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Abstract: The outbreak of novel coronavirus disease 2019 (COVID-19) has exacted a disproportionate
toll on cancer patients. The effects of anticancer treatments and cancer patients’ characteristics shared
significant responsibilities for this dismal outcome; however, the underlying immunopathological
mechanisms are far from being completely understood. Indeed, despite their different etiologies,
SARS-CoV-2 infection and cancer unexpectedly share relevant immunobiological connections. In
the pathogenesis and natural history of both conditions, there emerges the centrality of the immune
response, orchestrating the timed appearance, functional and dysfunctional roles of multiple effectors
in acute and chronic phases. A significant number (more than 600) of observational and interventional
studies have explored the interconnections between COVID-19 and cancer, focusing on aspects as
diverse as psychological implications and prognostic factors, with more than 4000 manuscripts
published so far. In this review, we reported and discussed the dynamic behavior of the main
cytokines and immune system signaling pathways involved in acute vs. early, and chronic vs.
advanced stages of SARS-CoV-2 infection and cancer. We highlighted the biological similarities and
active connections within these dynamic disease scenarios, exploring and speculating on possible
therapeutic crossroads from one setting to the other.
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1. Introduction

The outbreak of novel coronavirus disease 2019 (COVID-19) caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) has been categorized as a pandemic
since March 2020. After two years, it has resulted in more than 300 million infections
and 5.5 million deaths worldwide. Cancer patients have been particularly affected by
the pandemic, both directly, due to immunosuppression caused either by the neoplastic
disease or by the cancer treatment itself, and indirectly, with delays in diagnosis and post-
poned follow-ups, difficulties in organizing and conducting clinical trials and the need
to implement remote telemedicine approaches in such a frail population [1–5]. At the
molecular level, SARS-CoV-2 infection involves the spike protein (S), which recognizes
and binds to the cell surface receptor angiotensin-converting enzyme 2 (ACE2) [6,7], al-
lowing the virus to enter the host cell. After initial replication of the virus in the upper
respiratory tract, viral replication can spread to the lower respiratory tract [8]. COVID-19
patients might experience either asymptomatic or mild forms of the disease, or severe
disease manifestations requiring hospitalization and mechanical ventilation. Some severe
COVID-19 patients display acute respiratory distress syndrome (ARDS), which reflects
severe respiratory damage [9]. It has been observed that patients with co-morbidities are
more susceptible to severe symptoms that may ultimately lead to multiple organ dysfunc-
tion and poor prognosis [10]. Indeed, cancer patients represent a significant proportion
of patients in vulnerable/fragile groups. Data reporting a precise association between
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an increased infection incidence and the oncological disease are still inconclusive, since
it is rather challenging to draw conclusions in this complex (and heterogeneous) clinical
context. Nevertheless, several studies report that cancer patients have a significantly higher
mortality rate and adverse outcomes from COVID-19, in particular those patients who are
receiving or have just received anticancer treatment [5,11].

Indeed, the factors which can affect COVID-19 infection outcome and survival in
cancer patients can be divided according to intrinsic factors derived from patients’ char-
acteristics and comorbidities, and “extrinsic” factors related to the type of anticancer
treatment and concomitant medications that the patient is receiving or has just received
at the time of COVID-19 infection. Concerning the first group (“intrinsic factors”), it has
been shown that both diabetic and obese patients (often concomitantly affected by the
metabolic syndrome) are at increased risk of severe COVID-19 infection and COVID-19
related death [12,13]. However, the thorough ESMO-CoCARE study on COVID-19 in
cancer patients [14] has reported better outcomes from COVID-19 (lower hospitalization
rate) for overweight and obese patients [14]. The so-called “obesity paradox” in cancer
has long been debated, with initial evidence hinting at favorable outcomes for overweight
and obese patients, possibly due to improved tolerance to anticancer treatments [15]. A
large meta-analysis from 203 studies has concluded that in lung cancer, melanoma, and
renal cell cancer obesity showed a protective effect in terms of outcome, while in most other
cancer types, obesity was associated with reduced survival and increased relapse risk [16].
Elderly patients, a fragile category per se and especially in the context of COVID-19 infec-
tion [17], are particularly hit by the cardiovascular effects of COVID-19 [18], and their risk
of contracting severe COVID-19 is also increased by immunosenescence-related factors [19].
Another independent clinical condition which has been associated with poor outcomes
in SARS-CoV-2 infection is “Low T3 Syndrome”, possibly due to the interplay between
thyroid dysfunction and the immune system functioning correctly in acute infection [20].

