Cyt (cytosol). H: homogenate. Right
panels show the quantification of the P2X7R and NLRP3 proteins in the ER and MAM fractions normalized to the amounts of IP3R3 and Sigma
1-R. The middle lines of each bar represent the mean values (n = 3 independent experiments). E ER fractions obtained from the livers of WT
and Pmi~~ mice were used for the Co-IP of endogenous NLRP3 with P2X7R. Using NLRP3 as bait, the presence of P2X7R was detected,
showing that the interaction between NLRP3 and P2X7R depends on whether PML is lacking or after inflammasome activation. The lower
panel shows the fold change of the NLRP3-P2X7R interaction; the middle lines of each bar represent the mean values (n = 3 independent
experiments). F PLA shows the interaction between P2X7R and NLRP3 (red dots) in the ER of WT and Pm/~'~ pRM@s, untreated or treated with
LPS and nigericin. PDI (green) was used as an ER marker. Scale bars, 20 pm. Higher magnifications show interaction sites at the ER (scale bars, 2
pm). In the right bar graphs, quantification of the number of PLA red dots per cell revealed an increased P2X7R-NLRP3 interaction in Pm/~/~
PRM@s. Data are shown as the mean + SEM. Two independent experiments were carried out in triplicate. *p < 0.05, ****p < 0.0001. G Co-IP of
endogenous PML and P2X7R in ER fraction obtained from WT mouse liver (as in a). Using PML as bait, the expression of P2X7R was detected,
showing the interaction between P2X7R and PML. H Representative PLA (red dots) images of WT pRM@s untreated or treated with LPS and
nigericin. PDI (green) was used as an ER marker. Scale bars, 20 pm. Higher magnifications show interaction sites at the ER (scale bars, 2 pm).
The column graph on the right shows a quantitative analysis of the PLA signal between PML and P2X7R. Bars: mean + SEM. Two independent

experiments were carried out in triplicate.

accumulation of NLRP3 at the ER in stimulated resident peritoneal
macrophages (pRM@s) from Pmi~’~ mice (Fig. 1C).

The purinoceptor P2X7R is highly expressed within cells of the
innate immune system, including macrophages, and its activation
is a powerful signal to activate the NLRP3 inflammasome [11]. We
thus examined whether P2X7R, in addition to its canonical plasma
membrane expression, also localizes to the ER/MAM compart-
ments, where NLRP3 resides and accumulates upon its activation,
to mediate NLRP3 complex assembly and maturation.

We performed subcellular fractionation analyses of WT and
PmI~~ bone marrow-derived macrophages (BMDMs) (Fig. 1D) at
rest and after inflammasome stimulation with LPS and nigericin,
focusing on the mitochondria, ER, and MAM fractions.

As expected, NLRP3 was detected in both the ER and MAM
compartments, redistributing more to MAMs in Pm/™"~ cells than in
WT cells after inflammasome activation (Fig. 1D). Consistently, we
revealed a previously unknown localization of P2X7R at the ER/MAM:s,
wherein it accumulated considerably more in the absence of PML
than in WT conditions (Fig. 1D). Furthermore, Co-IP and PLA revealed
a stronger interaction between NLRP3 and P2X7R at the ER/MAMs in
the absence of PML (Fig. 1E, F and Supplementary Fig. S1B).

Given the predominant role of PML as a scaffold protein, we
examined its potential to interact with and function in complex
with NLRP3 and P2X7R at the ER/MAM:s.

PML, NLRP3, and P2X7R co-immunoprecipitated at the ER
(Fig. 1A, E, G and Supplementary Fig. S1C), suggesting that they
may form a trimer. Such findings were further confirmed by PLA,
which showed a direct interaction between endogenous PML and
endogenous P2X7R in ER macrophages (Fig. TH), similar to what
was observed for PML and NLRP3 (Fig. 1B).

The capability of NLRP3, P2X7R, and PML to form a trimolecular
binding complex was assessed by qualitative surface plasmon
resonance (SPR) measurements. In sequential injection experi-
ments, we assessed the simultaneous binding of PML and P2X7R
as analytes of NLRP3, immobilized on an optical sensor chip
surface by GST tag capturing. The resulting sensorgrams
(Supplementary Fig. S1D) showed that binding signals on the
NLRP3 ligand were generated for both analytes, indicating a
trimolecular interaction. The experiment shown in Supplementary
Fig. ST1E revealed that the two analytes PML and P2X7R were also
able to interact with each other in the absence of NLRP3
(Supplementary Fig. S1E). Altogether, these data suggest that
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PML, NLRP3, and P2X7R work as triumvirates at MAMs, depicting a
multiprotein complex in which PML acts as a negative regulator of
NLRP3 function. In PML absence, NLRP3 and P2X7R lose their
restraints and tighten together (Supplementary Fig. S1F).

PML tones down macrophage NLRP3 arousal

NLRP3 inflammasome activation and IL-1p release are thereby
primarily triggered by macrophages, which are crucial for generat-
ing the inflammatory milieu that can sustain tumor growth [12]. We
investigated whether the interaction among PML, P2X7R, and
NLRP3 has functional consequences for NLRP3 activation and IL-13
production. pRM@s and BMDM:s isolated from WT and Pm/~'~ mice
and PML-silenced human peripheral blood mononuclear cells
(PBMCs) (Supplementary Fig. S2A) were first primed with LPS and
then stimulated with either the ATP analog benzoyl|-ATP (Bz-ATP) or
nigericin according to the established protocol to trigger NLRP3
activation and IL-1f3 release [13].

Lack of PML resulted in increased IL-1p release in response to
both stimuli compared to that observed in the WT conditions
(Fig. 2A-C). Consistently, the levels of caspase-1 p10 (an
autoprocessed fragment of caspase-1) and cleaved IL-1f were
higher in the media from activated Pm/~/~ pRM@s than in that
from WT pRM@s (Fig. 2D and Supplementary Fig. S2B). Transduc-
tion of an ErPML chimera, which redistributed to only the MAM
sites [2], into PmI~’~ pRM@s ameliorated the IL-1p release to the
levels measured in WT pRM@s, while the nuclear-targeted PML
chimera was ineffective [2] (Supplementary Fig. S2C, D). Therefore,
the localization of PML at MAMs indicates its relevance to
repressing the activation of the NLRP3 inflammasome.

To validate these in vitro results, we directly treated WT and Pm/~/~
mice with LPS in combination with nigericin by intraperitoneal (IP)
injection and measured the level of IL-1B 4 h later. The release of IL-1$
into the peritoneal exudate, blood, and liver as well as the caspase-1
activity, were strongly increased in the Pm/~~ mice compared with
the WT mice (Fig. 2E, F and Supplementary Fig. S2E, F).
Pharmacological inhibition of NLRP3 activation by MCC950 (a known
NLRP3 inhibitor) [14] or AZ10606120 dihydrochloride (a known P2X7R
inhibitor) [15] counteracted the IL-1B increase in Pm/~’~ mice both
in vitro and in vivo (Supplementary Fig. S2G-J).

