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Simple Summary: The tumor-intrinsic NLRP3 inflammasome is a newly recognized player in the
regulation of tumor-directed immune responses and promises to provide fresh insight into how
tumors respond to immunotherapy. This brief review discusses recent data describing how activation
of the tumor-intrinsic NLRP3 inflammasome contributes to immune evasion and what this pathway
may provide to the field of immuno-oncology both in terms of pharmacologic targets capable of
boosting responses to checkpoint inhibitor therapies and predictive biomarkers indicating which
tumors may be most susceptible to these new therapeutic strategies.

Abstract: The tumor-intrinsic NOD-like receptor family, pyrin-domain-containing-3 (NLRP3) in-
flammasome, plays an important role in regulating immunosuppressive myeloid cell populations
in the tumor microenvironment (TME). While prior studies have described the activation of this
inflammasome in driving pro-tumorigenic mechanisms, emerging data is now revealing the tumor
NLRP3 inflammasome and the downstream release of heat shock protein-70 (HSP70) to regulate
anti-tumor immunity and contribute to the development of adaptive resistance to anti-PD-1 im-
munotherapy. Genetic alterations that influence the activity of the NLRP3 signaling axis are likely
to impact T cell-mediated tumor cell killing and may indicate which tumors rely on this pathway
for immune escape. These studies suggest that the NLRP3 inflammasome and its secreted product,
HSP70, represent promising pharmacologic targets for manipulating innate immune cell populations
in the TME while enhancing responses to anti-PD-1 immunotherapy. Additional studies are needed
to better understand tumor-specific regulatory mechanisms of NLRP3 to enable the development of
tumor-selective pharmacologic strategies capable of augmenting responses to checkpoint inhibitor
immunotherapy while minimizing unwanted off-target effects. The execution of upcoming clinical
trials investigating this strategy to overcome anti-PD-1 resistance promises to provide novel insight
into the role of this pathway in immuno-oncology.

Keywords: NLRP3 inflammasome; HSP70; adaptive immunotherapy resistance; granulocytic
myeloid-derived suppressor cells

1. Introduction

Much of our understanding of anti-tumor immunity is based on studies focused on the
adaptive immune response to cancer. However, our insight into the interactions between
the tumor and the innate immune system and its role in controlling tumor metastasis has
remained incomplete. There has been a significant amount of work in recent years describ-
ing and characterizing a key role for the inflammasome in regulating innate immunity,
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predominantly in the context of inflammatory and autoimmune diseases [1,2]. The canoni-
cal inflammasome describes a macromolecular complex comprised of a scaffolding protein
that, upon activation and oligomerization, induces the activation of caspase-1. Caspase-1,
in turn, cleaves and converts the inflammatory cytokines, pro-IL-1β and pro-IL-18, into
their active forms and facilitates their secretion. This same process drives the cleavage
and activation of the pore-forming protein, gasdermin-D, which enables the secretion of
these cytokines as well as danger-associated molecular patterns (DAMPs) in the presence
or absence of a process of inflammatory cell death known as pyroptosis [2,3]. NOD-like
receptor family, pyrin-domain-containing-3 (NLRP3), also known as NALP3 or cryopyrin,
represents the most well-studied inflammasome, and its role in inducing inflammatory
responses is broadly recognized [4–6]. While the NLRP3 inflammasome has been demon-
strated to respond to a wide variety of stimuli, including various molecules indicative of
alterations in cellular homeostasis, it is also regulated by a complex network of pathways
that modulate its signaling capacity through an array of post-translational modifications,
including phosphorylation and ubiquitination [7]. Importantly, several gain-of-function
mutations in the NLRP3 gene, as well as its regulators, have been identified and associated
with various clinical inflammatory syndromes [1,8]. It is this association between NLRP3
and these inflammatory conditions, which has also prompted the development of various
pharmacologic inhibitors to suppress the activity of the NLRP3 inflammasome and manage
the symptoms of these rare disorders [9,10]. While much of our understanding of NLRP3
biology has been derived from studies in myeloid cell populations, such as macrophages
and dendritic cells, its tumor-intrinsic role has historically been overlooked. After briefly
discussing prior studies implicating a role for the NLRP3 inflammasome in both cancer
progression and the regulation of the adaptive immune system, this review then focuses
on developments that indicate an important role for the tumor-intrinsic NLRP3 inflamma-
some in acquired immunotherapy resistance via the induction of heat shock protein-70
(HSP70) release and the ultimate recruitment of granulocytic myeloid-derived suppressor
cells (PMN-MDSCs). Additional discussion is provided regarding the influence that the
genetics of this inflammasome pathway may have on immunotherapy resistance and in the
identification of those tumors more likely to be responsive to the pharmacologic inhibition
of the tumor NLRP3-HSP70 signaling axis.

2. NLRP3 in Cancer

The NLRP3 inflammasome has been implicated in promoting the progression of
several malignancies by influencing the intrinsic invasiveness of the tumor while also pro-
moting the process of epithelial-mesenchymal transition (EMT) [11–20]. Indeed, NLRP3 has
been shown to be overexpressed by many cancers, while elevated levels of tumor NLRP3
expression have also been associated with an inferior clinical prognosis [15,21–23]. This is
consistent with data showing NLRP3 amplification across several solid tumor types, impli-
cating NLRP3 as a potential oncogene [24]. However, the underlying intrinsic pathways
linking NLRP3 with tumorigenesis are still poorly described. Interestingly, one study has
identified NLRP3 exonic mutations associated with FLIP-mediated anti-apoptosis in ~16%
of lung adenocarcinomas [25]. NLRP3 activation has also been suggested to contribute to
myelodysplastic syndrome by triggering enhanced nuclear translocation of β-catenin and
an increased expression of Wnt/β-catenin target genes in hematopoietic stem cells [26].
Still, it is unknown whether NLRP3 activation contributes to tumor de-differentiation via
this same impact on the β-catenin signaling pathway in solid tumors. While pyroptosis
has been shown to be suppressed in response to NLRP3 activation in certain tumor types,
thus promoting tumor cell survival, it is unclear whether the development of this endpoint
depends upon the specific stimulus [27]. Mechanisms determining the cell’s fate of py-
roptosis versus a state of inflammasome-dependent hypersecretion in tumors following
NLRP3 activation would be expected to significantly alter the physiologic impact of this
pathway [3].
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In addition to its tumor-intrinsic properties, studies have described a role for NLRP3
in regulating the accumulation of immunosuppressive myeloid-derived suppressor cells
(MDSCs) within the tumor microenvironment. This is exemplified by cancer-associated
fibroblast (CAF) expression of NLRP3, which contributes to tumorigenesis and metastasis
in several breast cancer models, including the syngeneic PyMT-derived mammary tumor
cell lines, AT3 and Met-1, and the 4T1 mammary carcinoma cell line [28]. This study showed
NLRP3 in CAFs to mediate IL-1β-dependent recruitment of both CD11b+Ly6CloLy6G+

PMN-MDSCs and CD11b+Ly6ChiLy6G− monocytic MDSCs into the tumor bed depending
on the genetic background of the tumor model. These findings are in line with previous
work implicating a role for host NLRP3 in suppressing the efficacy of a dendritic cell-based
cancer vaccine by recruiting CD11b+Gr-1+ MDSCs into tumor tissues [29]. Further studies
have similarly described the periodontal pathogen, Porphyromonas gingivalis, as a driver of
colon cancer by promoting NLRP3-mediated accumulation of CD11b+ myeloid cells into
the colonic epithelium [30].

3. Tumor-Intrinsic NLRP3 and Its Regulation

While the regulation of the NLRP3 inflammasome has been well examined within
various myeloid populations of the innate immune system, very few studies have investi-
gated the tumor-intrinsic properties of NLRP3. It has remained unclear what biological
processes NLRP3 may regulate in tumor cells and whether these processes may be different
from its function in myeloid cell populations. In addition, it is not understood whether
there are tumor-specific pathways that uniquely modulate NLRP3 function relative to
the regulatory networks that have been shown to control NLRP3 activity in myeloid
cells. However, there are newly available reports that have begun to provide some in-
sight into NLRP3 regulation in cancers. A recent study found KrasG12D oncogene-driven
myeloproliferation to be dependent upon NLRP3 inflammasome activation [31]. This
work revealed KrasG12D induction of NLRP3 activation to rely upon RAC1-mediated
accumulation of reactive oxygen species (ROS) in myeloid leukemia cells. This NLRP3
regulatory mechanism is similar to what has been described for insulin-like growth factor-I
shown to induce NLRP3 activation via ROS accumulation in HeLa cervical carcinoma
cells [32]. Further studies have also demonstrated a pro-tumorigenic role for NLRP3 under
the regulation of interleukin-1 receptor-associated kinase-1-mediated JNK1/2 phospho-
rylation in hepatocellular carcinoma cell lines as well as the control by estrogen receptor
signaling in endometrial carcinoma cell lines and breast carcinoma cell lines [33–35]. Ad-
ditional reports have described roles for microRNA-22 (miR-22), miR-135a, and miR-233
in negatively regulating NLRP3 expression while suppressing the progression of an oral
squamous cell carcinoma model, a pancreatic cancer model, and a breast cancer model,
respectively [36–38]. Future studies to uncover tumor-selective regulators of the NLRP3
inflammasome may allow for the development of pharmacologic agents that avoid impact-
ing myeloid cell inflammasome activity and thus circumvent the development of potential
off-target toxicities.

