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ARTICLE INFO ABSTRACT

Keywords: The Covid-19 pandemic has spread rapidly across the globe, resulting in more than 3 million deaths worldwide.
Covid-19 The symptoms of Covid-19 are usually mild and non-specific, however in some cases patients may develop acute
faf;mer ) respiratory distress syndrome (ARDS) and systemic inflammation. Individuals with inflammatory or immuno-
nflammation

compromising illnesses, such as cancer, are more susceptible to develop ARDS and have higher rates of mortality.
This is mediated through an initial hyperstimulated immune response which results in elevated levels of pro-
inflammatory cytokines and a subsequent cytokine storm. This potentiates positive feedback loops which are
unable to be balanced by anti-inflammatory mediators. Therefore, elevated levels of IL-1f, as a result of NLRP3
inflammasome activation, as well as IL-6 and TNF-a amongst many others, contribute to the progression of
various cancer types. Furthermore, Covid-19 progression is associated with the depletion of CD8" and CD4" T
cells, B cell and natural killer cell numbers. Collectively, a Covid-19-dependent pro-inflammatory profile and
immune suppression promotes the optimal microenvironment for tumourigenesis, initiation and immune evasion
of malignant cells, tumour progression and metastasis as well as cancer recurrence. There are, however, ther-

NLRP3 inflammasome

apeutic windows of opportunity that may combat both Covid-19 and cancer to improve patient outcomes.

1. Background

The severe acute respiratory syndrome coronavirus-2 (SARS-Cov-2)
is responsible for the rapidly spreading Covid-19, and is the fifth beta-
coronavirus to infect humans. As of 2021, the virus resulted in more than
100 million cases and 3 million deaths (World Health Organization). The
majority of individuals infected only display mild symptoms, such as
low-grade fever, cough and fatigue/malaise [162]. However, severe
cases are characterized by clinical features consistent with lower respi-
ratory tract infection, microembolic disease and multiple organ failure.
Acute respiratory distress syndrome (ARDS) is the most severe clinical
manifestation of systemic Covid-19 infection secondary to the increased
expression of pro-inflammatory cytokines [75].

Therefore, Covid-19 is a systemic inflammatory syndrome associated
with changes in immune patterns and dysregulated pro-inflammatory
cytokine cascades, both of which is triggered by an intense, rapid acti-
vation of the innate immune response followed by lymphopenia and
hypercoagulability [137]. As such, individuals with diabetes, hyper-
tension, cardiovascular disease and cancer are at a higher risk for severe
infection and mortality [2,53,125,156]. Furthermore, cancer patients

have an attenuated immune capacity in most cases, as a result of
chemotherapeutic agents and steroid treatments [40]. The
pro-inflammatory nature of Covid-19 may contribute to tumourigenesis
by providing pre-malignant, malignant and dormant cancer cells with
the optimal microenvironment for tumourigenesis. Therefore, this re-
view will investigate the possible interplay between the systemic effects
of Covid-19 and the development and progression of cancer.

2. Covid-19 results in a shift from STAT1 to STAT3 signaling

Covid-19 has been reported to induce a change from signal trans-
ducer and activator of transcription 1 (STAT1) to STAT3 signalling. The
janus kinase (JAK)/STAT3 signaling pathway is constitutively activated
in most cancers and is associated with prolonged or amplified inflam-
matory signaling, proliferation and survival [79,148]. The STAT1
signaling pathway enhances adaptive and innate immunity, is a major
component of IFN signaling and is a well-known tumour suppressor. The
activation of STAT3 and its resulting pro-inflammatory response is a
common feature of Covid-19 infection [67,102].

Covid-19 activates membrane-bound or intracellular PRRs, including
toll-like receptors (TLR) and retinoic acid-inducible gene I (RIG-I) [118].
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Nomenclature

ACE angiotensin converting-enzyme
ACE2R angiotensin converting-enzyme 2 receptor
APC antigen presenting cell

ARDS acute respiratory distress syndrome
CCL chemokine ligand

DAMP  damage associated molecular pattern
DCC dormant cells

DMV double membrane vesicle

ECM extracellular matrix

GSDMD Gasdermin D

HIF hypoxia-inducible factor

HMGB1 high mobility group box®

IFN interferon

IFNAR  IFN-a-receptor subunit

IKK IkB kinase

IRF interferon regulatory factor

JAK Janus kinase

MAPK  mitogen-activated protein kinase
MCP monocyte chemoattractant protein
MERS-COV Middle East respiratory syndrome corona virus
MMP matrix metallopeptidase

mTOR  mammalian target of rapamycin

mtROS  mitochondrial ROS

NET neutrophil extracellular traps

NF«f nuclear factor kappa beta

NLRP3  nod-like receptor family, pyrin containing 3

NO nitric oxide

NOD2  nucleotide-binding oligomerization domain-containing
protein 2

ORF open reading frame

PI3K phosphoinositide 3-kinases

PRR pattern recognition receptor

RIG retinoic acid-inducible gene

RIP receptor-interacting protein

ROS reactive oxygen species

SARS-COV-2 severe acute respiratory syndrome coronavirus 2

SIRS systemic inflammatory response syndrome
STAT signal transducer and activator of transcription
TLR toll like receptor