To further determine whether PML is capable of controlling the
activation of NLRC4 (CARD12, IPAF), another inflammasome
complex known to drive IL-1 release [16], we genetically interfered
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Fig.2 PML deficiency in the host favors increased IL-1B secretion in response to inflammasome activation, which in turn promotes tumor
growth. pRM@s (A) and BMDMs (B) from WT (red columns) and Pm/~/~ mice (black columns) were left untreated or stimulated with LPS and
Bz-ATP or LPS and nigericin. The IL-1 levels in the supernatants were determined by ELISA. Error bars indicate the SEM of 3 independent
experiments carried out in triplicate. *p <0.05, **p <0.01 C ELISA of mature IL-1B in the supernatants of siRNA-transfected PBMCs upon
stimulation with LPS together with Bz-ATP. PBMCs were transfected with scramble or PML siRNA. Error bars indicate the SEM of 3 independent
experiments carried out in triplicate. **p < 0.01. D The culture media and total cell lysates of pRM@s from WT and Pm/~/~ mice were collected
before and after activation with LPS plus ATP or LPS and nigericin and were resolved by SDS-PAGE. The results shown are representative of 3
independent experiments. ELISA of IL-1p from peritoneal exudate (E) and blood (F) samples from WT (red columns) and PmI~'~ mice (black
columns) that were untreated or treated with LPS plus nigericin. Bars: mean £ SEM of 3 independent experiments carried out in triplicate.
**p < 0.01, ***p < 0.001. G ELISA of IL-1p in PmI~/~ pRM@s stimulated with LPS and Bz-ATP after transfection with scramble, siRNA NLRP3 and
siRNA NLRC4. Bars: mean + SEM of 3 independent experiments. **p < 0.01. H WT (red) and PmI~'~ (black) C57BL/6 mice (7 per group) were
injected subcutaneously with B16-F10 melanoma cells (1 x 10°). The left graph shows tumor growth for 2 weeks after the injection. The
middle graphs show the quantified tumor volumes and weights at 14 days post-injection. Error bars indicate SEM. **p < 0.01, ****p < 0.0001.
The right panel shows representative tumors excised at the same time point (scale bar: 1 cm). I Immunohistochemistry (IHC) revealed much
higher IL-1p immunoreactivity (IR) in the peritumoral areas of melanoma—bearing PmI™'~ mice than in that of WT mice. TM: tumor mass. Nuclei

were counterstained with Harris' hematoxylin (HH). Scale bars: 50 pm. J Pm/™

C57BL/6 mice were injected subcutaneously with B16-F10

melanoma cells (1 x 10°). An experimental group (green; n = 6) was injected IP with IL-1p antiserum (50 pg twice weekly; clone B122; BioXCell),
while a blank group (black; n = 6) was injected IP with equal amounts of isotope control antibodies. The left graph shows tumor growth for
14 days after the injection. The middle graphs show the quantified tumor volumes and weights at 14 days post-injection. Error bars indicate
SEM. **p < 0.05, ****p < 0.001. The right panel shows representative tumors excised at the same time point (scale bar: 1 cm). K IHC revealed an
almost complete lack of IL-1p-IR in the peritumoral areas of melanoma-bearing Pm/~’~ mice treated in vivo with IL-1p antiserum compared
with those of the blank group. TM tumor mass. Nuclei were counterstained with HH. Scale bars: 50 pm.

with NLRC4 and NLRP3 in Pm/~"~ pRM@s. Unlike silencing NLRP3,
NLRC4 silencing did not attenuate IL-13 secretion in response to
stimulation, indicating that PML is involved in specifically suppres-
sing NLRP3-dependent inflammation (Fig. 2G and Supplementary
Fig. S2K). Accordingly, the NLRP3-stimulated secretion of IL-18 was
also upregulated in the absence of PML (Supplementary Fig. S2L),

SPRINGER NATURE

whereas this effect was not observed for other pro-inflammatory
cytokines independent of NLRP3 stimulation, such as IL-6 (Supple-
mentary Fig. S2M) and TNFa (data not shown).

Altogether, these data suggest that PML is a major driver of
NLRP3 and P2X7R localization at MAMs, limiting their capacity to
activate the inflammasome.

Cell Death & Differentiation (2023) 30:429 - 441



PML inactivation boosts tumor growth

It is well known that sustained activation of the NLRP3
inflammasome promotes tumorigenesis at several stages [6, 17].
Hence, high levels of IL-1f3 have been implicated in carcinogenesis
and tumor progression [18].

We investigated whether a Pm/™~ host, which was skewed toward
NLRP3-dependent inflammation, would provide a more permissive
environment for tumor proliferation than a WT host. We compared
the growth of B16-F10 melanoma and LL/2 Lewis lung carcinoma
syngeneic cell lines, which express endogenous PML (Supplementary
Fig. S3A). These cells were injected subcutaneously into either WT or
PmiI~~ mice. Tumor growth was greatly accelerated in Pml~~ mice
(Fig. 2H and Supplementary Fig. S3B, C) and associated with the
hypersecretion of IL-13 in peritumoral tissues (Fig. 2| and Supple-
mentary Fig. S3D) compared with that observed in WT mice.

Cancer cell proliferation is stimulated by inflammation [19]. To
assess whether the accelerated tumor progression in the Pml~~
host was dependent on enhanced IL-1( secretion and thus on
increased NLRP3 activation, we used an anti-IL-1f3 serum to deplete
the cytokine in the TME. IL-13 immunoblockade dampened tumor
growth in the Pm/~~ hosts (Fig. 2J, K) without significantly affecting
tumor development in WT hosts (Supplementary Fig. S3E). Thus, a
fertile environment for accelerated tumor growth in PML-null hosts
is generated by the increased release of IL-13 into the TME.
Accordingly, knocking down the IL-1B receptor (IL-1R1) in B16-F10
melanoma cells by CRISPR/CAS9 (Supplementary Fig. S3F, G)
reduced both B16-F10 melanoma cell proliferation and the tumor
size in the PmI™~ hosts (Supplementary Fig. S3H), highlighting the
fundamental tumor-promoting role of IL-1p.

PML deficiency drives M2 polarization in the TME
Macrophages that infiltrate tumor tissues, also known as tumor-
associated macrophages (TAMs), are the major component of the
highly complex TME, in which cancer cells coexist with immune and
nonimmune cells [20]. TAMs preferentially express an M2-like
phenotype and promote tumor growth [21].

We investigated whether PML-dependent activation of the
NLRP3 inflammasome contributes to the polarization of macro-
phage phenotypes within the TME.

Flow cytometry revealed no significant differences in the
percentages of both Ly6C* and Ly6C monocytes between WT
and PmI™~ mice under resting conditions (Supplementary
Fig. S4A), indicating no variation in the number of these
circulating cells. We then investigated whether the different
amount of IL-1p released into the TME by WT and Pm/™~ mice
was dependent on the M1/M2 polarization of TAMs. Immunohis-
tochemical and FACS analyses (Supplementary Fig. S4B for gating
strategy) revealed in Pm/~~ mice a significant shift in TAMs
toward the M2 phenotype compared with WT mice, with the loss
of M1-associated expression markers (Fig. 3A-C).

In most cancer types, TAMs are recruited from bone marrow
progenitors [22, 23]. To verify the essential non-cell-autonomous
role of Pm/I~’~ immune cells in providing a tumor-supportive
microenvironment, we generated bone marrow chimeras (Sup-
plementary Fig. S4C-F). We injected subcutaneously B16-F10
melanoma syngeneic cells into WT mice transplanted with either
WT or PmI~"~ bone marrow-derived mononuclear cells (BMMNCs)
(Fig. 3D). Tumor growth was significantly faster and greater in
mice transplanted with Pmi~"~ cells than in those transplanted
with WT BMMNCs (Fig. 3D), highlighting the role of PML-deficient
hematopoietic cells in supporting increased tumor growth.