4. NLRP3 and Anti-Tumor Immunity

As opposed to its reported role in the innate immune system, NLRP3 inflammasome-
mediated regulation of adaptive immune responses to cancer has been less well-described [39].
Prior work has supported a role for NLRP3 in tumor immunosurveillance, including stud-
ies showing the NLRP3 inflammasome to upregulate PD-L1 expression and suppress the
generation of T cell responses in diffuse large B cell lymphoma while also driving metastatic
progression in the B16/F10 melanoma model by inhibiting NK cell activity [40,41]. More
recent studies have shown systemic pharmacologic inhibition of NLRP3 to increase effector
CD8+ T cells and suppress both CD4+FoxP3+ regulatory T cells and CD11b+Ly6G+Ly6Clo

PMN-MDSCs in a transgenic Tgfbr1/Pten 2ccKO model of head and neck squamous cell carci-
noma [42]. These data are also consistent with studies performed in a transgenic p48Cre;LSL-
KrasG12D model and an orthotopic Pdx1Cre;LSL-KrasG12D;Tp53R172H model of pancreatic
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cancer, which demonstrated NLRP3 signaling in macrophages to drive M2 polarization and
suppress both the activation and infiltration of CD4+ and CD8+ T cells in pancreatic tu-
mors [43]. This data is further in line with findings implicating macrophage NLRP3 signaling
to enhance the migration and metastatic progression in models of both colorectal cancer and
melanoma [44,45]. Additional studies have shown NLRP3 expression by MDSCs to mitigate
against the anti-tumor properties of 5-fluorouracil chemotherapy in several preclinical tumor
models by driving TH17 development [46]. Notably, these effects were both found to be
IL-1β-dependent. Indeed, many of the described pro-tumorigenic properties of NLRP3 have
been attributed to its role in driving the expression of IL-1β by tumor-infiltrating myeloid
cells. Studies have shown this process to support the recruitment of other myeloid cells
to the tumor bed and promote tumor invasiveness and metastasis in an IL-1β-dependent
manner [45,47]. Indeed, studies have implicated the NLRP3-mediated release of IL-1β in the
induction of the IL-22 cytokine by CD4+ T cells, a process observed to support tumor cell
proliferation and growth [48]. Together, these data are consistent with the findings reported
in the CANTOS clinical trial, which was originally designed to examine the impact of the
IL-1β antagonistic antibody, canakinumab, on recurrent vascular events in patients with
a prior myocardial infarction and persistently elevated C-reactive protein. Remarkably, a
re-evaluation of this data revealed a significant decrease in lung cancer incidence (HR 0.33,
p < 0.0001) and lung cancer mortality (HR 0.23, p = 0.0002) in patients treated with canakinumab
relative to placebo [49].

While several studies have demonstrated IL-1β to generally promote both intrinsic
and extrinsic properties of tumorigenesis, including angiogenesis and immune evasion,
it is important to also recognize that a role for IL-1β has been described in promoting
anti-tumor immunity in specific contexts. This includes a report describing the delivery of
systemic IL-1β distant from the tumor site to effectively condition adoptively transferred T
cell populations to generate improved anti-tumor immune responses in a B16 melanoma
model [50]. Additional groups utilizing syngeneic murine tumor model systems have
reported on the anti-tumor properties of IL-1β [51,52]. Indeed, IL-1β signaling in dendritic
cells has been shown to be critical for the induction of radiation-induced anti-tumor
immune responses [53]. The exact underlying reason for this seemingly discrepant data
is generally believed to be associated with the context of IL-1β signaling, while the local
concentration and secretion kinetics of IL-1β may also influence downstream outcomes
following the activation of this pathway. These disparate results further emphasize the
importance of validating pre-clinical data with correlative studies in cancer patients.

5. Tumor-Intrinsic NLRP3 and Adaptive Immunotherapy Resistance

While the above studies are consistent with the previously described pro-tumorigenic
properties of the NLRP3 inflammasome, a role for tumor-expressed NLRP3 in the regulation
of anti-tumor immunity has remained less clear. Using a transgenic model of BRAFV600E

melanoma, we found anti-PD-1 immunotherapy to induce the upregulation of several
CXCR2-dependent chemokines in primary melanoma tissues [54] (Figure 1). We verified
that these changes correlated with an increased flux of PMN-MDSCs into tumors, a process
that was reversed by tumor-directed genetic silencing of CXCL5 as well as small molecule
inhibition of CXCR2. This observation was further found to correlate with the upregulation
of Wnt5a expression in tumor tissues in response to anti-PD-1 therapy [54]. Building on
prior key studies, we found this upregulation in Wnt5a to drive both CXCL5 expression
and the recruitment of PMN-MDSCs in response to anti-PD-1 [55,56]. While conducting
this work, we also noted that tumors undergoing CD8+ T cell-mediated killing in response
to anti-PD-1 immunotherapy exhibited an upregulation in several cellular stress pathways,
including the release of HSP70. Since HSP70 has been shown to induce toll-like receptor-4
(TLR4) activation, which has further been linked with Wnt5a upregulation, we surmised
that the release of HSP70 in response to PD-1-PD-L1 blockade could be inducing this
Wnt5a-CXCL5 signaling axis [57,58]. Indeed, additional studies demonstrated that HSP70
was readily secreted from these melanoma cells in response to CD8+ T cell activation both
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in vitro as well as in vivo [54]. Adenosine triphosphate (ATP) has been demonstrated to
be a potent inducer of HSP70 secretion [59]. Since ATP is also a well-known mediator of
NLRP3 inflammasome activation in several cell types, we hypothesized that the NLRP3
inflammasome was mediating the release of HSP70 in response to the anti-PD-1 blockade.
Indeed, additional experiments both in vitro and in vivo using both genetic silencing and
pharmacologic inhibition demonstrated the release of tumor HSP70 to be dependent on
activation of the tumor-intrinsic NLRP3 inflammasome [54]. We further confirmed and
characterized this same overall pathway in an array of murine tumor models and human
tumor cell lines that included pancreatic cancer, colorectal cancer, non-small cell lung
cancer, and renal cell carcinoma. These data suggested that this observed pathway might
be related to a unique activation mechanism for the NLRP3 inflammasome in several tumor
types. Therefore, a series of additional signaling studies was conducted to further define
a link between CD8+ T cell activation and NLRP3 inflammasome activation in tumors,
revealing tumor PD-L1-mediated triggering of NLRP3 activation via a STAT3-protein kinase
R (PKR) pathway (Figure 1) [54,60,61]. This work further showed CD8+ T cell-derived
interferon-γ to contribute to the activation of this pathway, likely through the upregulation
of PD-L1 expression. Together, these data outline a role for the tumor-intrinsic NLRP3
inflammasome in driving acquired resistance to checkpoint inhibitor immunotherapy
by triggering the recruitment of an immunosuppressive population of PMN-MDSCs.
Additional studies showing combination NLRP3 inhibition-anti-PD-1 antibody therapy
to generate a more effective anti-tumor immune response over anti-PD-1 monotherapy in
the autochthonous BRAFV600E melanoma model further support the importance of this
tumor-intrinsic pathway in mediating resistance to checkpoint inhibitor immunotherapy.
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Figure 1. Tumor-Intrinsic NLRP3 Inflammasome Promotes Adaptive Resistance to Anti-PD-1 Im-
munotherapy. A PD-L1:STAT3:PKR pathway triggers NLRP3 inflammasome activation in response to
anti-PD-1-mediated CD8+ T cell activation [54]. In line with previous work, our studies have shown
that PD-L1 cytoplasmic signaling inhibits STAT3 and that this process de-inhibits PKR kinase activity
to lead to NLRP3 activation [60,61]. A TLR4-Wnt5a-CXCL5 autocrine pathway promotes PMN-MDSC
recruitment in response to tumor NLRP3-dependent release of HSP70. Created with BioRender.com.

6. Monitoring Tumor-Intrinsic NLRP3

This work is consistent with recently reported findings portraying a positive rela-
tionship between an NLRP3-associated gene expression signature and tumor-infiltrating
lymphocytes based on a review of the melanoma SKCM database in the Cancer Genome
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Atlas (TCGA) [62]. However, this study also noted an association between elevated NLRP3
gene expression scores and a positive prognosis in melanoma patients [62]. This contradicts
the findings of several studies described above, indicating that NLRP3 supports tumorige-
nesis and immune evasion through both intrinsic and extrinsic mechanisms. We propose
that evidence of an immunosuppressive impact by activation of the NLRP3 inflammasome
will not be entirely apparent until the introduction of an anti-PD-1 antibody. Indeed, the
majority of TCGA samples were derived from primary and regional metastatic lesions, all
prior to the initiation of checkpoint inhibitor immunotherapy [63]. In addition, intrinsic
negative feedback expression loops in this pathway are likely to complicate interpretation
of the NLRP3 gene expression score for specific tissues based on transcriptional profiling, as
high NLRP3 gene expression scores are likely to be associated with lower NLRP3 signaling
activity [64]. Finally, various post-transcriptional modifications of NLRP3 are expected
to alter NLRP3 signaling capacity, further making transcriptional measurements on the
RNA level a poor estimate of the activity of this pathway [4]. This further emphasizes the
importance of the use of functional assays, such as NLRP3-ASC coaggregation assays in tis-
sues or the measurement of other downstream targets upregulated by NLRP3, rather than
relying on transcriptional studies for assessing the activity of the NLRP3 inflammasome.