TME tumour microenvironment

TMPRSS2 transmembrane serine protease 2

TNF tumour necrosis factor

TNFR tumour necrosis factor receptor

TRADD TNFR1-asssociated death domain protein
TRAF TNFR associated factor

VEGF vascular endothelial growth factor

The activation of these PRRs results in the activation of the nuclear
factor-kappa B (NF«f) transcription factors, promoting the transcription
of IFN-I-III. These factors alert surrounding cells to the viral attack and
elicits a host immune response. However, Covid-19 antagonizes the
antiviral activities of IFNs and the downstream JAK-STAT1 signaling
pathways [17]. This is dependent on the Covid-19 NSP protein family.
NSP1 blocks STAT1 phosphorylation, while NSP3, —4 and —6 establish
double-membrane vesicles (DMV) [150]. DMVs create a platform to
separate the replication site of Covid-19, including the replicase pro-
teins, viral genome and host replication proteins, from the cytoplasmic
sensors of the innate immune response [7,47]. Covid-19 inhibits the
activity of IFNs through nonstructural accessory proteins, which are
coded by open reading frames (ORFs) dispersed throughout the viral
genome [96,159]. The ORFa protein induces the serine phosphorylation
of the IFN-a-receptor subunit 1 (IFNAR1) degradation motif and pro-
motes its ubiquitination. The ORF3b protein antagonizes IFNs and in-
hibits the phosphorylation of interferon regulatory factor 3 (IRF3). The
SARS-CoV-2 family often display a larger ORF3b variant with increased
anti-INF-I activity [87,86]. Furthermore, the ORF6 in SARS-CoV-1 is a
strong antagonist to the IFN-I response by inhibiting the IFN-p promoter
activity and IFN signaling [87,159]. STAT1 inhibition by Covid-19 also
attenuates the transcription if IFN stimulated genes in macrophages
[102,155]. Consequently, the antagonistic effects of Covid-19 on IFN
and STAT1 result in the shift to a STAT3-dependent transcriptional
profile.

It has been proposed that STAT3, in turn, inhibits STAT1-mediated
IFN-I responses [140,145]. STAT3 inhibits the dimerization of STAT1
by forming a heterodimer of STAT3-STAT1. Furthermore, changes in
STAT1/3 signaling may promote tumourigenesis. STAT1 signaling is
proportional to IFN-y sensitivity in cancer cells. The knockout of STAT1
in mice resulted in accelerated tumour growth and defective IFN-y
driven immune response of NK and T cells, impairing their ability to kill
cancer cells [28,106]. Furthermore, the loss of STAT1 in breast cancer
cells have been linked to HER2/neu-driven tumourigenesis [85,117].
The direct activation of the JAK/STAT3 signaling can also drive the
production of pro-inflammatory cytokines and contributes to the
Covid-19 associated cytokine storm.
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3. The cytokine storm

Approximately 20% of all cancers arise in association with chronic
inflammation. Cancers that do not arise with inflammation often display
inflammatory infiltrates and high levels of cytokine expression in the
tumour microenvironment during the later stages of the disease [61,62].
Covid-19 has been reported to induce a cytokine storm, a term which is
used to describe unchecked systemic overproduction of cytokines. As
such, the cytokine storm results in increased plasma concentrations and
local upregulation of the following cytokines, IL-1f, IL-2, IL-4, IL-6, IL-7,
IL-8, IL-10, IFN- o/f/y, MCP-1, TNF-qa, interferon-y (IFN-y)-induced
protein 10 (IP-10 or CXCL-10), CCL3, CCL5 and CCL2 [31,32,91,105].
The cytokine storm, also known as cytokine release syndrome, has also
been reported for certain cancer types such as lung, pancreatic and liver
cancer. The cytokines are released as a result of the over-activation of
resident tissue macrophages and other immune cells. Furthermore, the
activation of pulmonary capillary endothelium can contribute to the
cycle of an amplified immune response and the cytokine storm [138].

The cytokine storm results in a feedback loop that is unable to be
mediated by anti-inflammatory factors, resulting in systemic inflam-
mation. The main drivers of this process are TNF-a and IL-6, which
activate the oncogenic transcription factors NFxp, AP-1 and STAT3 [3,
10,25,60]. Therefore, TNF-a and IL-6 are considered as the best char-
acterized inflammatory drivers of cancer progression. Additionally,
elevated expression levels of IL-6 and IL-1p have been detected in the
autopsy tissues from SARS-CoV patients and increased subsets of CD14™"
-IL-1p producing monocytes in the peripheral blood of these patients
have also been observed.

3.1. IL-6 and cancer

IL-6 expression is associated with disease severity during Covid-19
infection and cancer. IL-6 is one of the major dysregulated pro-
inflammatory cytokines present in the tumour microenvironment
(TME) and is overexpressed in a variety of cancers including breast,
prostate, ovarian, lung and cervical cancer [36,42,82]. High levels of
IL-6 are associated with poor prognosis, drives cancer progression and
can serve as a clinical biomarker for cancer [10,83,143]. IL-6 regulates
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three main signaling pathways, including JAK/STAT3, Ras/MAPK and
PI3K/Akt. These signaling pathways results in the expression of various
gene products that promote proliferation, differentiation, apoptosis,
angiogenesis and metastasis of cancer cells [78].

The IL-6/JAK/STATS3 axis is a major driver of tumourigenesis [76].
STATS3 is an oncogenic transcription factor and a signal transducer [95].
IL-6 receptor binding results in the activation of JAK, which phosphor-
ylates STAT3 on active sites. Activated STAT3 inhibits the pro-apoptotic
proteins Bcl-2, Bcl-xl and survivin, and promotes gene expression of
anti-apoptotic proteins, mcl-1 and XIAP, thereby inhibiting apoptosis
and promoting cancer cell survival [147,163]. STAT3 upregulates the
expression of the matrix metalloproteinase (MMP) —2 and —9, which
are responsible for the degradation and remodeling of the extracellular
matrix (ECM) and basement membranes. Changes in MMP expression
enable metastatic cells to migrate to distant tissues and organs [58,88,
111,152]. Furthermore, the activation of STAT3 and MAPK through JAK
signaling promotes the formation of new blood vessels throughout the
tumour by inducing the expression of the vascular endothelial growth
factor (VEGF), a key mediator of angiogenesis [157].