Next, to assess the direct involvement of TME macrophages in
supporting cancer cell proliferation along the PML/P2X7R/NLRP3
axis, we established a co-culture model. pRM@s from WT and
PmI~’~ mice were cultured in removable inserts on the top of the
plate, activated by LPS and Bz-ATP as inflammasome activators,
and incubated with B16-F10 melanoma cancer cells seeded on the
bottom of the plate; the cells were separated by a porous
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membrane that allowed the free exchange of soluble factors and
cytokines (Supplementary Fig. S5A). Co-culture with activated
PmI~’~ macrophages exerted a larger tumor cell growth-
promoting effect compared to that of WT macrophages (Fig. 3E).
Direct stimulation of cancer cells with LPS had no effect on their
growth (Supplementary Fig. S5B). Pretreatment with anti-IL-1(3
serum before macrophage activation or IL-1R1 knockdown
considerably reduced the growth of cancer cells (Supplementary
Fig. S5C, D). Accordingly, the H460 human lung cancer cell line in
contact with activated PML-silenced PBMCs showed an increased
growth rate compared with that of control PBMCs (Supplementary
Fig. S5E). Altogether, these results suggest that PML loss in
macrophages favors tumor establishment and progression by
enhancing IL-13 secretion from M2-polarized TAMs.

The PML/NLRP3 axis in human cancers

After elucidating the PML-dependent NLRP3 activation pathway, we
next explored its clinical relevance in human cancers. Two retro-
spective cohorts of patients diagnosed with cutaneous melanoma or
non-small-cell lung cancer (NSCLC) (see Table S1) were selected.
Within these cohorts, we distinguished two groups of patients based
on 5-year follow-up data: patients with long survival and NO survival
times. Immunohistochemical analysis on melanoma and NSCLC tissue
samples (Fig. 4A and Supplementary Fig. S6A) revealed that,
compared with the long-survival group, the short-survival patients
had more CD68- and CD206-immunoreactive TAMs and greater IL-13
immunoreactivity in the peritumoral stroma (Fig. 4B, C and
Supplementary Fig. S6B, C), and these parameters were highly
correlated. However, the number of PML-immunoreactive cells did not
differ significantly between the two observation groups (data not
shown). Indeed, other parameters were carefully evaluated and
proven to be very informative, such as (i) the positive linear correlation
between inflammatory signs (e.g. number of free cells recruited to the
TME) and the IL-183 level in the peritumoral area observed in individual
tumor specimens and (ii) the inverse correlation between nuclear and
extranuclear PML localization and the release of IL-1B into the TME
(Fig. 4A-D and Supplementary Fig. S6A-D).

The long-survival group achieved a complete response (CR)
without any recurrences, whereas all patients in the short-survival
group died within 5 years after diagnosis (Fig. 4C and Supplemen-
tary Fig. S6Q). IL-1P levels were closely correlated with the numbers
of CD68" or CD206 ™" TAMs (Fig. 4B and Supplementary Fig. S6B) and
might indeed be predictive of poor prognosis after the onset of
melanoma or NSCLC (Fig. 4C and Supplementary Fig. S6C). The most
important discovery was that PML exhibited differential subcellular
localization inside the TAMs in long- and short-survival patients’
tissue samples, with mostly cytoplasmic localization being observed
in the former group and nuclear localization being observed in the
latter (Fig. 4A, D and Supplementary Fig. S6A, D).

Altogether, the data from human samples likely confirm those
obtained from mouse models and indicate that a shift in the
subcellular localization of PML from an extranuclear region to the
TAMs nuclei drives their M2 polarization and promotes tumor
development boosted by excessive inflammation.

P2X7R/NLRP3 targeting counteracts PML-loss driven
tumorigenesis

To determine whether targeting NLRP3 could prevent the
generation of pro-inflammatory, and tumor-promoting stimuli
derived from Pml~/~ macrophages, we used three different
strategies in Pm/~'~ mice: (i) NLRP3 blockade by the selective
inhibitor MCC950; (ii) genetic deletion of NLRP3; and (iii) genetic
deletion of P2X7R, the most powerful NLRP3 activator (Supple-
mentary Fig. S7A, B). Consistent with a reduction in the PML/
NLRP3/IL-1(3 axis, we observed lower amounts of IL-1B in pRMJ,
BMDM, peritoneal exudate, and blood samples collected from
PmI~=/P2x7r'~ and PmI~~/Nirp3~~ double-knockout (DKO)
mice than in those collected from Pm/~'~ mice (Fig. 5A-D).
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Fig. 3 Misdirected TAMs accelerate tumor progression in PmI~'~ hosts. A Representative tumor sections excised from WT (upper panels)
and Pmi~’~ mice (lower panels), stained with H/E or immunostained for F4/80, iNOS, CD206 (mannose receptor; manR) and Ly6g; nuclei were
counterstained with HH. Note the high number of free cells in the peritumoral areas and their larger occurrence in Pm/~’~ mice. TM: tumor
mass. Scale bars: 50 um. B The peritumoral tissue of Pm/~'~ mice (black columns) is distinctly enriched with F4/80-, mannose receptor- and
Ly6g-immunoreactive cells and almost devoid of iNOS-immunoreactive cells compared with that of WT mice, depicting an
immunosuppressive environment. The data are expressed as the mean + SEM. Significantly different from WT mice *p <0.05, **p < 0.01,
***%p £ 0,0001. C Absolute number of TAMs (CD3” CD45R™ F4/80" CD11b™)/tumor mass from WT and Pm/~’~ mice (n=7 per group). TAM
polarization was analyzed by measuring CD86 and MHC-II expression based on the mean fluorescence intensity (MFI). Left panels: the dots
indicate the results of individual mice, and the lines indicate the mean values. **p < 0.01. Right panels: representative histogram plots from 2
mice/group of CD86 and MHC-II expression in macrophages. D Analysis of tumor growth after bone marrow replacement. WT mice were
lethally irradiated to induce myeloablation and then transplanted with bone marrow from WT (PML-WT > PML-WT) or Pm/~’~ (PML-KO > PML-
WT) animals. Bone marrow reconstitution was monitored for 16 weeks (Supplementary Fig. S4 and Methods section), then chimeric mice were
subcutaneously injected with 1 x 10° B16-F10 melanoma cells. Tumor growth was monitored at the indicated time points. Numerical results
are expressed as the mean = SEM (n = 4 per group). E Co-culture with activated Pm/~'~ macrophages showed a larger tumor cell growth-
promoting effect compared to that exerted by WT macrophages. B16-F10 cells were co-cultured with pRM@s from WT and Pm/~'~ mice and
treated daily with LPS and Bz-ATP. After one week, the proliferation of B16-F10 cells was analyzed by crystal violet staining (595 nm
absorbance). Experiments were performed twice, and the error bars indicate SEM. ****p < 0.0001.

Moreover, genetic or pharmacological inhibition of P2X7R or
NLRP3 drastically reduced B16-F10-induced melanoma growth
driven by PML deficiency (Fig. 5E, F and Supplementary
Fig. $7C).

Interestingly, a significant reduction in the levels of secreted
IL-1B, a reduced number of tumor - infiltrating macrophages, and
a decreased ratio of M2-like macrophages in peritumoral tissues
were observed after NLRP3 inhibition compared with those in
PmI~'~ mice (Fig. 5G, H). These results strongly indicate a crucial
role of NLRP3 in M2 polarization driven by PML loss, which leads
to enhanced tumorigenesis.