7. Genetics of Tumor-Intrinsic NLRP3

There has been a plethora of studies associating various gain-of-function mutations
in NLRP3 with several autoinflammatory syndromes, and this has been supported by
mechanistic studies illustrating a direct causal relationship between specific NLRP3 muta-
tions and inflammatory sequelae [1,2,65]. In addition, a review of the TCGA database also
shows an array of cancer types harboring genetic alterations in NLRP3 (Figure 2) [65,66].
Nevertheless, our understanding of the influence of genetic variation in NLRP3 on tu-
mor behavior and tumor immunosurveillance remains poor. Whether germline genetic
alterations contribute significantly to tumor-intrinsic NLRP3 functionality or whether the
activation of tumor-intrinsic NLRP3 is dominantly controlled by tumor somatic mutations
also remains unclear. As noted previously, gene amplification in NLRP3 has been identified
in select cancer types, including breast cancer, ovarian cancer, and melanoma [24]. This is
further consistent with the observation that several cancer types exhibit an upregulation in
the expression of NLRP3 relative to their benign tissue counterparts [67]. Specific small
nucleotide polymorphisms (SNPs) of NLRP3 have been identified in the genome of patients
and associated with the development and/or prognosis of certain malignancies, including
melanoma and colorectal cancer [68,69]. However, mechanistic studies explaining the
relationships between these SNPs and enhanced tumorigenesis are still lacking. Notably,
recent studies in lung adenocarcinoma have revealed select gain-of-function mutations in
NLRP3 to drive FLIP-dependent inhibition of apoptosis, thus promoting tumorigenesis [25].
It would be interesting to further determine if these NLRP3 mutant lung tumors were also
associated with enhanced recruitment of MDSC populations.

In light of its emerging role in regulating anti-tumor immunity, genetic alterations in
NLRP3 may predict targeted pharmacologic inhibitors of NLRP3 to augment checkpoint
inhibitor immunotherapy. As a variety of genetic alterations, including gain-of-function
mutations and copy number gains, may contribute to the overall activation state of NLRP3
in tumors, functional NLRP3 activation assays, such as NLRP3-ASC co-localization studies,
using tumor tissue specimens may serve as a surrogate capable of capturing those tumors
utilizing NLRP3 to suppress immune surveillance. Our data showing tumor-intrinsic
NLRP3 to drive HSP70 release further suggests the use of plasma HSP70 levels as another
candidate predictive biomarker for either NLRP3 or HSP70-targeted inhibitors. Finally,
since specific NLRP3-related mutations may dictate the efficacy of select inhibitors, the
identification of those mutations impacting NLRP3 function may be critical for the selection
of pharmacologic inhibitors to manage specific tumors [70].
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8. Role of HSP70 as a Mediator of Tumor-Intrinsic NLRP3

The HSP70 family is comprised of 13 proteins that reside within different cellular
compartments and generally serve to support cell survival during various forms of cellular
stress [71]. Several mechanisms have been proposed to explain the secretion of HSP70,
which has been shown to be independent of the endoplasmic reticulum and the Golgi [71].
In comparison to the levels of IL-1β typically generated via NLRP3 activation in myeloid
cell populations, the levels of IL-1β secretion via the tumor-intrinsic NLRP3 pathway in
both murine melanoma models and in human melanoma cell lines are minimal. Rather,
our studies implicate HSP70 as being the critical soluble mediator released by the tumor
NLRP3 inflammasome as well as the driver of PMN-MDSC recruitment in several murine
models and human tumor cell lines [54]. Indeed, we further identified patients with anti-
PD-1-resistant melanoma to exhibit elevated HSP70 plasma levels as well as an increase in
the myeloid-associated genes, CD33, CD11B, CXCR2, S100A8, and S100A9, in tumor tissue
specimens relative to responders [54]. It is notable that this data is consistent with a recent
study that also recognized a relationship between the tumor-intrinsic NLRP3 inflamma-
some and the recruitment of MDSCs in the B16/F10 melanoma model [72]. These authors
showed that a selective pharmacologic inhibitor of NLRP3, OLT1177, suppressed B16/F10
melanoma progression and inhibited IL-1β release in the 1205Lu human melanoma cell
line. This work also reported an improved anti-tumor immune response when combining
OLT1177 with anti-PD-1 antibody therapy in the B16/F10 melanoma model and inferred
that this was due to inhibition of melanoma-dependent IL-1β secretion. However, no
experiments were presented showing a direct role for IL-1β in the recruitment of MDSCs.
Unlike prior studies that have shown NLRP3-dependent release of IL-1β occurs in human
melanoma cell lines and tissues derived from more advanced disease, we have been un-
able to induce IL-1β expression in human melanoma cell lines at significant levels with
common NLRP3 stimuli [73]. Indeed, even when detected, the levels of IL-1β produced
by melanoma cells are negligible relative to what is observed following the stimulation of
various myeloid cell populations. Notably, the use of combination IFN-γ and anti-PD-L1
antibody treatment to simulate CD8+ T cell activation-induced HSP70 secretion by these
same human melanoma cell lines, while IL-1β remained undetectable. While the prepon-
derance of the data supports an important role for IL-1β in contributing to tumorigenesis,
we propose that its role is further downstream from tumor NLRP3-mediated HSP70 release
and is predominantly expressed by recruited myeloid cells in the tumor microenviron-



Cancers 2021, 13, 4753 8 of 14

ment as opposed to tumor cells (Figure 3). This described secretion mechanism of HSP70
from tumor cells in response to CD8+ T cell cytolytic activity contributes to our under-
standing of extracellular HSP70. In addition, these findings implicate HSP70 as being an
additional candidate immunotherapeutic target with the capacity for synergizing with
anti-PD-1 immunotherapy.
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9. NLRP3 and HSP70 Inhibitors in Development

There are a variety of pharmacologic inhibitors of the NLRP3 inflammasome in early-
phase clinical trial testing for several autoimmune and autoinflammatory conditions [74,75].
However, few have been investigated in cancer, and many of these inhibitors have only
been tested in pre-clinical studies (Table 1). This includes MCC950, a diarylsulfonylurea-
containing compound that inhibits ATP hydrolysis in the NACHT domain of NLRP3, which
has been found to suppress MDSCs and regulatory T cells while enhancing the numbers
of effector T cells in murine models of head and neck squamous cell carcinoma [42,76].
Ordinine is a covalent small molecule inhibitor derived from the Chinese medicinal herb
Rabdosia rubescens, which inhibits the assembly of the NLRP3 complex by interacting
with the Cys279 amino acid within its NACHT domain [77]. Studies have demonstrated
this inhibitor to suppress colon cancer cell proliferation in vitro and tumor progression in
syngeneic tumor models in vivo [78]. Better known for its anti-allergy properties, tranilast
(N-3,4-dimethoxycinnamoyl-anthranilic acid), which also binds to the NACHT domain
to prevent NLRP3 oligomerization, has been shown to suppress the progression of a
variety of cancer types in pre-clinical studies, including gastric cancer, pancreatic cancer,
glioma, and osteosarcoma [79]. Notably, dapansutrile (OLT1177), a small synthetic orally
active compound and selective NLRP3 inhibitor, which is currently the most advanced
candidate in clinical trial development, has been evaluated for the treatment of heart failure,
osteoarthritis, as well as acute gout in a recent phase II study [80,81]. In addition to studies
focused on the use of dapansutrile for the management of inflammatory diseases, a recent
study has shown this agent to suppress the recruitment of MDSCs and enhance anti-tumor
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immunity in the B16 melanoma model, a finding in line with our previously described
data [54,72].

Table 1. Clinical Trial Testing of NLRP3 and HSP70 Inhibitors in Oncology.