The activation of the PI3K/Akt signaling pathway promotes prolif-
eration and survival of cancer cells by inhibiting the activity of p53, a
tumour suppressor, as well as p27 and p130, inhibitors of G1 cyclin-
dependent kinases [139]. Furthermore, the PI3K/Akt pathway pro-
motes proliferation through the increased induction of cyclin D1, a
regulatory protein of the cell cycle [94]. The activation of PI3K/Akt
results in the downstream activation of the mammalian target of rapa-
mycin (mTOR), which inhibits autophagy, a catabolic process respon-
sible for the degradation of intracellular components, by preventing the
formation of the initiation complex. The induction of autophagy is
associated with decreased proliferation, therefore the downstream in-
hibition of autophagy may promote proliferation in cancer cells. Lastly,
the PI3K/Akt pathway activates NFxp, which promotes cell survival,
angiogenesis and metastasis [23,154].

IL-6 signaling through a JAK/STAT3-dependent manner results in a
pro-inflammatory arsenal by inducing the expression of other pro-
inflammatory cytokines [141]. STAT3 activation mediates the produc-
tion of TGF-p in a positive feedback loop with PAI-1, facilitating the
TLR4 inflammatory response [89,166]. Additionally, exhausted CD8" T
cells are a source of IL-6 production in squamous cells and small-cell
carcinoma, which may also be the case during Covid-19 infection
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(Fig. 1) [108].
3.2. TNF-a and cancer

TNF-a is a pro-inflammatory cytokine which plays a major role
during adaptive immunity. However, TNF-a is also one of the major
dysregulated pro-inflammatory cytokines present in the TME [68]. The
role of TNF-a in cancer is considered to be a double-edged sword. TNF-a
can act as an effector molecule in cell-mediated killing of cancer cells or
it can promote tumour survival through cancer-promoting inflammation
[10]. However, increasing evidence suggests that TNF-« is involved in
all stages of tumourigenesis and elevated levels of TNF-a in the TME is
an indicator of poor prognosis.

TNF-a can activate two receptors, TNF-receptor 1 (TNFR1) and TNF-
receptor 2 (TNFR2) [4]. TNFR1 is expressed on almost all cell types,
while TNFR2 is specific to endothelial and immune cells. TNFR1 binding
results in receptor trimerization with the recruitment of the
TNFR1-asssociated death domain protein (TRADD) that binds to the
death domain of the TNFR1. TRADD recruits TNFR associated factor
(TRAF2) and activates IkB kinase (IKK) through receptor-interacting
protein (RIP), a crucial factor involved in NFxp activation. The IKKB
components phosphorylates IKB, resulting in its ubiquitination and
degradation, this results in free NFkp that translocate to the nucleus
where it induces gene transcription [70]. NFkp is responsible for the
gene expression of many pro-inflammatory cytokines and it promotes
the activation of anti-apoptotic proteins, such as Bcl-2 and XIAP, thereby
promoting inflammation and inhibiting apoptosis [149]. TNFR1 acti-
vates two MAPK’s, JNK and p38, and the PI3K/Akt signaling pathway
[35]. These signaling pathways converge to activate c-Jun, inducing the
expression of MMP9 and subsequent angiogenesis and metastasis.
TRAF2 binding activates the MAPK signaling pathway and AP-1, pro-
moting the activation of VEGF which induces angiogenesis [27,63,103].
NFkf activation by TRAF2 regulates metastasis by inducing the
expression of the metastatic transcription factors Snail, Slug and Twist
[153]. These transcription factors induces a phenotypic switch from an
epithelial, non-invasive phenotype to a mesenchymal, invasive
phenotype.

TNF-a-dependent activation of PI3K/Akt signaling and downstream
activation of NFkp promotes the expression of cyclin D1 which phos-
phorylates and deactivates the tumor suppressor protein retinoblastoma

Fig. 1. The role of TNF-a and IL-6 in cancer
progression. The Covid-19 infection initiates
the cytokine storm, characterized by the
excessive production of pro-inflammatory cy-
tokines. IL-6 receptor binding results in the
activation of JAK/STAT3 signaling. JAK medi-
ates the activation of the Ras/Raf/MEK
signaling cascade. Furthermore, JAK activates
the PI3K/Akt signaling pathway, which acti-
vates NFkp. NFkp translocate to the nucleus
where it promotes the expression of gene
products responsible for tumourigenesis. STAT3
activation results in dimer formation which
translocate to the nucleus where it mediates
gene expression. STAT3 also promotes cell
survival by activating the anti-apoptotic pro-
teins Bcl-2 and Bcel-XL. TNFR binding activates
the effector proteins FADD, TRADD, RIP,
TRAF2, MEKK1, Askl and pro-caspase-8. This
results in the activation of NFkp and the acti-
vation of the AP-1 protein through MEKK1/4,
MKK4/7 and MAPK signaling. Collectively, the
activation of MAPK, NFxf, STAT3 dimerisation
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(pRb). Therefore, TNF-a promotes tumourigenesis through the regula-
tion of inflammation, proliferation and survival [127].

Therefore, elevated levels of systemic and local pro-inflammatory
cytokines, including IL-6 and TNF-a, generates a TME that is ideal for
cancer survival, establishes a pro-metastatic niche, promotes resistance
to treatment and can promote cancer recurrence (Fig. 1) [46,49,57,129].
Furthermore, the cytokine storm promotes the release other
pro-inflammatory cytokines, such as IL-2, IL-12 and MCP-1, which
perpetuates a pro-inflammatory and pro-invasive positive feedback loop
in the TME [77]. Covid-19 infection may also induce inflammasome
activation, which is a major contributor to the pro-inflammatory profile
seen during disease progression.

3.3. The NLRP3 inflammasome: priming and activation

Several studies have implicated the Nod-like receptor family, pyrin
containing 3 (NLRP3) inflammasome and cytokine release/storm in the
pathogenesis of the Covid-19 virus [54]. One of the main functions of the
NLRP3 inflammasome is to activate the innate immune system to
recognize pathogens, including viral infections. The NLRP3 (NOD-, LRR-
and pyrin domain-containing protein 3) inflammasome is characterized
by a sensor (NLRP3), an adaptor (ASC or PYCARD) and an effector
(caspase 1) [136]. NLRP3 contains an amino-terminal pyrin domain
(PYD), a central NACHT domain and a carboxyl-terminal leucine-rich
repeat domain (LRR domain).