DISCUSSION

PML is a tumor suppressor that helps to control gene expression
by associating with nuclear bodies (NBs). While PML exerts its
main effects in the nucleus, we showed that it is also expressed at
MAMs, the region in which the ER and mitochondria are

SPRINGER NATURE

juxtaposed [2]. In this cellular compartment, PML determines the
fate of the cell, controlling cell metabolism or death, by
modulating Ca®" transfer to mitochondria [2, 31. In particular, we
proposed that PML forms NBs-like structures (PML-MaBs) at the
ER-mitochondria contact sites, where it orchestrates various
functions by interacting with several proteins and generating
multiprotein complexes. Interestingly, MAMs have been shown to
function as a platform for inflammatory signaling regulated by the
most widely characterized inflammasome, NLRP3 [4]. Two
previous studies revealed a possible liaison between PML and
NLRP3 [24, 25]. The earlier study demonstrated that PML could
promote NLRP3 activation [24], while the latter proposed PML to
be a novel regulator of ASC nuclear localization, thereby limiting
NLRP3 activation [25]. To date, the mechanisms that control the
formation and activation of NLRP3 at MAMs are unknown, as is the
role of PML in this cell compartment. It is worth elucidating this
PML-mediated inflammatory response due to obvious clinical
implications.
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Inverse correlation between PML expression and IL-1f release in patients’ TME. A Histological sections of human melanoma tissue

samples representative also of the peritumoral tissue and belonging to long-survival (up to 5 years) and short-survival (less than 5 years)
patients were immunostained for CD68, CD206, IL-1p and PML (see labels). Representative areas are shown at higher magnification to detail
the protein expression in macrophages (CD206; arrows) and the differential subcellular localization of PML (arrows). IL-1p levels were closely
correlated with the occurrence of CD68+ TAMs, the differential subcellular localization of PML, and poor prognosis. B Patient survival was
negatively correlated with TAM M2 polarization and IL-1p expression. C II-1p expression levels in human melanoma tissue samples and 5-year
survival rates. D The nuclear localization of PML was predictive of poor prognosis for melanoma patients.

In this study, we provide evidence that PML at MAMs represses
NLRP3 activation in the context of a molecular triumvirate that
includes the purinergic P2X7R. In the ER/MAM compartments, PML
has been reported to directly interact with both NRLP3 and P2X7R.
These three proteins form a multiprotein complex in which PML
plays a fundamental role in counteracting NLRP3 activation
mediated by P2X7R. The loss of PML promotes a NLRP3-related
cytokine storm in response to stress conditions due to the
increased redistribution and interaction of NLRP3 and P2X7R at
MAM:s. This mechanism is consistent with the hypothesis that PML
is involved in retaining ASC, the adapter protein required for
proper NLRP3 assembly, and the prevention of inflammasome
hyperactivation, in the nucleus. In fact, PML deficiency may lead to
higher redistribution of ASC in the cytoplasm, wherein it initiates
inflammasome assembly at ER-related compartments together
with NLRP3 [25].

We thus revealed that PML loss might boost tumorigenesis via
the NLRP3-mediated fueling of the inflammatory response.
Indeed, PML deficiency in the TME favors tumor nesting and
development by increasing IL-1 secretion. This in turn promotes
tumor growth, exerting a direct effect on cancer cells. Tumor
growth was strongly reduced by inhibiting host NLRP3, acting on
P2X7R, a major inflammasome activator, or directly impeding
NLRP3 assembly.

Macrophages are the main immune cell type that specifically
populates the TME and are highly prevalent in inflammation-
sustained tumors. We found that PML-deficient macrophages
under stress conditions were skewed toward the M2 phenotype
and exacerbated NLRP3-mediated inflammation, exerting a
promotional effect on tumor growth via the hypersecretion of
IL-1B. Recent findings have indeed revealed the powerful pro-
inflammatory potential of M2 macrophages in pancreatic and liver
cancer [26, 27], although earlier data primarily associated them
with anti-inflammatory action (in contrast to M1). Consistent with
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our observation from syngeneic mouse models, we found an
inverse correlation between PML and IL-1B amounts in the
peritumoral areas of patient specimens, and a higher rating of
PML inside the nucleus in those with a bad prognosis. Further
studies are needed to elucidate the mechanisms that modulate
PML localization and expression in the TME. The recent identifica-
tion of a new PML ubiquitination and degradation pathway [28]
supports our findings that host PML loss may drive an immune
response that worsens rather than ameliorates cancer, thereby
enhancing IL-1 release and opening a new route for PML protein
stabilization.

In summary, we identified a novel function of PML in
undermining the P2X7R/NLRP3 liaison in ER/MAMs. This notion
highlights the importance of these structures, first described by
our research group and named PML-MaBs. We demonstrated how
PML-deficient macrophages would drive tumor progression (in
association with poor prognosis) by hyperactivating the IL-1(3-
driven inflammatory response. Our study thus elucidated pleio-
tropic tumor-promoting mechanisms due to PML loss, and
expanded to outside the tumor, in the TME (Supplementary
Fig. S7D). In addition, we suggest that the nuclear localization of
PML should be evaluated (with simple, rather inexpensive, and
routine analyses) in larger cohorts to determine whether it is
predictive of poor prognosis in patients with melanomas, NSCLC,
and possibly other solid tumors.

Finally, our findings may have implications for severe inflamma-
tory syndromes including pathogen-related ones (as those related to
COVID-19) and tissue specific ones (as neuroinflammation) for the
following reasons. (i) Several viruses have been shown to disrupt
PML-NBs [29]; the same could also happen to PML-MaBs, with
consequent mislocalization of PML from the ER/MAM region, which
would lead to enhanced IL-1( release; (i) the induction of IL-13 by
herpes simplex virus (HSV-1) was markedly enhanced in PML-
deficient BMDMs [25]; this fueling of IL-1( release could presumably
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also be induced by other pathogens, as SARS-Cov-2, in PML-
deficient macrophages; (iii) in brain pathologies NLRP3 dysregula-
tion promotes the neuroinflammatory process exacerbating
neuronal death [30]; in this context, NLRP3 driven inflammation
might be supported by PML-deficient microglia.
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The following key questions remain: (i) Can PML-MaBs disorders
determine inflammation-related diseases severity (COVID-19 and
neurodegenerative disorders)? (ii) Can PML localization at MAMs
play a fundamental role in limiting inflammasome activation in
response to pathogens (such as SARS-Cov-2)? We believe that
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Fig. 5 Genetic ablation of the P2X7R/NLRP3 axis reduces IL-1f levels and cancer development. pRM@s (A) and BMDMs (B) from Pmi /",
Pmi~'=/P2x7r~'~ and Pmi~'~/Nirp3~'~ mice were left unstimulated or stimulated with LPS plus Bz-ATP. The IL-1p levels in the supernatants
were determined by ELISA. Bars: mean + SEM of 3 independent experiments carried out in triplicate. ****p < 0.0001. ELISA of IL-1§ levels in
peritoneal exudate (C) and blood (D) samples from Pm/~'~, Pml~/=/P2x7r~'~ and PmI~/~/NIrp3~'~ mice after treatment with LPS and nigericin.
Bars: mean + SEM of 3 independent experiments carried out in triplicate. **p < 0.001. ****p < 0.0001. E Pm/~'~ (black line) and PmI~'~/Nirp3~/~
(purple line) C57BL/6 mice (6 per group) were injected subcutaneously with B16-F10 melanoma cells (1 x 10°). Left panel, the graph shows the
tumor kinetics at the indicated time points. The middle panels show the quantified tumor volumes and tumor weights at 14 days post-
injection. Error bars indicate SEM. **p < 0.01, ****p < 0.0001. The right panel shows representative tumors excised at the same time point (scale
bars: 1.cm). F. Pmi~~ (black line) and PmI~'~/P2x7r'~ (gray line) C57BL/6 mice (6 per group) were injected subcutaneously with B16-F10
melanoma cells (1 x 10°). Tumor growth was analyzed as described in e. Error bars indicate SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar:
1 cm. G Representative tumor sections from specimens of different mouse groups: Pml~'~ (upper panels), Pmi~'~/Nirp3~'~ (middle panels) and
Pmi~'~/P2x7r '~ (lower panels). The sections were stained with H/E or immunostained for IL-1p, F4/80, iNOS, mannose receptor (manR) and
Ly6g. Nuclei were counterstained with HH. TM: tumor mass. Bars: 50 um. It is worth noting the massive recruitment of free cells and IL-13
immunoreactivity in the peritumoral areas of Pm/~'~ mice, which was otherwise hardly detectable in double-knockout mice. H Quantification

of the cell density (N/mm? in peritumoral tissues revealed significantly higher numbers of F4/80-, mannose receptor-, and Ly6g-

immunoreactive cells in Pm/~’~ mice than in Pmi~"~/P2x7r'~and Pml~'~/Nirp3

mice, while no significant differences were found in the

numbers of iINOS-immunoreactive cells among the groups. Error bars indicate SEM *p < 0.05, ***p < 0.001, ****p < 0.0001.