Target Compound Name Trial Phase Indication Status NCT Identifier

NLRP3

Dapansutrile
(OLT1177) I/II w/ Pembrolizumb in

Anti-PD-1-Resistant Melanoma
Not Yet

Recruiting NCT04971499

Resveratrol I Colon cancer Completed NCT00256334

Resveratrol I Colon cancer Completed NCT00433576

Resveratrol I Colon Cancer Completed NCT00920803

HSP70

Minnelide I Advanced GI Tumors Completed NCT01927965

Minnelide II Refractory Pancreatic
Adenocarcinoma Completed NCT03117920

Minnelide II Refractory Pancreatic
Adenosquamous carcinoma Recruiting NCT04896073

Minnelide I Relapsed or Refractory Acute
Myeloid Leukemia Recruiting NCT03760523

Minnelide I Advanced Solid Tumors Recruiting NCT03129139

Given that the NLRP3 inflammasome has been implicated in an array of inflammatory
conditions, several additional direct NLRP3 inhibitors, some with restricted tissue distri-
bution profiles, are currently in various phases of development [74]. In addition, interest
has also been shown in developing indirect NLRP3 inhibitors that primarily target other
regulators of the NLRP3 inflammasome. These include NEK7, which is necessary for the
induction of NLRP3 oligomerization, JNK1-mediated phosphorylation, as well as several
players that regulate NLRP3 levels via ubiquitination, including BRCC3, FBXL2, FBXO3,
MARCH7, and TRIM31 [4,7]. Together, these trends suggest the future availability of
several candidate inhibitors that may be re-purposed for tumors harboring specific genetic
alterations impacting the activity of this pathway. We direct the reader to a comprehensive
review of several additional topics related to NLRP3 inhibitor development and application
that are beyond the scope of this current review [74].

As studies have continued to implicate HSP70 as playing a role in the process of
tumorigenesis, HSP70-targeted inhibitors have also emerged in cancer studies [71]. In
particular, VER-155008, which binds to the nucleotide binding site of HSP70, has been
shown to suppress the proliferation and promote the apoptosis of several different tumor
cell lines, including prostate cancer and lung cancer [82,83]. This is consistent with the
observed activity of apoptozole, which also inhibits the ATPase activity of HSP70 and
induces the apoptosis of several different cancer cell lines in vitro [84]. This is also true
for the activity of the synthetic HSP70 inhibitor, MAL3-101, previously demonstrated
to suppress proliferation and growth of Merkel cell carcinoma tumor cells in vitro and
in vivo, respectively [85]. While there have been few studies linking the inhibition of
HSP70 with anti-tumor immunity, a recent study performed in the MC38 and CT26 murine
colon cancer cell lines as well as the HT-29 human colon cancer cell line demonstrated the
HSP70 inhibitor, AP-4-139B, to induce an immunogenic form of cell death that promotes
the recruitment of both CD4+ and CD8+ T cells [86]. Finally, another HSP70 inhibitor,
minnelide, has also been found to have anti-tumor properties and is currently being
investigated in a series of clinical trials focused on various cancer types (Table 1) [87,88].

As opposed to a role as an inhibitor of tumor immunosurveillance, there is existing
data describing a supportive role of the NLRP3 inflammasome in the development of
anti-tumor immune responses, including data illustrating its ability to promote dendritic
cell-dependent activation of T cells [89]. This would be consistent with studies indicat-
ing that the NLRP3 inflammasome also plays an important role in the development of
immune responses directed toward pathogens, including influenza A [90]. Indeed, prior
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clinical investigation of the IL-1β antagonistic antibody, canakinumab, did reveal an in-
crease in infectious complications associated with this agent [91]. Furthermore, previous
work has identified a T cell-intrinsic role for NLRP3 in directing TH2 differentiation in
CD4+ T cells [92]. These data, therefore, indicate that systemic NLRP3 inhibition should
be approached with caution. These data further suggest that HSP70 may represent a
more tumor-specific target since our data indicate NLRP3-mediated HSP70 release occurs
predominantly in malignant tissues rather than in myeloid cell populations.

10. Conclusions

While implicated in driving certain intrinsic tumorigenic properties of cancers, an
important role for the NLRP3 inflammasome in directing anti-tumor immunity is now
being realized. The contribution of the NLRP3 inflammasome in the context of myeloid
cell populations to the development of various pro-inflammatory states has been well
documented. However, few studies have sought to characterize the function and regulation
of the NLRP3 inflammasome in tumor cells. Studies to date suggest that the tumor-intrinsic
NLRP3 inflammasome plays an important role in recruiting the highly immunosuppressive
PMN-MDSCs into the tumor microenvironment and facilitating tumor immune evasion as
well as resistance to checkpoint inhibitor immunotherapy. An improved understanding
of those molecular mechanisms directing NLRP3 activity in tumors as well as the genetic
variations that dictate the overall activity of this pathway in various cancers are predicted
to lead to novel pharmacologic targets and biomarkers capable of guiding the use of
these agents. The future development of tumor-specific NLRP3 pathway antagonists may
ultimately prove to be the most effective strategy for enhancing the efficacy of checkpoint
inhibitor immunotherapies in clinical oncology.
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Abbreviations

CAF cancer-associated fibroblast
CANTOS Canakinumab Anti-Inflammatory Thrombosis Outcome Study
DAMPs danger-associated molecular patterns
EMT epithelial-mesenchymal transition
HSP70 heat shock protein-70
IL-1β interleukin-1 beta
IL-18 interleukin-18
NACHT nucleotide-binding and oligomerization
NEK7 never in mitosis A (NIMA)-related kinase 7
NLRP3 NOD-like receptor family, pyrin-domain-containing-3
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PD-L1 programmed death-ligand-1
PKR RNA-dependent protein kinase
PMN-MDSC granulocytic myeloid-derived suppressor cell
ROS reactive oxygen species
TCGA The cancer genome atlas
TLR4 toll-like receptor-4
TME tumor microenvironment
YAP Yes-associated protein

References
1. Booshehri, L.M.; Hoffman, H.M. CAPS and NLRP3. J. Clin. Immunol. 2019, 39, 277–286. [CrossRef]
2. Menu, P.; Vince, J.E. The NLRP3 inflammasome in health and disease: The good, the bad and the ugly. Clin. Exp. Immunol. 2011,

166, 1–15. [CrossRef] [PubMed]
3. Zhivaki, D.; Kagan, J.C. NLRP3 inflammasomes that induce antitumor immunity. Trends Immunol. 2021, 42, 575–589. [CrossRef]

[PubMed]
4. Swanson, K.V.; Deng, M.; Ting, J.P. The NLRP3 inflammasome: Molecular activation and regulation to therapeutics. Nat. Rev.

Immunol. 2019, 19, 477–489. [CrossRef]
5. Willingham, S.B.; Allen, I.C.; Bergstralh, D.T.; Brickey, W.J.; Huang, M.T.; Taxman, D.J.; Duncan, J.A.; Ting, J.P. NLRP3 (NALP3,

Cryopyrin) facilitates in vivo caspase-1 activation, necrosis, and HMGB1 release via inflammasome-dependent and -independent
pathways. J. Immunol. 2009, 183, 2008–2015. [CrossRef] [PubMed]

6. Sharma, B.R.; Kanneganti, T.D. NLRP3 inflammasome in cancer and metabolic diseases. Nat. Immunol. 2021, 22, 550–559.
[CrossRef]

7. He, Y.; Hara, H.; Nunez, G. Mechanism and Regulation of NLRP3 Inflammasome Activation. Trends Biochem. Sci. 2016, 41,
1012–1021. [CrossRef]

8. Touitou, I.; Lesage, S.; McDermott, M.; Cuisset, L.; Hoffman, H.; Dode, C.; Shoham, N.; Aganna, E.; Hugot, J.P.; Wise, C.; et al.
Infevers: An evolving mutation database for auto-inflammatory syndromes. Hum. Mutat. 2004, 24, 194–198. [CrossRef]

9. Caseley, E.A.; Immunome Project Consortium for Autoinflammatory Disorders (ImmunAID); Poulter, J.A.; Rodrigues, F.;
McDermott, M.F. Inflammasome inhibition under physiological and pharmacological conditions. Genes Immun. 2020, 21, 211–223.
[CrossRef]

10. Marchetti, C.; Swartzwelter, B.; Koenders, M.I.; Azam, T.; Tengesdal, I.W.; Powers, N.; de Graaf, D.M.; Dinarello, C.A.;
Joosten, L.A.B. NLRP3 inflammasome inhibitor OLT1177 suppresses joint inflammation in murine models of acute arthritis.
Arthritis Res. Ther. 2018, 20, 169. [CrossRef]

11. Missiroli, S.; Perrone, M.; Boncompagni, C.; Borghi, C.; Campagnaro, A.; Marchetti, F.; Anania, G.; Greco, P.; Fiorica, F.; Pinton, P.;
et al. Targeting the NLRP3 Inflammasome as a New Therapeutic Option for Overcoming Cancer. Cancers 2021, 13, 2297. [CrossRef]

12. Hu, H.; Wang, Y.; Ding, X.; He, Y.; Lu, Z.; Wu, P.; Tian, L.; Yuan, H.; Liu, D.; Shi, G.; et al. Long non-coding RNA XLOC_000647
suppresses progression of pancreatic cancer and decreases epithelial-mesenchymal transition-induced cell invasion by down-
regulating NLRP3. Mol. Cancer 2018, 17, 18. [CrossRef]

13. Wang, Y.; Kong, H.; Zeng, X.; Liu, W.; Wang, Z.; Yan, X.; Wang, H.; Xie, W. Activation of NLRP3 inflammasome enhances the
proliferation and migration of A549 lung cancer cells. Oncol. Rep. 2016, 35, 2053–2064. [CrossRef] [PubMed]