Inflammasome activation is highly regulated and mediated by a two-
step process, namely priming and activation [13,164]. During the
priming step, NLRP3 genes are transcriptionally upregulated in response
to the recognition of PAMPs (e.g., LPS and viral DNA) or damage asso-
ciated molecular patterns (DAMPs) (e.g., ATP and ROS) through purine
sensing receptors like P2RX7 [128]. PAMPs/DAMPs can also activate
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domain-containing protein 2 (NOD2). Binding of PAMPs/DAMPs to
these receptors results in the activation of NFxp and gene transcription
[14]. Once the priming step is completed, activation of the inflamma-
some can occur in response to several pathogens or endogenous DAMPs.
This activation is associated with multiple cellular signaling events
including the efflux of K*, Ca®" or CI' ions, lysosomal disruption,
mitochondrial dysfunction, trans-Golgi disassembly and metabolic
changes. DAMPs such as high mobility group box 1 (HMGB1) can also be
released after inflammasome activation, however, these DAMPs have a
dual function. During normal immune responses, they induce
co-stimulatory activation of antigen-presenting cells (APCs), but also
play a role in resolution and tissue regeneration. When hyperactivation
of the inflammasome occurs, DAMPs are released in high concentrations
and can result in pyroptosis, macrophage activation, reduced apoptosis,
neutrophil infiltration and a significant increase in pro-inflammatory
cytokine production. As mentioned above, pyroptosis can also occur as
aresult of NLRP3 activation, which is an inflammatory programmed cell
death pathway that occurs in T-lymphocytes. This form of cell death is
activated through gasdermin D (GSDMD) cleavage by caspase 1, 4, 5 and
11, which could result in cytoplasm swelling, rupturing of the plasma
membrane and release of cytoplasmic contents into the extracellular
space [109]. Additionally, GSDMD also mediates IL-18 and IL-18
secretion and can occur dependently or independently of NLRP3
signaling (Fig. 2).

Several studies have implicated the NLRP3 inflammasome and IL-1§
production in mediating inflammation during ARDS and lung injury.
When compared to healthy controls, patients with ARDS have increased
IL-1p levels in bronchoalveolar fluid and plasma which is associated
with a worse clinical outcome [21]. In coronavirus infections (MERSCoV
and SARS-CoV), patients with ARDS had increased levels of IL-6, IL-8
and IL-1p [71]. Similar to these findings, patients with influenza, which
is also a respiratory viral infection, had high levels of IL-1f.
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Fig. 2. NLRP3 inflammasome activation and priming. Inflammasomes are cytosolic multiprotein oligomers of the innate immune system, and their main function is
to activate inflammatory responses. The Nod-like receptor family, pyrin containing 3 (NLRP3) inflammasome pathway is activated by priming and activation,
respectively. Binding of PAMPs/DAMPs to TLRs results in the activation of nuclear factor kappa beta (NFkf), caspase-1 activation and gene transcription. Once the
priming step is completed, activation of the inflammasome can occur in response to several pathogens or endogenous DAMPs. Similarly, SARS-CoV-2 can bind to

these receptors to induce an inflammatory response.
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Furthermore, mice with influenza infection and which are deficient in
inflammasome components (AIM2 (-/-), NLRP3 (-/-)) have reduced lung
injury and enhanced survival [161]. The authors observed that viral
infection significantly increased the abundance of cleaved caspase-1 and
cleaved IL-1f in these mice.

Taking these findings into consideration, it is plausible that IL-1p
plays a major role in acute lung injury induced by respiratory viral in-
fections, therefore pharmacologic targeting of this pathway may have
beneficial effects.

3.4. NLRP3 inflammasome and Covid-19

It has been observed that injury of type II alveolar epithelial cells that
express ACE2 results in inflammasome activation [164]. The acute im-
mune response to SARS-CoV-2 infection is mainly driven by inflamma-
tory alveolar and monocyte-derived macrophages, which is activated by
PAMPs/DAMPs released by infected and apoptotic pneumocytes [56].
Alveolar macrophages secrete TNF-a and IL-1p which initiates an acute
pro-inflammatory cascade after infection. These cytokines secreted by
the macrophages then induce cell death and damage, PAMP/DAMP
production, recruitment of immune cells and NLRP3 activation, thereby
creating a positive feedback cascade. Blanco-Melo and co-authors have
reported that primary human bronchial epithelial cells infected with
SARS-CoV-2 resulted in the expression of several cytokines and che-
mokines including TNF-a, IL-1f and IL-6. The authors proposed that
reduced innate antiviral defenses coupled with excessive inflammatory
cytokine production are the defining and driving features of Covid-19
[20]. The onset of this pathological immune response is therefore
characterized by a hyperinflammatory microenvironment localized at
the site of tissue injury. As the inflammatory cascade progresses, TNF-a
and IL-1p induce the secretion of other NLRP3 cytokines such as IL-6,
which is then observed in the peripheral blood of patients due to the
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loss of vascular integrity [55]. IL-6 can therefore be useful to predict
immunomodulatory treatment decisions. The rapid decline in health of
Covid-19 patients is generally associated with an abrupt shift from the
NLRP3 cytokine storm to a compensatory immunosuppressive state
[105]. This phase is characterized by IL-10 production, suppression of
NLRP3, polarization of macrophages to the anti-inflammatory M2 state
and the recruitment of fibroblasts and platelets. This accumulation of
fibroblasts and macrophages in the lung is responsible for collagen
deposition and constriction of the extracellular matrices that are char-
acteristic of ARDs fibrosis. Liao and authors found that
pro-inflammatory monocyte-derived macrophages were abundant in the
bronchoalveolar fluid from patients with severe Covid-19 and moderate
cases were characterized by highly clonally expanded CD8+ T-cells
(Fig. 3) [93].