these questions are worthy of experimentation. The models we
propose might indeed pave the way for new studies on the
mechanisms underlying severe inflammatory diseases.

METHODS

Cell culture and transfection

B16-F10 melanoma cells (kindly provided by Pier Paolo Di Fiore's lab at
IFOM) were grown in RPMI medium supplemented with nonessential
amino acids (Sigma-Aldrich), 10% fetal bovine serum (FBS), and 1%
penicillin/streptomycin (P/S). The LL/2 mouse Lewis lung carcinoma cell
line (from Sigma) and H460 cells (kindly provided by the Pagano laboratory
[31]) were cultured in Dulbecco’s modified Eagle’s medium containing 10%
FBS, 1% glutamine, and 1% P/S. Bone marrow-derived macrophages
(BMDMs) from WT, Pml~"~, PmI~~/P2rx7~'~ and Pml’/’/NIrp3’/’ mice
were isolated as described [32] and differentiated for 7 days in Iscove’s
modified Dulbecco’s medium (IMDM) supplemented with 15% FBS (Gibco),
1% glutamine, 1% P/S and 40 ng/ml M-CSF. Resident peritoneal macro-
phages (pRM@s) from WT, Pml~"~, Pml~"~/P2rx7~'~ and PmlI~"~/NIrp3~/~
mice were isolated as described [33] and cultured in IMDM supplemented
with 15% FBS (Gibco), 1% glutamine and 1% P/S. pRM@s from PmI~"~ mice
were transfected with siRNAs targeting NLRP3 and NLRC4 using
Lipofectamine RNAIMAX (Invitrogen) or with the erPML or nuPML chimeric
plasmid using jetPEl-Macrophage (Polyplus transfection). Human PBMCs
were isolated as described [34], cultured in RPMI medium supplemented
with nonessential amino acids (Sigma-Aldrich), 10% FBS and 1% P/S, and
transfected with a siRNA targeting PML using Lipofectamine RNAIMAX
(Invitrogen). All cells were grown in a 5% CO, incubator at 37 °C and tested
with a Mycoplasma PCR Detection Kit from Sigma (MP0035-1KT).

Reagents

ELISA kits for mouse IL-1B, human IL-1(3, and mouse IL-6 were purchased from
R&D Systems, for mouse IL-18 was purchased from MBL. The anti-IL-1B (clone
B122) was purchased from BioXCell. The PML, NLRP3 and NLRC4 siRNAs were
purchased from Thermo Fisher Scientific. AZ10606120 dihydrochloride was
purchased from Tocris; lipopolysaccharide (LPS) from Escherichia coli 055:B5
(L2880), 2/(3/)-O-(4-benzoylbenzoyl)adenosine 5-trisphosphate triethylammo-
nium salt 95% (Bz-ATP) (B6396), ATP (A3377) and nigericin sodium salt (N7143)
were purchased from Sigma, and MCC950 (HY-12815A) was purchased from
Invivogen. Caspase-1 assay kit was from Abcam.

Immunoblotting
Total cell lysates from BMDM, pRM@s, PBMCs, B16-F10, and LL/2 cells were
lysed in a buffer containing 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton
X-100, and 0.2% SDS supplemented with protease and phosphatase inhibitor
cocktails. Protein extracts were quantified by the Lowry method, and 10 ug
of proteins were loaded and separated on a NUPAGE Novex 4-12% Bis-Tris
Gel (Life Technologies) and transferred onto a nitrocellulose membrane.
Primary antibodies were raised against human PML (Abcam, ab72137),
mouse PML (Millipore, MAB3738), mouse PML (Abcam, #67761), the IL-1
receptor  (I/IL-1R1, Abcam, ab107270), Sigma-1R (Sigma-Aldrich,
HPA018002), IP3R3 (BD Biosciences, 610312), GAPDH (Cell Signaling,
#2118), VDAC (Abcam, ab15895), B-tubulin (Cell Signaling, #55685), NLRP3
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(Adipogen, AG-20B-0014-C100), P2X7 (Alomone, APR-004), P2X7 (Sigma-
Aldrich, P8232), Caspase-1 (Novus Biological, #14F468), IL-1$3 (Cell Signaling
Technology, #12242), and (-Actin (Sigma-Aldrich, #A2668). HRP-
conjugated antibodies (#31430; #31460. WB, 1:5,000 from Thermo Fisher
Scientific) were used, followed by detection using ImageQuant LAS 4000
(GE Healthcare) (see Supplemental Material). The western blots shown in
the figures are representative of at least 3 independent experiments.

Inflammasome stimulation
BMDMs were seeded at a density of 5 x 10° cells per well in 24-well plates,
while pRM@s were seeded at 3 x 10° and 1 x 10° cells per well in 24- and
6-well plates, respectively. Human PBMCs were seeded at a density of
5x10° cells per well in 24-well plates. The next day, the overnight (O/N)
medium was replaced, and cells were stimulated with LPS (1 ug/mL) in
fresh medium for 2h and then stimulated with one of the following
inflammasome activators: 5mM ATP (1 h), 100 uM Bz-ATP (30 min) or 10
UM nigericin (1 h).

Supernatants were assayed by ELISA according to the manufacturer’s
instructions (R&D Systems or MBL). The data shown in the figures are
representative of at least 3 different independent experiments.

Analysis of cleaved Caspase-1 and cleaved IL-1p levels in
conditioned cell culture media

A total of 1 x 10° pRM@s from WT and Pm/~~ mice were cultured in
complete IMDM. The next day, the O/N medium was replaced, and the
cells were stimulated with LPS (1pg/mL) for 3h and then with
the inflammasome activator 5mM ATP (1 h) or 10 uM nigericin (1 h). The
conditioned cell culture media were then collected and concentrated
using Pierce Protein Concentrators PES 10 K MWCO (Thermo Fisher) and
centrifuged (3000 g for 15 min). Aliquots of media (10 pl) were analyzed by
SDS-PAGE and immunoblotting (Ponceau S staining was used as a loading
control). The levels of cleaved Caspase-1 and cleaved IL-1 were detected
with anti-Caspase-1 (Novus Biological, #14F468) and anti-IL-13 (Cell
Signaling Technology, #12242) antibodies, respectively.