14. Wang, H.; Luo, Q.; Feng, X.; Zhang, R.; Li, J.; Chen, F. NLRP3 promotes tumor growth and metastasis in human oral squamous
cell carcinoma. BMC Cancer 2018, 18, 500. [CrossRef] [PubMed]

15. Shi, F.; Wei, B.; Lan, T.; Xiao, Y.; Quan, X.; Chen, J.; Zhao, C.; Gao, J. Low NLRP3 expression predicts a better prognosis of
colorectal cancer. Biosci. Rep. 2021, 41. [CrossRef] [PubMed]

16. Zou, J.; Yang, Y.; Yang, Y.; Liu, X. Polydatin suppresses proliferation and metastasis of non-small cell lung cancer cells by inhibiting
NLRP3 inflammasome activation via NF-kappaB pathway. Biomed. Pharmacother. 2018, 108, 130–136. [CrossRef] [PubMed]

17. Tian, X.; Zhang, S.; Zhang, Q.; Kang, L.; Ma, C.; Feng, L.; Li, S.; Li, J.; Yang, L.; Liu, J.; et al. Resveratrol inhibits tumor progression
by down-regulation of NLRP3 in renal cell carcinoma. J. Nutr. Biochem. 2020, 85, 108489. [CrossRef] [PubMed]

18. Yu, S.; Yin, J.J.; Miao, J.X.; Li, S.G.; Huang, C.Z.; Huang, N.; Fan, T.L.; Li, X.N.; Wang, Y.H.; Han, S.N.; et al. Activation of NLRP3
inflammasome promotes the proliferation and migration of esophageal squamous cell carcinoma. Oncol. Rep. 2020, 43, 1113–1124.
[CrossRef] [PubMed]

19. Wang, Y.; Zhang, H.; Xu, Y.; Peng, T.; Meng, X.; Zou, F. NLRP3 induces the autocrine secretion of IL-1beta to promote epithelial-
mesenchymal transition and metastasis in breast cancer. Biochem. Biophys. Res. Commun. 2021, 560, 72–79. [CrossRef]

20. Yang, D.; Cao, X.; Wang, F.; Jiang, H.; Feng, D.; Guo, H.; Du, L.; Jin, Y.; Chen, Y.; Yin, X.; et al. LFG-500, a novel synthetic flavonoid,
suppresses epithelial-mesenchymal transition in human lung adenocarcinoma cells by inhibiting NLRP3 in inflammatory
microenvironment. Cancer Lett. 2017, 400, 137–148. [CrossRef]

21. Hamarsheh, S.; Zeiser, R. NLRP3 Inflammasome Activation in Cancer: A Double-Edged Sword. Front. Immunol. 2020, 11, 1444.
[CrossRef]

22. Wang, B.; Li, H.; Wang, X.; Zhu, X. The association of aberrant expression of NLRP3 and p-S6K1 in colorectal cancer. Pathol. Res.
Pract. 2020, 216, 152737. [CrossRef]

http://doi.org/10.1007/s10875-019-00638-z
http://doi.org/10.1111/j.1365-2249.2011.04440.x
http://www.ncbi.nlm.nih.gov/pubmed/21762124
http://doi.org/10.1016/j.it.2021.05.001
http://www.ncbi.nlm.nih.gov/pubmed/34034975
http://doi.org/10.1038/s41577-019-0165-0
http://doi.org/10.4049/jimmunol.0900138
http://www.ncbi.nlm.nih.gov/pubmed/19587006
http://doi.org/10.1038/s41590-021-00886-5
http://doi.org/10.1016/j.tibs.2016.09.002
http://doi.org/10.1002/humu.20080
http://doi.org/10.1038/s41435-020-0104-x
http://doi.org/10.1186/s13075-018-1664-2
http://doi.org/10.3390/cancers13102297
http://doi.org/10.1186/s12943-018-0761-9
http://doi.org/10.3892/or.2016.4569
http://www.ncbi.nlm.nih.gov/pubmed/26782741
http://doi.org/10.1186/s12885-018-4403-9
http://www.ncbi.nlm.nih.gov/pubmed/29716544
http://doi.org/10.1042/BSR20210280
http://www.ncbi.nlm.nih.gov/pubmed/33821998
http://doi.org/10.1016/j.biopha.2018.09.051
http://www.ncbi.nlm.nih.gov/pubmed/30218857
http://doi.org/10.1016/j.jnutbio.2020.108489
http://www.ncbi.nlm.nih.gov/pubmed/32827663
http://doi.org/10.3892/or.2020.7493
http://www.ncbi.nlm.nih.gov/pubmed/32323780
http://doi.org/10.1016/j.bbrc.2021.04.122
http://doi.org/10.1016/j.canlet.2017.04.035
http://doi.org/10.3389/fimmu.2020.01444
http://doi.org/10.1016/j.prp.2019.152737


Cancers 2021, 13, 4753 12 of 14

23. Xue, Y.; Du, H.D.; Tang, D.; Zhang, D.; Zhou, J.; Zhai, C.W.; Yuan, C.C.; Hsueh, C.Y.; Li, S.J.; Heng, Y.; et al. Correlation Between
the NLRP3 Inflammasome and the Prognosis of Patients with LSCC. Front. Oncol. 2019, 9, 588. [CrossRef] [PubMed]

24. Kan, Z.; Jaiswal, B.S.; Stinson, J.; Janakiraman, V.; Bhatt, D.; Stern, H.M.; Yue, P.; Haverty, P.M.; Bourgon, R.; Zheng, J.; et al.
Diverse somatic mutation patterns and pathway alterations in human cancers. Nature 2010, 466, 869–873. [CrossRef] [PubMed]

25. Kim, H.S.; Mendiratta, S.; Kim, J.; Pecot, C.V.; Larsen, J.E.; Zubovych, I.; Seo, B.Y.; Kim, J.; Eskiocak, B.; Chung, H.; et al. Systematic
identification of molecular subtype-selective vulnerabilities in non-small-cell lung cancer. Cell 2013, 155, 552–566. [CrossRef]

26. Basiorka, A.A.; McGraw, K.L.; Eksioglu, E.A.; Chen, X.; Johnson, J.; Zhang, L.; Zhang, Q.; Irvine, B.A.; Cluzeau, T.; Sallman, D.A.;
et al. The NLRP3 inflammasome functions as a driver of the myelodysplastic syndrome phenotype. Blood 2016, 128, 2960–2975.
[CrossRef]

27. Xia, X.; Wang, X.; Cheng, Z.; Qin, W.; Lei, L.; Jiang, J.; Hu, J. The role of pyroptosis in cancer: Pro-cancer or pro-“host”? Cell Death
Dis. 2019, 10, 650. [CrossRef]

28. Ershaid, N.; Sharon, Y.; Doron, H.; Raz, Y.; Shani, O.; Cohen, N.; Monteran, L.; Leider-Trejo, L.; Ben-Shmuel, A.; Yassin, M.; et al.
NLRP3 inflammasome in fibroblasts links tissue damage with inflammation in breast cancer progression and metastasis. Nat.
Commun. 2019, 10, 4375. [CrossRef]

29. van Deventer, H.W.; Burgents, J.E.; Wu, Q.P.; Woodford, R.M.; Brickey, W.J.; Allen, I.C.; McElvania-Tekippe, E.; Serody, J.S.;
Ting, J.P. The inflammasome component NLRP3 impairs antitumor vaccine by enhancing the accumulation of tumor-associated
myeloid-derived suppressor cells. Cancer Res. 2010, 70, 10161–10169. [CrossRef]

30. Wang, X.; Jia, Y.; Wen, L.; Mu, W.; Wu, X.; Liu, T.; Liu, X.; Fang, J.; Luan, Y.; Chen, P.; et al. Porphyromonas gingivalis Promotes
Colorectal Carcinoma by Activating the Hematopoietic NLRP3 Inflammasome. Cancer Res. 2021, 81, 2745–2759. [CrossRef]
[PubMed]

31. Hamarsheh, S.; Osswald, L.; Saller, B.S.; Unger, S.; De Feo, D.; Vinnakota, J.M.; Konantz, M.; Uhl, F.M.; Becker, H.; Lubbert, M.;
et al. Oncogenic Kras(G12D) causes myeloproliferation via NLRP3 inflammasome activation. Nat. Commun. 2020, 11, 1659.
[CrossRef]

32. Wang, C.; An, Y.; Wang, Y.; Shen, K.; Wang, X.; Luan, W.; Ma, F.; Ni, L.; Liu, M.; Yu, L. Insulin-like growth factor-I activates
NFkappaB and NLRP3 inflammatory signalling via ROS in cancer cells. Mol. Cell. Probes 2020, 52, 101583. [CrossRef]

33. Chen, W.; Wei, T.; Chen, Y.; Yang, L.; Wu, X. Downregulation of IRAK1 Prevents the Malignant Behavior of Hepatocellular
Carcinoma Cells by Blocking Activation of the MAPKs/NLRP3/IL-1beta Pathway. OncoTargets Ther. 2020, 13, 12787–12796.
[CrossRef]

34. Liu, S.G.; Wu, X.X.; Hua, T.; Xin, X.Y.; Feng, D.L.; Chi, S.Q.; Wang, X.X.; Wang, H.B. NLRP3 inflammasome activation by estrogen
promotes the progression of human endometrial cancer. OncoTargets Ther. 2019, 12, 6927–6936. [CrossRef] [PubMed]