The SARS-CoV genome encodes three ion channel proteins namely:
E, open reading frame 3a (ORF3a) and ORF8a, where E and ORF3 are
required for replication and virulence. Apart from canonical activation
of the NLRP3 inflammasome by PAMPs and DAMPs, these proteins of
SARS-CoV function as NLRP3 agonists [39,131] where they activate
both signaling mechanisms for inflammasome activation independently
of ion channel activity. It has been observed that SARS-CoV ORF8 in-
teracts with the LRR domain of NLRP3 to activate the inflammasome,
resulting in increased levels of IL-1p and IL-18. Taking this into
consideration, the NLRP3 inflammasome plays an important role in
antiviral host defenses and its aberrant activation and induction of
downstream mediators can lead to pathological tissue injury during
infection. The inflammasome is therefore a core inflammatory compo-
nent involved in the innate immune response, once induction with
various stimuli has occurred. Since the activation of the NLRP3
inflammasome has also been reported in several types of cancer (e.g.,
breast, colon, lung and cervical cancer), the consequences of inflam-
masome activation in cancer patients with Covid-19 infection can have
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Fig. 3. Covid-19 induced inflammation affects tumor cells and their microenvironment. Once inhaled, SARS-CoV-2 infection activates the Nod-like receptor family,
pyrin containing 3 (NLRP3) inflammasome in macrophages to mediate lung inflammation. In cancer patients however, alongside SARS-CoV-2 infection, tumor cells
can also activate the inflammasome, which drives the secretion of IL-1p and IL-18. Activation of immune cell subsets, largely through activated macrophages, results
in a cascade of massive inflammatory cytokine activation including IL-6, tumor necrosis factor-a (TNF-a), IL-8 and IL-10, that leads to acute lung injury with acute
respiratory distress syndrome, systemic inflammatory response syndrome (SIRS), shock and multiorgan dysfunction, and coagulopathy. The significant upregulation
of IL-1p can result in the metastasis of dormant cancer cells to distant organs, potentially resulting in cancer relapse and recurrence in these patients.
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far reaching implications [110].

3.5. Covid-19, the NLRP3 inflammasome and cancer

The SARS-CoV-2 pandemic is spreading in a world where cancer
prevalence is also rapidly growing, which raises questions as to how they
could potentially interact with one another. As mentioned previously,
the main risk factors of severe Covid-19 in the general population are
gender, advanced age, obesity and diseases such as coronary heart dis-
ease, diabetes, hypertension and cancer. Cancer type, staging and
therapies are additional risk factors for severe Covid-19 in this patient
population. SARS-CoV-2 recruits several proteins involved in cellular
replication, DNA damage, epigenetics and metabolism, which is also
implicated in cancer [142].

The manifestation of severe forms of Covid-19 in a proportion of
patients highlights the inability of the immune system to counteract the
viral infection. These patients develop hyperinflammation with high
levels of pro-inflammatory cytokines, like IL-6 (normally present at low
levels in the blood), which is associated with the cytokine storm, blood
hypercoagulability and reduced cell-mediated immunity. IL-6, TNF-a
and IL-1 have been demonstrated by Maccio and authors to be correlated
with impaired T-cell responses in women with advanced epithelial
ovarian cancer [99]. This was also associated with the onset of systemic
symptoms like anemia, anorexia and cardiac and respiratory muscle
wasting [98]. IL-6 is therefore also an important role player in the
pathogenesis of cancer. The IL-6-JAK-STAT3 pathway is hyperactivated
in several cancers, which drives the proliferation, survival and inva-
siveness of tumor cells and suppresses anti-tumor immunity [151].
Oxidative stress in these patients can also be induced by chronic
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inflammation and macrophage activation. It has previously been shown
that high levels of IL-6 in patients with advanced cancer was correlated
with high levels of reactive oxygen species (ROS) and reduced antioxi-
dant enzymes [97]. ROS overproduction can also be sensed by the
NLRP3 inflammasome, which can further contribute to the prolonged
and excessive inflammatory response in Covid-19 patients.

Inflammation and persistent infection contribute to several malig-
nancies by promoting cancer initiation, development, progression,
angiogenesis and invasion. Furthermore, IL-1p contributes to carcino-
genesis, possibly via the NLRP3 pathway. In NLRP3-deficient mice, lung
tumor cells were significantly decreased when compared to control
animals. Although there is no direct evidence to support NLRP3 acti-
vation in breast cancer, it has been suggested that IL-1f promotes breast
tumor development. Guo et al. reported that the inflammasome as well
as IL-1p play important roles in the promotion of tumor growth and
metastasis in breast cancer [65]. In this study they showed that in both
NLRP3-deficient and caspase-1-deficient tumor mouse models, primary
tumor growth was significantly reduced when compared to the wild type
controls which had high circulating IL-18 levels. Furthermore, by
blocking IL-1R (with an IL-1R antagonist), tumor growth and sponta-
neous metastasis were reduced in caspase-1-deficient mice, while wild
type tumor-bearing mice treated with IL-1Ra had a reduced number of
tumor nodules in the lungs. Taken together, these results indicate that
inflammasome activation and IL-1p production may create favourable
microenvironments for tumor metastasis.

Covid-19-induced inflammation can also affect tumor cells and their
microenvironment (Fig. 4). In breast cancer, the effects of Covid-19
remain to be elucidated, but it has been reported that patients with
lung, haematological and breast cancer are at greater risk [41].
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Furthermore, evidence suggests that Covid-19 may affect a particular
stage in the tumor’s life cycle, which is represented by dormant cancer
cells (DCCs). DCCs can survive after treatment of primary tumors and
localize in specific microanatomical compartments of metastasis-prone
organs [37]. These cells can reside in a quiescent state for a clinically
asymptomatic period, referred to as metastatic dormancy. At some
point, these cells may reactivate in response to microenvironmental cues
like inflammatory or immune-mediated signaling thereby promoting
metastasis of these cells.