Gene knockout by CRISPR/Cas9

The procedure was performed in accordance with a previously published
protocol [35]. To prevent off-target effects, RNA guides (gRNAs) were
purchased from Integrated DNA Technologies IDT. The 20-nucleotide RNA
guide sequence was transfected into B16-F10 cells with Streptococcus
pyogenes Cas9 (IDT) using Lipofectamine RNAIMAX Transfection Reagent
(Thermo Fisher). After two days of incubation, single cells were isolated by
serial dilution and expanded for 5 weeks. Gene KO was assessed by WB
and confirmed by RT-PCR.

Co-culture assay

pRM@s from WT and Pmi~~ C57BL/6 mice were seeded in 6-well plates until
80% confluence and co-cultured in an insert chamber placed on top of the
B16-F10 cells. IL-1RT KO B16-F10 cells generated using the CRISPR/Cas9
technique were co-cultured with pRM@s from Pmi~'~ mice. The bottom of
the insert chamber had 0.4-um pores, allowing cytokines and growth factors
produced by pRM@s to reach the lower chamber containing B16-F10 cells or
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IL-1R1 KO B16-F10 clones. The cells were cultured for up to 1 week, and
PRM@s were treated daily with LPS (1 pg\ml) plus Bz-ATP (100 uM) in the
absence or presence of anti-IL-13 (50 pg/ml). Equal amounts of PBS or the
isotype control antibody were used as controls. H460 cells were co-cultured
with human PBMCs transfected with the scramble or PML siRNA and treated
daily with LPS and Bz-ATP. After one week, the inserts were removed, and the
tumor cells (B16-F10, IL-1R1 KO B16-F10 clones and H460 cells) were stained
with crystal violet. After lysis with 10% acetic acid, the absorbance was read
at 595 nm.

Subcellular fractionation

WT and Pmi~'~ C57BL/6 mice were treated with LPS (250 ug/Kg IP for 1 h)
and nigericin (25mg/kg IP for 1h), and their livers were surgically
removed after anesthetic overdose. BMDM from WT, Pm/~’~ were obtained
and isolated as described above and were treated with LPS (1 pg/mL) for
2 h and then stimulated with 10 pM nigericin (1 h).

Fractionation was performed as described previously [36, 37]. Briefly,
BMDM (10°) were harvested, washed by centrifugation at 500 x g for 5 min
with PBS, and resuspended in homogenization buffer (225 mM mannitol,
75 mM sucrose, 30 mM Tris-HCI pH 7.4, 0.1 mM EGTA and PMSF) and gently
disrupted by Dounce homogenization. Livers were fragmented and
homogenized in homogenization buffer (225mM mannitol, 75 mM
sucrose, 30 mM Tris-HCl pH 7.4, 0.5 mM EGTA and 0.5% BSA).

The homogenate was centrifuged twice at 600 X g for 5 min, then the
supernatant was centrifuged at 10,000 xg for 10 min to pellet crude
mitochondria. The resultant supernatant was centrifuged at 20,000 x g for
30min at 4°C. Further centrifugation of the obtained supernatant at
100,000 x g for 90 min (70-Ti rotor, Beckman, Milan, Italy) at 4 °C results in
the isolation of cytosolic fraction (supernatant) and ER (pellet). The crude
mitochondrial fraction was resuspended in isolation buffer (250 mM
mannitol, 5mM Hepes (pH 7.4) and 0.5 mM EGTA), subjected to Percoll
gradient centrifugation (Percoll medium: 225-mM mannitol, 25-mM HEPES
(pH 7.4), 1-mM EGTA and 30% Percoll (vol/vol) at 95,000 x g for 30 min
(SW40 rotor). A dense band containing purified mitochondria was
recovered approximately at the bottom of the ultracentrifuge tube,
washed by centrifugation at 6300 x g for 10 min, and resuspended in
isolation buffer. The MAMs fraction was removed from the Percoll gradient,
diluted in isolation buffer, and centrifuged at 100,000 x g for 90 min (70-Ti
rotor); the pellet was the MAMs fraction. IP3R3, Sigma 1-R, GAPDH, and
VDAC were used as markers of the ER, MAMs, cytosol, and pure
mitochondria, respectively.

In vivo LPS challenge

WT, Pml~~, Pml~~/P2rx7~'~ and PmlI~~/Nlrp3~/~ C57BL/6 mice were
treated with LPS (250 ug/kg IP for 4 h) and nigericin (2.5 mg/kg IP for 1 h),
and their blood and peritoneal exudates were collected after anesthetic
overdose. PmI™~ mice were pretreated with MCC950 (20 mg/kg, IP),
AZ10606120 (5 mg/kg, IP) or vehicle (PBS, IP) 30 min before treatment with
LPS (250 pg/Kg IP for 4 h) and nigericin (2.5 mg/kg IP for 1 h). Thereafter,
their blood and peritoneal exudates were collected after anesthetic
overdose. The peritoneal exudate samples were concentrated using Pierce
Protein Concentrators PES 10 K MWCO (Thermo Fisher), and the super-
natant was centrifuged (3000 x g for 15 min). The concentrated medium
(10 pl) was separated by SDS/PAGE and transferred onto a nitrocellulose
membrane for standard WB. For the caspase-1 assay, WT and Pml~~
C57BL/6 mice were treated with LPS (250 pg/kg IP for 1 h) and nigericin
(2.5mg/kg IP for 1h). Their livers were removed after an anesthetic
overdose and homogenized with a Potter pestle in lysis buffer (300 mM
sucrose, 1 mM K,HPO,, 5.5 mM D-glucose, 20 mM HEPES, 1 mM phenyl-
methylsulfonylfluoride, and 0.5% IGEPAL). Tissue extracts were then
centrifuged (12,000 x g at 4 °C for 15 min). Protein extracts (200 pg) were
assayed for caspase-1. Mouse plasma was collected after blood
centrifugation (1000x g, 10min at 4°C), and the IL-13 levels were
determined by ELISA according to the manufacturer’s instructions.

Tumor generation and in vivo drug administration

Procedures involving animals and their care were in conformity with
institutional guidelines, and the Animal Ethics Committee approved all
experimental protocols (authorizations n. 481/2017-PR and CBCC2.N.BH4
approved by the Italian Ministry of Health). To generate DKO C57BL/6 mice,
the PmI~'~ mice were crossed either with the P2rx7 7~ strain (a gift from F.
Di Virgilio) or the Nirp3~~ strain. All mice were housed in a temperature-
controlled environment on a 12 h light/dark cycle and received food and
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water ad libitum. A total of 1 x 10° B16-F10 melanoma cells, IL-1R1 KO B16-
F10 clones or LL/2 cells were injected subcutaneously into different groups
of 6- to 8-week-old C57BL/6 female mice. Tumor growth was monitored
daily, and tumor volumes were measured with calipers according to the
following equation: Volume = 71/6 x (a x b?), where a is the major diameter
and b is the minor diameter. The mice were randomly divided into the
treatment and respective control groups (5-6 mice per group). For NLRP3
inflammasome inhibition, mice were treated with MCC950 (20 mg/kg IP) or
AZ10606120 (5mg/kg intratumor) three times a week. For the cytokine
neutralization experiments, mice were treated with anti-IL-13 serum
(BioXCell, clone B122) (50 ug IP, twice weekly). Controls were treated IP
with an equal amount of isotype control antibodies or an equal volume of
PBS. After an anesthetic overdose, tumors were surgically removed from all
mice that reached the experimental endpoint, after which they were
weighed and trimmed for immunohistochemistry or FACS analyses.