35. Raut, P.K.; Kim, S.H.; Choi, D.Y.; Jeong, G.S.; Park, P.H. Growth of breast cancer cells by leptin is mediated via activation of the
inflammasome: Critical roles of estrogen receptor signaling and reactive oxygen species production. Biochem. Pharmacol. 2019,
161, 73–88. [CrossRef]

36. Feng, X.; Luo, Q.; Wang, H.; Zhang, H.; Chen, F. MicroRNA-22 suppresses cell proliferation, migration and invasion in oral
squamous cell carcinoma by targeting NLRP3. J. Cell. Physiol. 2018, 233, 6705–6713. [CrossRef] [PubMed]

37. Tang, Y.; Cao, G.; Zhao, G.; Wang, C.; Qin, Q. LncRNA differentiation antagonizing non-protein coding RNA promotes
proliferation and invasion through regulating miR-135a/NLRP37 axis in pancreatic cancer. Investig. New Drugs 2020, 38, 714–721.
[CrossRef] [PubMed]

38. Zhang, L.; Li, H.; Zang, Y.; Wang, F. NLRP3 inflammasome inactivation driven by miR2233p reduces tumor growth and increases
anticancer immunity in breast cancer. Mol. Med. Rep. 2019, 19, 2180–2188. [CrossRef] [PubMed]

39. Rameshbabu, S.; Labadie, B.W.; Argulian, A.; Patnaik, A. Targeting Innate Immunity in Cancer Therapy. Vaccines 2021, 9, 138.
[CrossRef]

40. Lu, F.; Zhao, Y.; Pang, Y.; Ji, M.; Sun, Y.; Wang, H.; Zou, J.; Wang, Y.; Li, G.; Sun, T.; et al. NLRP3 inflammasome upregulates PD-L1
expression and contributes to immune suppression in lymphoma. Cancer Lett. 2021, 497, 178–189. [CrossRef] [PubMed]

41. Chow, M.T.; Sceneay, J.; Paget, C.; Wong, C.S.; Duret, H.; Tschopp, J.; Moller, A.; Smyth, M.J. NLRP3 suppresses NK cell-mediated
responses to carcinogen-induced tumors and metastases. Cancer Res. 2012, 72, 5721–5732. [CrossRef] [PubMed]

42. Chen, L.; Huang, C.F.; Li, Y.C.; Deng, W.W.; Mao, L.; Wu, L.; Zhang, W.F.; Zhang, L.; Sun, Z.J. Blockage of the NLRP3
inflammasome by MCC950 improves anti-tumor immune responses in head and neck squamous cell carcinoma. Cell. Mol. Life
Sci. 2018, 75, 2045–2058. [CrossRef] [PubMed]

43. Daley, D.; Mani, V.R.; Mohan, N.; Akkad, N.; Pandian, G.; Savadkar, S.; Lee, K.B.; Torres-Hernandez, A.; Aykut, B.; Diskin, B.;
et al. NLRP3 signaling drives macrophage-induced adaptive immune suppression in pancreatic carcinoma. J. Exp. Med. 2017,
214, 1711–1724. [CrossRef]

44. Deng, Q.; Geng, Y.; Zhao, L.; Li, R.; Zhang, Z.; Li, K.; Liang, R.; Shao, X.; Huang, M.; Zuo, D.; et al. NLRP3 inflammasomes in
macrophages drive colorectal cancer metastasis to the liver. Cancer Lett. 2019, 442, 21–30. [CrossRef]

45. Lee, H.E.; Lee, J.Y.; Yang, G.; Kang, H.C.; Cho, Y.Y.; Lee, H.S.; Lee, J.Y. Inhibition of NLRP3 inflammasome in tumor microenviron-
ment leads to suppression of metastatic potential of cancer cells. Sci. Rep. 2019, 9, 12277. [CrossRef]

46. Bruchard, M.; Mignot, G.; Derangere, V.; Chalmin, F.; Chevriaux, A.; Vegran, F.; Boireau, W.; Simon, B.; Ryffel, B.; Connat, J.L.;
et al. Chemotherapy-triggered cathepsin B release in myeloid-derived suppressor cells activates the Nlrp3 inflammasome and
promotes tumor growth. Nat. Med. 2013, 19, 57–64. [CrossRef] [PubMed]

http://doi.org/10.3389/fonc.2019.00588
http://www.ncbi.nlm.nih.gov/pubmed/31312615
http://doi.org/10.1038/nature09208
http://www.ncbi.nlm.nih.gov/pubmed/20668451
http://doi.org/10.1016/j.cell.2013.09.041
http://doi.org/10.1182/blood-2016-07-730556
http://doi.org/10.1038/s41419-019-1883-8
http://doi.org/10.1038/s41467-019-12370-8
http://doi.org/10.1158/0008-5472.CAN-10-1921
http://doi.org/10.1158/0008-5472.CAN-20-3827
http://www.ncbi.nlm.nih.gov/pubmed/34003774
http://doi.org/10.1038/s41467-020-15497-1
http://doi.org/10.1016/j.mcp.2020.101583
http://doi.org/10.2147/OTT.S260793
http://doi.org/10.2147/OTT.S218240
http://www.ncbi.nlm.nih.gov/pubmed/31695408
http://doi.org/10.1016/j.bcp.2019.01.006
http://doi.org/10.1002/jcp.26331
http://www.ncbi.nlm.nih.gov/pubmed/29319163
http://doi.org/10.1007/s10637-019-00798-0
http://www.ncbi.nlm.nih.gov/pubmed/31267381
http://doi.org/10.3892/mmr.2019.9889
http://www.ncbi.nlm.nih.gov/pubmed/30747211
http://doi.org/10.3390/vaccines9020138
http://doi.org/10.1016/j.canlet.2020.10.024
http://www.ncbi.nlm.nih.gov/pubmed/33091534
http://doi.org/10.1158/0008-5472.CAN-12-0509
http://www.ncbi.nlm.nih.gov/pubmed/22986739
http://doi.org/10.1007/s00018-017-2720-9
http://www.ncbi.nlm.nih.gov/pubmed/29184980
http://doi.org/10.1084/jem.20161707
http://doi.org/10.1016/j.canlet.2018.10.030
http://doi.org/10.1038/s41598-019-48794-x
http://doi.org/10.1038/nm.2999
http://www.ncbi.nlm.nih.gov/pubmed/23202296


Cancers 2021, 13, 4753 13 of 14

47. Guo, B.; Fu, S.; Zhang, J.; Liu, B.; Li, Z. Targeting inflammasome/IL-1 pathways for cancer immunotherapy. Sci. Rep. 2016, 6,
36107. [CrossRef]

48. Voigt, C.; May, P.; Gottschlich, A.; Markota, A.; Wenk, D.; Gerlach, I.; Voigt, S.; Stathopoulos, G.T.; Arendt, K.A.M.; Heise, C.; et al.
Cancer cells induce interleukin-22 production from memory CD4(+) T cells via interleukin-1 to promote tumor growth. Proc.
Natl. Acad. Sci. USA 2017, 114, 12994–12999. [CrossRef]

49. Ridker, P.M.; MacFadyen, J.G.; Thuren, T.; Everett, B.M.; Libby, P.; Glynn, R.J.; Group, C.T. Effect of interleukin-1beta inhibition
with canakinumab on incident lung cancer in patients with atherosclerosis: Exploratory results from a randomised, double-blind,
placebo-controlled trial. Lancet 2017, 390, 1833–1842. [CrossRef]

50. Lee, P.H.; Yamamoto, T.N.; Gurusamy, D.; Sukumar, M.; Yu, Z.; Hu-Li, J.; Kawabe, T.; Gangaplara, A.; Kishton, R.J.; Henning,
A.N.; et al. Host conditioning with IL-1beta improves the antitumor function of adoptively transferred T cells. J. Exp. Med. 2019,
216, 2619–2634. [CrossRef]

51. Le, T.T.; Skak, K.; Schroder, K.; Schroder, W.A.; Boyle, G.M.; Pierce, C.J.; Suhrbier, A. IL-1 Contributes to the Anti-Cancer Efficacy
of Ingenol Mebutate. PLoS ONE 2016, 11, e0153975. [CrossRef]

52. Kim, J.E.; Phan, T.X.; Nguyen, V.H.; Dinh-Vu, H.V.; Zheng, J.H.; Yun, M.; Park, S.G.; Hong, Y.; Choy, H.E.; Szardenings, M.; et al.
Salmonella typhimurium Suppresses Tumor Growth via the Pro-Inflammatory Cytokine Interleukin-1beta. Theranostics 2015, 5,
1328–1342. [CrossRef]

53. Han, C.; Godfrey, V.; Liu, Z.; Han, Y.; Liu, L.; Peng, H.; Weichselbaum, R.R.; Zaki, H.; Fu, Y.X. The AIM2 and NLRP3
inflammasomes trigger IL-1-mediated antitumor effects during radiation. Sci. Immunol. 2021, 6. [CrossRef] [PubMed]