As stated previously, profound immune system alterations occur
during SARS-CoV-2 infection which include decreases in natural killer
cells and T-cells in the peripheral blood as well as the dysregulated
activation of monocytes, neutrophils and tissue macrophages. Activated
neutrophils release several tissue damaging products including web-like
structures of proteins and DNA, referred to as neutrophil extracellular
traps (NETs) [12,52]. NETs entrap pathogens and thereby provides a
high local concentration of anti-microbial components and creates a
physical barrier that obstructs local access to immune cells. Although
several factors involved in Covid-19 may play a role in the reawakening
of dormant tumor cells, the strongest evidence points to NETs and
neutrophils, which are emerging as important role players in the path-
ogenesis of this virus. It has been shown that acute lung inflammation
and NETs have been respectively shown to trigger the exit from
dormancy of breast DCCs, resulting in metastasis [52]. Albrengues and
authors reported that NETs formed by neutrophils during LPS- or to-
bacco smoke-induced lung inflammation are required to awaken
dormant cancer cells and cause metastasis in mice [6]. The authors
proposed that NETs concentrate neutrophil proteases, neutrophil elas-
tase and MMP-9 at their substrate, laminin, which allowed for the
cleavage and generation of an epitope that triggered cancer cell awak-
ening. Furthermore, laminin destruction by NET-associated proteases
activated integrin signaling in lung-resident DCCs, which induced pro-
liferation and lung metastasis. It is therefore plausible that NET gener-
ation that occurs during Covid-19 could trigger DCCs reawakening as
well as other pro-inflammatory factors, like cytokine production. Similar
to other findings, elevated levels of IL-6 during severe Covid-19 result in
a widespread activation of NFkp in immune and non-immune cells,
possibly via the NLRP3 inflammasome pathway. Once NFkf activation is
induced, pre-metastatic niches may contribute to the reawakening of
DCCs either directly by stimulating cancer cell proliferation or indirectly
by inducing the formation of a pro-metastatic environment [38].

Following the cytokine storm and strong pro-inflammatory response,
immune cells display exhaustion phenotypes during Covid-19 disease
progression. As such, the functional diversity of these cells is also
reduced, which indicates that Covid-19 triggers an excessive, non-
effective host immune response, where a pro-inflammatory positive
feedback loop persists following the exhaustion of the immune cells
[121].

4. Immunosuppression

Intracellular mechanisms, including cell-cycle check points and
tumour-suppressor proteins, strongly inhibit the development of ma-
lignant cells [22,146]. Extracellularly, the innate and adaptive immune
mechanisms are involved in the recognition and destruction of malig-
nant cells. The NK cells destroy the initial transformed or malignant cells
by detecting specific ligands on the cell surface, this process is known as
immuno-surveillance [51]. Subsequently, macrophages and dendritic
cells are recruited for the uptake and processing of the remaining frag-
ments of the tumour cells and secrete inflammatory cytokines which
recruits activated T and B cells. These cells activate the innate immune
response which promotes the production of antibodies. This sequence of
events leads to the destruction of any remaining tumour cells and the
generation of tumour-specific antibodies [46,51].

Additionally, some tumours have a genetic instability, namely mi-
crosatellite instability, where defects in DNA mismatch repair
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mechanisms result in the duplication or deletion of short repeated se-
quences of DNA, also known as microsatellites [26,64]. These tumours
have a high rate of mutation, resulting in the expression of unique
tumour antigens. The antigens presented on the major histocompati-
bility complex (MHC) class 1 molecules can be recognized and is tar-
geted by B cells and CD4" and CD8" T cells, resulting in the eventual
destruction of the tumour. Consequently, the infiltration of CD4" and
CD8" T cells and NK cells in some cancer types are associated with
improved prognosis, including colorectal and medullary cancer. How-
ever, these cells often have increased expression of cytotoxic T
lymphocyte antigen 4 (CTLA-4) and programmed cell death protein 1
(PD-1), which interacts with PD-ligand1l (PD-L1). CTLA-4 and PD-1,
which interacts with PD-L1, are the two main immune checkpoints
that are triggered as shutdown mechanisms following T lymphocyte
activation. Increased expression of CTLA-4 and PD-L1 results in an
impaired immune response to these tumour-specific antigens [130].
Cancer cells promote CTLA-4 induction and induces PD-L1 expression as
a mechanism of immune evasion. Furthermore, TNF-a upregulates
CTLA-4 and PD-L1 expression in cancer, promoting tumourigenesis.
Therefore, patients who are immunosuppressed have an increased risk
of developing malignant cells with higher instances of spontaneous
tumour regression. In line with this, it has been reported that mice
lacking T cell and NK cell cytotoxic effector pathways develop sponta-
neous tumours. For example, mice that lack perforin, a cytotoxic
molecule employed by CD8" T cells and NK cells to form membrane
pores in target cells, have an increased susceptibility to develop lym-
phomas [132,134,135].

Covid-19 infection induces a large-scale activation of lymphocytes,
including CD8" and CD4" T cells, due to high levels of IFN-y and TNF-a.
However, these cells display exhaustion phenotypes during disease
progression [43,165]. T cell exhaustion is characterized by the stepwise
and progressive loss of T-cell effector functions and can result in the
physical deletion of these cells. Exhausted T cells also display metabolic
dysregulation, poor memory recall and homeostatic self-renewal and
changes in epigenetic programs [104]. This is also supported by the
increased expression of programmed cell death protein 1 and T-cell
immunoglobulin domain and mucin domain-3 levels on CD8™ cells [43,
156]. As such, the functional diversity of these cells are reduced.
Therefore, Covid-19 results in an altered immune function in patients,
also known as lymphopenia, as evident in decreased levels of CD4" and
CD8™ T cells, natural killer cells and B cell number [30,75]. A decrease
of up to 80% of these lymphocytes are observed in severe cases of the
disease. As such, the possibility exists that lymphopenia and the
exhaustion of immune cells during Covid-19 can contribute to the
development of spontaneous tumours, cancer progression and cancer
recurrence. Therefore, there is a need to identify treatments that target
the common pathways implicated in both Covid-19 and cancer to
improve patient outcomes.