Histology and immunohistochemistry

Tumor masses, including peritumoral stroma, were collected at 14 days
postinoculation, fixed in Bouin's liquid for 7 h at 4 °C, dehydrated in a cold-
graded ethanol series and embedded in paraffin. For each specimen, at
least ten sets (50 um away) of five serial sections (6 um thick) were stained
with Harris’ hematoxylin and eosin (H/E) for general histology or processed
for immunohistochemistry, which was performed using ABC-peroxidase.
Adjacent sections were incubated for 1h at room temperature with
antibodies against F4/80 (Cl: A3-1) (Santa Cruz Biotech; sc-59171), IL-1B (H-
155) (Santa Cruz, sc-7884), iNOS (Abcam, ab15323), mannose receptor
antibody (Abcam, ab64693) and Ly6g [RB6-8C5] (Abcam, ab25377). The
antibodies were diluted 1:10 to 1:50 in 0.01 M PBS (pH 7.3) containing 0.1%
sodium azide. A hybridoma irrelevant supernatant or normal rabbit serum
was substituted for the primary antibody in the negative controls. The
antibodies were tested on sections after or without antigen retrieval steps
(40 min at 95°C in 0.01 M, pH 6.0 sodium citrate buffer containing 0.05%
Tween 20, followed by cooling at RT and rinsing with PBS Tween 20).
Thereafter, the sections were incubated for 60 min with biotinylated goat
anti-rat 1gG (mouse adsorbed) or biotinylated goat anti-rabbit IgG sera
(Vector Labs., Burlingame, USA) and diluted 1:200 or 1:1000, respectively,
with PBS containing 0.1% sodium azide and 1% BSA. Some sections (not
treated with any primary antibodies) were incubated with biotinylated
horse anti-mouse IgG serum (Vector) diluted 1:1000 to label B cells.
Thereafter, the sections were incubated for 60 min with avidin-biotinylated
peroxidase complex (ABC, Vectastain Elite, Vector). Following rinsing and
staining (diaminobenzidine), the sections were slightly counterstained with
Harris" hematoxylin, rinsed, dehydrated, mounted and examined under
bright-field illumination.

Immunoreactive cells (nucleated only) in 1 mm? areas of peritumoral
stroma were counted by an observer unaware of the treatments using a
computer-assisted image analysis system, which included a Nikon Eclipse
E600 microscope equipped with a DS-5M digital color video camera.
Images were captured through a PC interface using the software package
Lucia G 4.81 (Laboratory Imaging Ltd., Praha, Hostivar). The number of
immunoreactive cells in each group was then calculated by averaging the
cell numbers from all specimens. The mean and SEM were calculated for
each parameter. Two-way ANOVA was used to assess the treatment effects,
and one-way analysis of variance and Tukey’'s multiple comparison post
hoc test were used to determine differences among groups.
P <0.05 served as the level for statistical significance.

Immunohistochemistry in human tissue specimens

A total of 39 patients with lung carcinoma (18 patients) or melanoma (21
patients) who underwent surgical resection at the University Hospital of
Ferrara were included in the study. Their clinical features are reported in
Table S1; for all of the cases, histopathological parameter analysis was
performed by pathologists of the Pathology Unit of the University Hospital
of Ferrara. The study was approved by the Local Ethics Committee (CE:
1016/2020/0ss/UniFe). The informed consent was collected from patients
whenever it was possible. CD68 immunodetection was performed on
formalin-fixed paraffin-embedded tissue sections (4 um thick) using the
antibody CD68 (PG-M1, Diagnostic Biosystems) and the Multimeric
Detection Kit (Universal DAB Detection Kit Ultraview, Roche Tissue
Diagnostics (CH)) were assessed on a Benchmark XT automated
immunostainer (Roche T. D.). For the immunohistochemical evaluation of
PML, IL-18 and CD206, 4 um-thick tissue sections were immunostained
with anti-PML (Abcam ab72137, 1:250 dilution), anti-IL-18 (Abcam ab9722,
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1:500 dilution) and anti-CD206 (Abcam ab64693, 1:1000 dilution). After
deparaffinization, immunohistochemistry was performed according to [38].

The immunoreactivities of CD68-, PML-, IL-13—, and CD206 in the
peritumoral stroma were evaluated by two independent clinical pathol-
ogists (blinded to the patient outcomes) and scored for occurrence/
absence.

Immunofluorescence assa

pRM@s from WT and pm/™"~ mice were seeded on 24-mm glass
coverslips; the next day, the O/N medium was replaced, and cells were
stimulated with LPS (1 ug/ml for 2 h) plus nigericin (10 uM for 1 h). Then,
the cells were fixed with 4% paraformaldehyde (PFA) in PBS for 10 min
and washed three times with PBS. The cells were permeabilized for
10 min with 0.1% Triton X-100 in PBS and blocked with PBS containing
2% BSA and 0.1% Triton X-100 for 1 h. The cells were incubated O/N at
4°C with the following antibodies: calnexin (Santa Cruz Biotechnology,
sc11397) and NLRP3 (Adipogen, AG-20B-0014-C100). Appropriate
isotype-matched AlexaFluor-conjugated secondary antibodies (diluted
1:1000) were then used (Life Technologies A11008 488 goat anti-rabbit
and A-11005 goat anti-mouse 594). The coverslips were mounted with
ProLong Gold Antifade reagent (Life Technologies), and immunofluor-
escence analysis was performed with a confocal laser scanner micro-
scope (Olympus FV3000) equipped with a 63x oil objective. The
NLRP3 speckle/NLRP3 total ratio was quantified.

Co-immunoprecipitation

Co-immunoprecipitation was carried out using protein Gibco CTS Dyna-
beads (Thermo Fisher) in accordance with the manufacturer’s instructions.
Protein extractions from the ER fractions were carried out by adding 50 mM
NaCl and 1% NP-40 to the homogenization buffer. All the buffers were
supplemented with a proteases inhibitor mixture and Phos-STOP Phospha-
tase Inhibitor Cocktail (Roche Applied Science). The same amount of
extracted proteins for each condition was incubated O/N with the specific
primary antibody PML (Millipore, no. MAB3738), P2X7 (Alomone, APR-004),
or NLRP3 (AG-20B-0014-C100, Adipogen). The immunocomplexes were
captured with the appropriate dynabeads (Thermo Fisher). Beads were
pelleted and washed three times. The bait was eluted in Laemmli sample
buffer and denatured for 5min at 100°C. Samples were proceeded by
SDS-PAGE and analyzed by standard (WB) blotting technique.

RT-PCR

Total RNA was extracted with TRIzol reagent (Life Technologies) and then
purified with the Pure Link RNA Mini Kit (Invitrogen) in accordance with the
manufacturer’s instructions. The RNA was quantified using a Nanodrop
2000 spectrophotometer (Thermo Fisher Scientific, Milan, Italy). One micro-
gram of the total RNA extract was reverse transcribed into cDNA using the
High Capacity cDNA Reverse Transcription kit (Applied Biosystem, Carlsbad,
CA, USA). gRT PCR was performed on a Step One Real-Time PCR System
(Applied Biosystems). Two microliters of cDNA were used as a template.
Amplification was performed using predesigned TagMan probes (Applied
Biosystems) for NLRP3, NLRC4 and GAPDH as housekeeping genes. For the
screening of CRISPR/Cas9 KO clones, RT-PCR was performed with Two-Step
Real-Time PCR on the Rotor Gene Q system (Qiagen). Two microliters of cDNA
were used as a template. Amplification of IL-TR7 and GAPDH, a housekeeping
gene, was performed using predesigned primers (IDTs).