54. Theivanthiran, B.; Evans, K.S.; DeVito, N.C.; Plebanek, M.; Sturdivant, M.; Wachsmuth, L.P.; Salama, A.K.; Kang, Y.; Hsu, D.;
Balko, J.M.; et al. A tumor-intrinsic PD-L1/NLRP3 inflammasome signaling pathway drives resistance to anti-PD-1 immunother-
apy. J. Clin. Investig. 2020, 130, 2570–2586. [CrossRef] [PubMed]

55. Park, H.W.; Kim, Y.C.; Yu, B.; Moroishi, T.; Mo, J.S.; Plouffe, S.W.; Meng, Z.; Lin, K.C.; Yu, F.X.; Alexander, C.M.; et al. Alternative
Wnt Signaling Activates YAP/TAZ. Cell 2015, 162, 780–794. [CrossRef] [PubMed]

56. Wang, G.; Lu, X.; Dey, P.; Deng, P.; Wu, C.C.; Jiang, S.; Fang, Z.; Zhao, K.; Konaparthi, R.; Hua, S.; et al. Targeting YAP-Dependent
MDSC Infiltration Impairs Tumor Progression. Cancer Discov. 2016, 6, 80–95. [CrossRef]

57. Asea, A.; Rehli, M.; Kabingu, E.; Boch, J.A.; Bare, O.; Auron, P.E.; Stevenson, M.A.; Calderwood, S.K. Novel signal transduction
pathway utilized by extracellular HSP70: Role of toll-like receptor (TLR) 2 and TLR4. J. Biol. Chem. 2002, 277, 15028–15034.
[CrossRef]

58. Blumenthal, A.; Ehlers, S.; Lauber, J.; Buer, J.; Lange, C.; Goldmann, T.; Heine, H.; Brandt, E.; Reiling, N. The Wingless
homolog WNT5A and its receptor Frizzled-5 regulate inflammatory responses of human mononuclear cells induced by microbial
stimulation. Blood 2006, 108, 965–973. [CrossRef] [PubMed]

59. Mambula, S.S.; Calderwood, S.K. Heat shock protein 70 is secreted from tumor cells by a nonclassical pathway involving
lysosomal endosomes. J. Immunol. 2006, 177, 7849–7857. [CrossRef]

60. Gato-Canas, M.; Zuazo, M.; Arasanz, H.; Ibanez-Vea, M.; Lorenzo, L.; Fernandez-Hinojal, G.; Vera, R.; Smerdou, C.; Martisova, E.;
Arozarena, I.; et al. PDL1 Signals through Conserved Sequence Motifs to Overcome Interferon-Mediated Cytotoxicity. Cell Rep.
2017, 20, 1818–1829. [CrossRef]

61. Shen, S.; Niso-Santano, M.; Adjemian, S.; Takehara, T.; Malik, S.A.; Minoux, H.; Souquere, S.; Marino, G.; Lachkar, S.; Senovilla, L.;
et al. Cytoplasmic STAT3 represses autophagy by inhibiting PKR activity. Mol. Cell 2012, 48, 667–680. [CrossRef] [PubMed]

62. Ju, M.; Bi, J.; Wei, Q.; Jiang, L.; Guan, Q.; Zhang, M.; Song, X.; Chen, T.; Fan, J.; Li, X.; et al. Pan-cancer analysis of NLRP3
inflammasome with potential implications in prognosis and immunotherapy in human cancer. Brief. Bioinform. 2021, 22.
[CrossRef]

63. Cancer Genome Atlas Network. Genomic Classification of Cutaneous Melanoma. Cell 2015, 161, 1681–1696. [CrossRef] [PubMed]
64. Rayamajhi, M.; Miao, E.A. Just say NO to NLRP3. Nat. Immunol. 2013, 14, 12–14. [CrossRef]
65. Cerami, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, S.O.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.; Larsson, E.; et al.

The cBio cancer genomics portal: An open platform for exploring multidimensional cancer genomics data. Cancer Discov. 2012, 2,
401–404. [CrossRef]

66. Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.; Larsson, E.; et al.
Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal. Sci. Signal. 2013, 6, pl1. [CrossRef]
[PubMed]

67. He, Z.F.; Jin, X.R.; Lin, J.J.; Zhang, X.; Liu, Y.; Xu, H.L.; Xie, D.Y. NALP3 orchestrates cellular bioenergetics to facilitate non-small
cell lung cancer cell growth. Life Sci. 2020, 241, 117165. [CrossRef]

68. Verma, D.; Bivik, C.; Farahani, E.; Synnerstad, I.; Fredrikson, M.; Enerback, C.; Rosdahl, I.; Soderkvist, P. Inflammasome
polymorphisms confer susceptibility to sporadic malignant melanoma. Pigment. Cell Melanoma Res. 2012, 25, 506–513. [CrossRef]
[PubMed]

69. Ungerback, J.; Belenki, D.; Jawad ul-Hassan, A.; Fredrikson, M.; Fransen, K.; Elander, N.; Verma, D.; Soderkvist, P. Genetic
variation and alterations of genes involved in NFkappaB/TNFAIP3- and NLRP3-inflammasome signaling affect susceptibility
and outcome of colorectal cancer. Carcinogenesis 2012, 33, 2126–2134. [CrossRef]

http://doi.org/10.1038/srep36107
http://doi.org/10.1073/pnas.1705165114
http://doi.org/10.1016/S0140-6736(17)32247-X
http://doi.org/10.1084/jem.20181218
http://doi.org/10.1371/journal.pone.0153975
http://doi.org/10.7150/thno.11432
http://doi.org/10.1126/sciimmunol.abc6998
http://www.ncbi.nlm.nih.gov/pubmed/33963060
http://doi.org/10.1172/JCI133055
http://www.ncbi.nlm.nih.gov/pubmed/32017708
http://doi.org/10.1016/j.cell.2015.07.013
http://www.ncbi.nlm.nih.gov/pubmed/26276632
http://doi.org/10.1158/2159-8290.CD-15-0224
http://doi.org/10.1074/jbc.M200497200
http://doi.org/10.1182/blood-2005-12-5046
http://www.ncbi.nlm.nih.gov/pubmed/16601243
http://doi.org/10.4049/jimmunol.177.11.7849
http://doi.org/10.1016/j.celrep.2017.07.075
http://doi.org/10.1016/j.molcel.2012.09.013
http://www.ncbi.nlm.nih.gov/pubmed/23084476
http://doi.org/10.1093/bib/bbaa345
http://doi.org/10.1016/j.cell.2015.05.044
http://www.ncbi.nlm.nih.gov/pubmed/26091043
http://doi.org/10.1038/ni.2493
http://doi.org/10.1158/2159-8290.CD-12-0095
http://doi.org/10.1126/scisignal.2004088
http://www.ncbi.nlm.nih.gov/pubmed/23550210
http://doi.org/10.1016/j.lfs.2019.117165
http://doi.org/10.1111/j.1755-148X.2012.01008.x
http://www.ncbi.nlm.nih.gov/pubmed/22524199
http://doi.org/10.1093/carcin/bgs256


Cancers 2021, 13, 4753 14 of 14

70. Vande Walle, L.; Stowe, I.B.; Sacha, P.; Lee, B.L.; Demon, D.; Fossoul, A.; Van Hauwermeiren, F.; Saavedra, P.H.V.; Simon, P.;
Subrt, V.; et al. MCC950/CRID3 potently targets the NACHT domain of wild-type NLRP3 but not disease-associated mutants for
inflammasome inhibition. PLoS Biol. 2019, 17, e3000354. [CrossRef]

71. Radons, J. The human HSP70 family of chaperones: Where do we stand? Cell Stress Chaperones 2016, 21, 379–404. [CrossRef]
[PubMed]

72. Tengesdal, I.W.; Menon, D.R.; Osborne, D.G.; Neff, C.P.; Powers, N.E.; Gamboni, F.; Mauro, A.G.; D’Alessandro, A.; Stefanoni, D.;
Henen, M.A.; et al. Targeting tumor-derived NLRP3 reduces melanoma progression by limiting MDSCs expansion. Proc. Natl.
Acad. Sci. USA 2021, 118. [CrossRef]

73. Okamoto, M.; Liu, W.; Luo, Y.; Tanaka, A.; Cai, X.; Norris, D.A.; Dinarello, C.A.; Fujita, M. Constitutively active inflammasome in
human melanoma cells mediating autoinflammation via caspase-1 processing and secretion of interleukin-1beta. J. Biol. Chem.
2010, 285, 6477–6488. [CrossRef] [PubMed]

74. Schwaid, A.G.; Spencer, K.B. Strategies for Targeting the NLRP3 Inflammasome in the Clinical and Preclinical Space. J. Med.
Chem. 2021, 64, 101–122. [CrossRef]

75. Vong, C.T.; Tseng, H.H.L.; Yao, P.; Yu, H.; Wang, S.; Zhong, Z.; Wang, Y. Specific NLRP3 inflammasome inhibitors: Promising
therapeutic agents for inflammatory diseases. Drug Discov. Today 2021, 26, 1394–1408. [CrossRef] [PubMed]