5. Treatment strategies
5.1. Immunotherapy: anti-CTLA-4 and Anti-PD-1

Immunotherapy is a promising treatment modality for cancer, and
targets cancer-associated inflammation. Two common modulators of the
immune system are anti-PD-L1 and anti-CTLA-4 [130]. There are 7
drugs available that target CTLA-4 and PD-1, these agents have been
approved for the treatment of various cancer types, including mela-
noma, lung cancer, breast cancer, cervical cancer, gastric cancers and B
cell lymphomas. The CTLA4 blockers include ipilimumab, nivolumab,
pembrolizumab and cemiplimab. The PD-L1 blockers include atezoli-
zumab, avelumab and durvalumab, while ipilimumab and nivolumab
can be administered as a combination therapy [126]. The comined in-
hibition of CTLA4 and PD-1 results in effector T-cell and NK cell acti-
vation in peripheral tissues and in induction of Treg cell differentiation
which elicits an anti-tumour immune response. Therefore, the inhibition
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of CTLA-4 and PD-1/PD-L1 in Covid-19 and cancer patients may
improve patient outcomes and prevent immune cell depletion following
Covid-19 infection (Fig. 4) [11].

5.2. IL-6 and STAT3 inhibitors

IL-6 inhibitors may benefit cancer and Covid-19 patients due to the
dual role that IL-6 plays in these diseases. Tocilizumab and Siltuximab
are monoclonal antibodies that target the IL-6 receptor (IL-R). Tocili-
zumab has been approved for the treatment of rheumatoid arthritis
patients, with no off-target effects, and may dampen the cytokine storm
[19]. Siltuximab has been used for the treatment of cancer patients and
inhibits STAT3 and MAPKs, which resulted in significant antitumor ef-
fects. Furthermore, Siltuximab has been tested in Covid-19 patients, and
successfully decreased levels of IL-6 and CRP in these patients while
improving disease outcomes. The use of the corticosteroid, dexameth-
asone, in Covid-19 patients resulted in reduced mortality risk. Further-
more, corticosteroids have been reported to inhibit the production of
IL-6 and TNF-a-mediated IL-6 production [141]. The effects of cortico-
steroids on cancer remains uncertain, however is has been shown that
glucocorticoids inhibit the development of lymphoids and has
anti-inflammatory effects [74].

Napabucasin is a well-known inhibitor of cancer cell stemness and
has been reported to inhibit STAT3 and ROS-mediated angiogenesis [17,
113]. Furthermore, the use of melatonin as an adjuvant treatment to
cancer has been well established and it has recently been suggested as an
adjuvant treatment for Covid-19 patients. Melatonin has indirect
anti-viral effects by inhibiting the excessive production of
pro-inflammatory cytokines, ROS production and the over activation of
the immune system [162]. Therefore, the anti-inflammatory, antioxi-
dant and immunomodulatory effects may benefit patients with cancer
and Covid-19 (Fig. 4).

5.3. NLRP3 inhibitors

Excessive inflammation induced by the NLRP3 inflammasome in
many diseases, including cancer, can be detrimental and the inhibition
thereof is a promising approach for cancer prevention and treatment.
Based on these above-mentioned studies, it could also alleviate the
devastating effects of Covid-19 in these patients. By taking advantage of
the complex signaling cascade of the NLRP3 inflammasome, a diverse
range of targets can be used for its inhibition. This includes but is not
limited to: inhibiting NLRP3 inflammasome activation, suppressing
upstream signals, blocking inflammasome assembly, inhibiting caspase-
1 activation and neutralizing inflammatory cytokines produced by the
inflammasome, like IL-1§.

Drugs already used in clinical applications include thalidomide, a
drug that targets and inhibits the activation of caspase-1, which is
mainly used as a sedative to treat anxiety, insomnia and gastritis [107].
For the treatment of multiple myeloma, thalidomide has been approved
for first-line therapy in combination with other chemotherapeutic drugs,
which exerts anti-tumour effects [24]. It has been suggested that the
mechanism of malignancy control with thalidomide is attributed to its
anti-angiogenic activity, by reducing angiogenic factors like fibroblast
growth factor (FGF) and vascular endothelial factor (VEGF) [48].
However, in a randomized, double-blinded, placebo-controlled trial,
patients with advanced non-small lung cell cancer were treated with
thalidomide in combination with gemcitabine and carboplatin. The
study showed that the treatment regime did not improve the survival
rate of these patients. However, it did increase the risk of thrombotic
events [92].

Anakinra is a recombinant form of interleukin-1 receptor antagonist
(IL-1Ra), which is commonly utilized in the treatment of auto-
inflammatory diseases and rheumatoid arthritis [44]. Previous studies
with myeloma cells have shown that anakinra significantly reduces IL-6
levels but does not increase myeloma cell death. In a breast cancer
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mouse model, anakinra inhibited tumour growth to the bone and
reduced the number of mice with metastasis. Previous studies have
shown that IL-1p elevates the expression of VEGF and that the inhibition
of IL-1f by anakinra could suppress the activity of VEGF, resulting in an
anti-angiogenic effect [115].

Parthenolide is a sesquiterpene lactone component found in
feverfew, a herb generally used as anti-inflammatory medicine which is
considered as a potential anti-tumour drug that functions by inhibiting
NFkp signaling pathways [90,114]. In gastric cancer, parthenolide
significantly inhibits tumour cell growth and downregulates the phos-
phorylation of NFkp [133]. The anti-tumour activity mechanisms of
parthenolide, which include NFkp inhibition, JNK activation, p53 acti-
vation and suppression of STAT3, have attracted great interest in the
field of cancer.