PCR

DNA was prepared from tail biopsies and used in 50 pl reaction mixtures that
included the following specific primers for each selective gene being amplified:
(I) 5'-TGCCCATCTTCTGAACACC, 5'-CTTCCTCTTACTGTTTCCTCCC, and 5-GCAAGG
CGATTAAGTTGGG for P2X7R; (Il) 5-GTCCAGGACATACGTCTGGA, 5TGAGGTCCA
CATCTTCAAGG and 5TTGTAGTTGCCGTCGTCCTT for NLRP3; and (lll) 5-TTGG
ACTTGCGCGTACTGTC, 5-CGACCACCAAGCGAAACA, and 5-TTTCAGTTTCTGCGC
TGCC for PML.

WT genes corresponded to specific amplicons (568 bp for P2x7r; 327 bp
for Nirp3; 400 bp for Pml), unlike the respective KO gene amplicons (393 bp
for P2x7r~/~; 589 bp for Nirp3~/~; 700 bp for PmI~~). The reactions were
analyzed on a 2% agarose gel containing Midori green.

Flow cytometry
Tumors were cut into 1-2 mm? pieces and digested with DNAase (100 pg/
ml, Sigma) and collagenase A (20 units/ml, Roche) in RPMI at 37 °C for 1 h.
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TAMs were blocked with an anti-mouse FcR antibody (CD16/CD32, BD) for
5min at 4 °C; subsequently, the cells were surface stained in the dark for
15min at room temperature with directly conjugated monoclonal
antibodies (mAbs) and analyzed after the exclusion of nonviable cells
using the amine-reactive viability dye Aqua (Life Technologies) as
previously described (1, 2). The following mAbs were used to identify
macrophages (see Extended Data Fig. 4b for the gating strategy) and
analyze their polarization: APC-conjugated anti-CD3 (clone: 145-2C11,
eBioscience), APC-conjugated anti-CD45R (clone: RA3-6B2, eBioscience),
PE/Cy7-conjugated anti-CD11b (clone: M1/70, Biolegend), APC/Cy7-con-
jugated anti-F4/80 (clone: BM8, Biolegend), PE-conjugated anti-CD86
(clone: PO3, Biolegend), and Pacific Blue-conjugated anti-MHC-II (clone:
M5/114.15.2, Biolegend). To determine the percentage of circulating
monocytes, samples of whole blood were immunostained using the
following mAbs: PE-conjugated anti-45 (clone: 30F11, Miltenyi), APC-
conjugated anti-CD11c (clone: N418, Biolegend), PE/Cy7-conjugated anti-
CD11b (clone: M1/70, Biolegend), PerCP-vio700-conjugated anti-Ly-6C
(clone REA796, Miltenyi), and VioBlue-conjugated anti-Ly-6G (clone:
REA526, Miltenyi). Samples were acquired on a BD FACSCantoll (BD
Biosciences) flow cytometer. Data were analyzed using FlowJo version 10
(Tree Star Inc.).

Bone marrow replacement experiment

B6. SJL-Ptprca Pepcb/Boy) (Jackson Laboratory) recipients received
950 cGy of total body irradiation, followed by the intravenous injection
of 10° bone marrow mononuclear cells derived from WT or pm/~'~ C57BL/
6J donor mice.

Reconstitution of donor cells and repopulation of donor myeloid and
lymphoid cells were monitored by the staining of peripheral blood cells
with antibodies against CD45.1, CD45.2, CD3 (T cell), B220 (B cell), CD11b
and Gr-1 (myeloid) every 4 weeks starting at 4 weeks after transplantation.
At 16 weeks post transplantation, the engraftments were considered
stable, and the mice were subjected to tumor engraftment. Experiments
were authorized by the Institutional Review Board for Human Research at
Albert Einstein College of Medicine.

Surface plasmon resonance (SPR) experiments

Recombinant P2X7 protein (GST tag; Cat. No. ABIN1313816; Fc tag; Cat. No.
ABIN16964308), NLRP3 protein (AA 1-1036; GST tag; Cat. No. ABIN1312675)
and PML protein (Transcript Variant 9, Myc-DYKDDDDK tag; Cat. No.
ABIN2729208) were purchased from Antibodies Online, Germany. SPR
measurements were performed on a Biacore 3000 instrument (GE
Healthcare/Cytiva). GST-tagged NLRP3 protein was captured at low surface
density on a polyclonal goat anti-GST antibody, covalently coupled to the
surface of a Biacore CM5 optical sensor chip, using and following
the protocol of the Biacore GST Capture Kit (Order Code: BR-1002-23).
Amine activated flow cell 1 (FC1) of the sensor chip was used as a
reference to allow the generation of background-subtracted binding
sensorgrams. After GST-tagged NLRP3 or P2RX7 ligand capturing,
remaining free anti-GST binding sites were saturated with excess
recombinant GST provided with the Biacore GST Capture Kit to allow
specific sequential binding of other GST-tagged analytes to the captured
ligand protein. Proteins PML and P2X7R were passed as analytes in
sequential injections over the captured NLRP3 ligand at single concentra-
tions of 167 nM at a flow rate 30 pl/minutes in HBS-EP buffer (0.1 M HEPES,
1.5M NaCl, 0.03M EDTA and 0.5% v/v Surfactant P20). PML was also
passed over captured P2X7R in a separate experiment. After the
experiments bound captured ligand and analyte proteins were removed
by anti-GST surface regeneration with 10 mM HCl.

Proximity ligation assay

pRM@s from WT and pm/~~ mice were seeded on 16-well microarray
slides (Thermo Fisher) at a density of 10° cells. Twenty-four hours after
seeding, the cells were primed with LPS (1 pg/ml for 2 h) and then with
nigericin (10 uM for 1 h). The cells were then fixed with 4% PFA in PBS for
10 min and washed three times with PBS. The cells were permeabilized for
10 min with 0.1% Triton X-100 in PBS and blocked with PBS containing 5%
BSA and 0.1% Triton X-100 for 1 h. Then, the cells were hybridized (O/N at
4°C in a humid chamber) with the following conjugated primary
antibodies (PLA probes) overnight: one MINUS (P2X7R) and one PLUS
(NLRP3) for the P2X7R-NLRP3 interaction, one MINUS (PML) and one PLUS
(NLRP3) for the PML-NLRP3 interaction, and one MINUS (P2X7R) and one
PLUS (PML) for the P2X7R-PML interaction. The next day, the PLA was

SPRINGER NATURE

439



S. Missiroli et al.

440

conducted in accordance with the manufacturer’s instructions. After the
PLA assay, the cells were fixed with 100% methanol for 20 min at —20°C
and then permeabilized for 10 min with 0.1% Triton X-100 in PBS. The cells
were blocked with PBS containing 5% milk and 0.1% Triton X-100 for 1 h
and then incubated O/N at 4°C with an antibody against PDI (Abcam,
ab3672). An appropriate, isotype-matched AlexaFluor-conjugated second-
ary antibody (Life Technologies, A11008, 488 goat anti-rabbit, diluted
1:1000) was then applied, and the PLA signal was detected by an Olympus
Xcellence widefield system and deconvolved using Fiji. After 3D digital
deconvolution, the PLA signal was quantified as dots within each PDI-
positive cell or DAPI-positive cell.

Statistics analyses

The data were analyzed by Prism 6 (GraphPad) or Microsoft Excel
(Microsoft Co.). Unless otherwise specified, the data are representative of at
least three biologically independent experiments. Two-group datasets
were analyzed by Student’s t test for unpaired data. For multiple
comparison (=3 experimental groups) analysis, one-way ANOVA followed
by Tukey’s or Dunnett’s test was used where appropriate. A P value <0.05
was considered significant.

DATA AVAILABILITY

The data analyzed during this study are included in this article and the supplemental
data files. Additional supporting data are available from the corresponding authors
upon reasonable request.
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