76. Coll, R.C.; Robertson, A.A.; Chae, J.J.; Higgins, S.C.; Munoz-Planillo, R.; Inserra, M.C.; Vetter, I.; Dungan, L.S.; Monks, B.G.;
Stutz, A.; et al. A small-molecule inhibitor of the NLRP3 inflammasome for the treatment of inflammatory diseases. Nat. Med.
2015, 21, 248–255. [CrossRef]

77. He, H.; Jiang, H.; Chen, Y.; Ye, J.; Wang, A.; Wang, C.; Liu, Q.; Liang, G.; Deng, X.; Jiang, W.; et al. Oridonin is a covalent NLRP3
inhibitor with strong anti-inflammasome activity. Nat. Commun. 2018, 9, 2550. [CrossRef]

78. Jin, H.; Tan, X.; Liu, X.; Ding, Y. Downregulation of AP-1 gene expression is an initial event in the oridonin-mediated inhibition of
colorectal cancer: Studies in vitro and in vivo. J. Gastroenterol. Hepatol. 2011, 26, 706–715. [CrossRef]

79. Platten, M.; Wild-Bode, C.; Wick, W.; Leitlein, J.; Dichgans, J.; Weller, M. N-[3,4-dimethoxycinnamoyl]-anthranilic acid (tranilast)
inhibits transforming growth factor-beta relesase and reduces migration and invasiveness of human malignant glioma cells. Int. J.
Cancer 2001, 93, 53–61. [CrossRef]

80. Kluck, V.; Jansen, T.; Janssen, M.; Comarniceanu, A.; Efde, M.; Tengesdal, I.W.; Schraa, K.; Cleophas, M.C.P.; Scribner, C.L.;
Skouras, D.B.; et al. Dapansutrile, an oral selective NLRP3 inflammasome inhibitor, for treatment of gout flares: An open-label,
dose-adaptive, proof-of-concept, phase 2a trial. Lancet Rheumatol. 2020, 2, e270–e280. [CrossRef]

81. Marchetti, C.; Swartzwelter, B.; Gamboni, F.; Neff, C.P.; Richter, K.; Azam, T.; Carta, S.; Tengesdal, I.; Nemkov, T.; D’Alessandro, A.;
et al. OLT1177, a beta-sulfonyl nitrile compound, safe in humans, inhibits the NLRP3 inflammasome and reverses the metabolic
cost of inflammation. Proc. Natl. Acad. Sci. USA 2018, 115, E1530–E1539. [CrossRef] [PubMed]

82. Brunnert, D.; Langer, C.; Zimmermann, L.; Bargou, R.C.; Burchardt, M.; Chatterjee, M.; Stope, M.B. The heat shock protein
70 inhibitor VER155008 suppresses the expression of HSP27, HOP and HSP90beta and the androgen receptor, induces apoptosis,
and attenuates prostate cancer cell growth. J. Cell. Biochem. 2020, 121, 407–417. [CrossRef] [PubMed]

83. Wen, W.; Liu, W.; Shao, Y.; Chen, L. VER-155008, a small molecule inhibitor of HSP70 with potent anti-cancer activity on lung
cancer cell lines. Exp. Biol. Med. 2014, 239, 638–645. [CrossRef] [PubMed]

84. Ko, S.K.; Kim, J.; Na, D.C.; Park, S.; Park, S.H.; Hyun, J.Y.; Baek, K.H.; Kim, N.D.; Kim, N.K.; Park, Y.N.; et al. A small molecule
inhibitor of ATPase activity of HSP70 induces apoptosis and has antitumor activities. Chem. Biol. 2015, 22, 391–403. [CrossRef]

85. Adam, C.; Baeurle, A.; Brodsky, J.L.; Wipf, P.; Schrama, D.; Becker, J.C.; Houben, R. The HSP70 modulator MAL3-101 inhibits
Merkel cell carcinoma. PLoS ONE 2014, 9, e92041. [CrossRef] [PubMed]

86. Barnoud, T.; Leung, J.C.; Leu, J.I.; Basu, S.; Poli, A.N.R.; Parris, J.L.D.; Indeglia, A.; Martynyuk, T.; Good, M.; Gnanapradeepan, K.;
et al. A Novel Inhibitor of HSP70 Induces Mitochondrial Toxicity and Immune Cell Recruitment in Tumors. Cancer Res. 2020, 80,
5270–5281. [CrossRef]

87. Arora, N.; Alsaied, O.; Dauer, P.; Majumder, K.; Modi, S.; Giri, B.; Dudeja, V.; Banerjee, S.; Von Hoff, D.; Saluja, A. Downregulation
of Sp1 by Minnelide leads to decrease in HSP70 and decrease in tumor burden of gastric cancer. PLoS ONE 2017, 12, e0171827.
[CrossRef]

88. Jacobson, B.A.; Chen, E.Z.; Tang, S.; Belgum, H.S.; McCauley, J.A.; Evenson, K.A.; Etchison, R.G.; Jay-Dixon, J.; Patel, M.R.;
Raza, A.; et al. Triptolide and its prodrug minnelide suppress Hsp70 and inhibit in vivo growth in a xenograft model of
mesothelioma. Genes Cancer 2015, 6, 144–152. [CrossRef]

89. Ghiringhelli, F.; Apetoh, L.; Tesniere, A.; Aymeric, L.; Ma, Y.; Ortiz, C.; Vermaelen, K.; Panaretakis, T.; Mignot, G.; Ullrich, E.; et al.
Activation of the NLRP3 inflammasome in dendritic cells induces IL-1beta-dependent adaptive immunity against tumors. Nat.
Med. 2009, 15, 1170–1178. [CrossRef]

90. Allen, I.C.; Scull, M.A.; Moore, C.B.; Holl, E.K.; McElvania-TeKippe, E.; Taxman, D.J.; Guthrie, E.H.; Pickles, R.J.; Ting, J.P. The
NLRP3 inflammasome mediates in vivo innate immunity to influenza A virus through recognition of viral RNA. Immunity 2009,
30, 556–565. [CrossRef]

91. Baylis, R.A.; Gomez, D.; Mallat, Z.; Pasterkamp, G.; Owens, G.K. The CANTOS Trial: One Important Step for Clinical Cardiology
but a Giant Leap for Vascular Biology. Arterioscler. Thromb. Vasc. Biol. 2017, 37, e174–e177. [CrossRef] [PubMed]

92. Bruchard, M.; Rebe, C.; Derangere, V.; Togbe, D.; Ryffel, B.; Boidot, R.; Humblin, E.; Hamman, A.; Chalmin, F.; Berger, H.; et al.
The receptor NLRP3 is a transcriptional regulator of TH2 differentiation. Nat. Immunol. 2015, 16, 859–870. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pbio.3000354
http://doi.org/10.1007/s12192-016-0676-6
http://www.ncbi.nlm.nih.gov/pubmed/26865365
http://doi.org/10.1073/pnas.2000915118
http://doi.org/10.1074/jbc.M109.064907
http://www.ncbi.nlm.nih.gov/pubmed/20038581
http://doi.org/10.1021/acs.jmedchem.0c01307
http://doi.org/10.1016/j.drudis.2021.02.018
http://www.ncbi.nlm.nih.gov/pubmed/33636340
http://doi.org/10.1038/nm.3806
http://doi.org/10.1038/s41467-018-04947-6
http://doi.org/10.1111/j.1440-1746.2010.06500.x
http://doi.org/10.1002/ijc.1289
http://doi.org/10.1016/S2665-9913(20)30065-5
http://doi.org/10.1073/pnas.1716095115
http://www.ncbi.nlm.nih.gov/pubmed/29378952
http://doi.org/10.1002/jcb.29195
http://www.ncbi.nlm.nih.gov/pubmed/31222811
http://doi.org/10.1177/1535370214527899
http://www.ncbi.nlm.nih.gov/pubmed/24676905
http://doi.org/10.1016/j.chembiol.2015.02.004
http://doi.org/10.1371/journal.pone.0092041
http://www.ncbi.nlm.nih.gov/pubmed/24694787
http://doi.org/10.1158/0008-5472.CAN-20-0397
http://doi.org/10.1371/journal.pone.0171827
http://doi.org/10.18632/genesandcancer.55
http://doi.org/10.1038/nm.2028
http://doi.org/10.1016/j.immuni.2009.02.005
http://doi.org/10.1161/ATVBAHA.117.310097
http://www.ncbi.nlm.nih.gov/pubmed/28970294
http://doi.org/10.1038/ni.3202
http://www.ncbi.nlm.nih.gov/pubmed/26098997

	Introduction 
	NLRP3 in Cancer 
	Tumor-Intrinsic NLRP3 and Its Regulation 
	NLRP3 and Anti-Tumor Immunity 
	Tumor-Intrinsic NLRP3 and Adaptive Immunotherapy Resistance 
	Monitoring Tumor-Intrinsic NLRP3 
	Genetics of Tumor-Intrinsic NLRP3 
	Role of HSP70 as a Mediator of Tumor-Intrinsic NLRP3 
	NLRP3 and HSP70 Inhibitors in Development 
	Conclusions 
	References