Canakinumab is a human monoclonal antibody that targets IL-1p but
not IL-1a. The use of canakinumab has not been studied significantly in
cancer, but during a randomized, double-blinded, placebo-controlled
trial of patients with lung cancers and atherosclerosis, researchers found
that canakinumab significantly decreased lung cancer mortality by tar-
geting the IL-1f innate immunity pathway [124]. The use of canakinu-
mab as an anti-tumour drug has mainly focused on lung cancer and is
being studied in phase III clinical trials in non-small lung cancer.

The cytokine release inhibitory drug, CRID3, also known as MCC950,
is a diarylsulfonylurea-containing compound that inhibits the activation
of the NLRP3 inflammasome, in mice in vivo and in human cells in vitro
[33]. In a spontaneous chronic colitis mouse model, MCC950 signifi-
cantly suppressed IL-1§ secretion and caspase-1 activation, which in-
dicates its potential use as an anti-tumour therapeutic agent [119].

Taking these inhibitors into consideration, developing or utilizing
drugs that downregulate the functions of pro-inflammatory cytokines
(like IL-1p and IL-6) could be beneficial for cancer patients with Covid-
19. Several studies have shown that inflammasome inhibitors attenuate
the proliferation and invasion of cancer cells, however, their anti-
tumour activities are limited to specific types of cancer (Fig. 4).

6. Conclusion

Covid-19 infection is a serious and often deadly condition and
significantly more so for patients with underlying conditions such as
cancer. The unique inflammatory cascades associated with Covid-19
including excessive inflammation, inflammasome activation, exhaus-
tion of immune function and the aberrant activation of several signalling
pathways creates an optimal environment for malignant transformation
and progression. This could also be true for dormant cancer cells and
pre-malignant cell transformation. These effects may also contribute to
resistance of cancer cells to cancer therapies. We have discussed various
treatments that may prove effective against the pro-inflammatory effects
of Covid-19 as well as cancer. These treatments may contribute to the
resolution of Covid-19 infection and may protect against the develop-
ment, progression and recurrence of cancerous cells during and
following Covid-19 infection.
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Ms Carla Fourie, Department of Physiological Sciences, Stel-
lenbosch University, South Africa. I am part of the Cancer
Research Group in the Physiological Sciences department at
the University of Stellenbosch. I am currently busy with my
PhD, with Professor Anna-mart Engelbrecht as my supervisor. I
am mostly interested in signaling mechanisms and pathways
that influence breast cancer growth and development. The aim
for my PhD is to determine the role of Serum amyloid A (SAA)
and inflammasome activation in breast cancer progression as
well as understanding the interaction between cancer cells and
other cell types in the tumour microenvironment, such as
cancer associated fibroblasts.

Dr Johann Riedemann is a Clinical Radiation and Molecular
Oncologist at Cancercare Cape Gate and Panorama Oncology
Centres. He completed his MBChB degree at the Stellenbosch
University and his internship and community service at Karl
Bremer and Western Cape Rehabilitation hospitals respec-
tively. Prior to becoming a clinician, he obtained BSc, HonsBSc
and MSc (Molecular, cum laude) also from Stellenbosch Uni-
versity. He holds a PhD (Molecular Oncology) from the
Weatherall Institute of Molecular Medicine (Oxford, Cancer
Research UK) and was a fellow in precision oncology at the
University of Oxford. He worked as clinical research fellow and
registrar at Groote Schuur and Red Cross Children’s Hospitals
and completed the fellowship of radiation oncologists (CMSA)
in 2020. His primary fields of interest include urology, breast, sarcoma, neuro-oncology
and pediatric solid tumour malignancies. He is passionate about multidisciplinary team
management and is a proponent of precision oncology that includes advanced radio-
therapy techniques and implementation of targeted- and immunotherapies. He has pub-
lished in numerous peer reviewed journals and presented at both national and
international congresses.
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Prof Willem JS de Villiers, Department of Physiological Sci-
ences, Science Faculty, Stellenbosch University, Stellenbosch,
South Africa. Department of Internal Medicine, Faculty of
Medicine and Health Sciences, Stellenbosch University,
Tygerberg Campus, South Africa. Rector and Vice-Chancellor
of South Africa’s Stellenbosch University, Professor Willem
de Villiers is committed to supporting students to achieve their
potential and has worked in the UK, America and South Africa
to support them. In the 1990’s Wim travelled to the UK and
completed a DPhil in Immunology at Oxford University in
1995. He became Head of Gastroenterology at the University of
Kentucky and Administrative Head of the Good Samaritan
Hospital in Lexington. Working as a gastroenterologist, he
became a respected medical researcher and was featured in the Best Doctors in America
publication. He has shown the importance of macrophages (and their pattern recognition
receptors) in many murine models of gut inflammation. He then contributed significantly
to the clinical development and wide-spread application of targeted monoclonal antibody
therapies in numerous patients with complicated inflammatory bowel disease. This work
was published in top medical journals such as the New England Journal of Medicine and
Gastroenterology. Moving back to South Africa in 2013, he became the Dean of Health
Sciences at the University of Cape Town, before moving to his current position at Stel-
lenbosch in December 2014.

Prof Anna-Mart Engelbrecht, Department of Physiological
Sciences, Stellenbosch University, Stellenbosch. Anna-Mart
Engelbrecht is currently professor in the Department of Phys-
iological Sciences at Stellenbosch University. She received
several prestigious awards which include the Dean’s and Sen-
ate’s Medals as well as the Gencor Bronze Medal, the Rector’s
award for Excellence in Research and the Vice-Rector’s
Research Award for exceptional achievement from Stellen-
bosch University as well as the Lasec Award for Excellence in
Physiology Research from the Physiological Society of South-
ern Africa (PSSA). Seventeen MSc and fifteen PhD students
completed the degrees under her supervision; she currently
serves as promotor and co-promotor for four PhD students. She
has published 86 peer reviewed, research articles and presented invited lectures at na-
tional and international conferences. She established the Cancer Research Group (CRG)
where they investigate chemo-resistance and mechanisms to counteract chemotherapy-
induced damage to the heart and skeletal muscle; as well as metabolic pathways in the
cancer micro-environment.