The “extrinsic” variables influencing the outcome of cancer patients with COVID-19
infection encompass treatment-related conditions, ranging from the cardiotoxic [21,22] to
immunosuppressive and immunomodulatory effects of cancer therapeutics and concomi-
tant medications such as corticosteroids [23–27]. Given the well-known acute and long-term
cardiovascular complications from COVID-19 [28–30], any condition contributing to worse
cardiovascular outcomes (such as previous or concurrent cardiotoxic treatment) must be
carefully considered. The main classes of cardiotoxic oncological treatments include an-
thracyclines [31] and anti-HER2 agents [32], while all cytotoxics have well-recognized
immunosuppressive effects in cancer patients [27]. What is more, biological treatments
directed against B cells, such as rituximab, an anti-CD20 monoclonal antibody, can put
patients (even after vaccination) at an increased risk of severe COVID-19 and death [33,34].
These data have prompted consideration on how to best protect cancer patients from
severe/fatal sequelae of COVID-19 infection, while ensuring the delivery of effective,
essential anticancer treatments [35].

Although COVID-19 and cancer obviously have different etiologies, they both share
some key biological and immunological mechanisms, especially in their advanced stages.
In particular, immune dysregulation plays a crucial role in both diseases in their advanced
forms, leading to processes of chronicization and disease progression. Among multiple
factors and elements that are involved in the functions and dysregulation of the immune
system, cytokines and immune checkpoints are crucial pillars that play a relevant role
in both conditions. For instance, the typical features of immune dysfunction shared by
SARS-CoV-2 infection and cancer are the deregulated production of cytokines, along with
type I IFN-mediated immune responses (essential to tackle both COVID-19 and cancer),
and the immune exhaustion that may occur in these conditions [36].

The aim of this work is to highlight and review the main immunobiological connections
between COVID-19 and cancer. We will underline the considerations on the “time variable”
that orchestrate the appearance, functional and dysfunctional roles of multiple immune
effectors of acute and chronic responses potentially implicated in both COVID-19 and



Biomedicines 2022, 10, 2628 3 of 20

tumoral settings. Within this frame, the main cytokines and molecular pathways involved in
the pathogenesis and clinical features of both conditions will be discussed. We will conclude
by reviewing the initial evidence and speculating on potential therapeutic exploitations of
the emerging immune biological intersections between COVID-19 and cancer.

2. Time Makes the Difference: Acute and Chronic Features of Immune Response

The acute immune response is part of a complex biological process triggered by cellular
damage, caused either by sterile injury (cell death) or infection. After cellular damage, the
immune system attempts to eliminate or neutralize injurious stimuli and initiates recovery
and regenerative processes [37].

Immediately upon injury, factors released from damaged epithelial and endothelial
cells, along with cytokines and chemokines promote the migration of neutrophils and
monocytes to the site of inflammation. The cytokines that are best known for stimulating
and perpetuating inflammatory responses are interleukin, (IL)-1, IL-2, tumor necrosis factor
(TNF)-α, IL-6, type I and II interferons (IFN-I and IFN-II), and transforming growth factor
(TGF)-β [38]. The first cells attracted in loco are neutrophils, then monocytes, natural
killer (NK) and mast cells [39]. During the early phase of an infection, the efficacy of the
innate immune response, mainly mediated by IFN-I, plays an essential role in preventing
viral replication, T cell exhaustion, and cytokine overproduction [40,41]. Moreover, it is
crucial to support the subsequent adaptive immune response and eventually the clinical
outcome [42,43]. It has been proved that a performing and coordinated cellular immune
response is crucial to control the disease and eliminate it, in this case, SARS-CoV-2 in-
fection [44]. The adaptive immune system is mainly constituted by three cell types: B
cells which produce antibodies, CD4+ T cells which exert multiple helper and effector
features and CD8+ T which kill infected and target cells through perforin and granzymes
secretion [45,46]. Virus-specific cells derive from selected and expanded pools of naïve
B and T cells which can target precise molecular structures. The extensive proliferation
and differentiation of specific effector T cells (including helper T cells and cytotoxic T cells)
and effector B cells (plasma cells) is a time-consuming process (∼6–10 days after priming)
which, once completed, provides viral clearance [47–49].

In COVID-19, SARS-CoV-2 specific antibodies, CD4+ and CD8+ T cells are crucial for
infection resolution [50]. Remarkably, several studies report that specific T cell responses
correlate significantly with milder disease [44,51–54] and effective viral clearance [55].
Notably, lower COVID-19 disease severity has been better associated with SARS-CoV-2
specific CD4+ T cells than CD8+ T cells and antibodies [44], whose main cytokine produced
is IFN-γ [44,50,56]. Timing is again crucial; indeed a study demonstrated that a fast
induction of specific CD4+ T cells during the acute phase of the disease correlates well
with milder COVID-19 and prompt viral clearance [57]. CD8+ T cell-mediated immune
response develops rapidly in acute COVID-19, exerting relevant cytotoxic effects through
IFN-γ, perforin and granzyme B [44,51,58]. It has also been reported that CD8+ T cells
decreased in people who experienced SARS-CoV-2 infection; on the other hand, in healthy
vaccinated subjects, CD8+ T cell expression increased significantly [59]. Another important
T cell population is that of the regulatory T cells (Tregs), whose role during COVID-19
is still debated. A study described a significant reduction of Tregs in COVID-19 severe
cases [60]. Lower levels of Tregs may be the cause of the overactivation of the immune
system and subsequent lung injury in COVID-19 patients [61]. On the other hand, a
study reported that Treg levels remarkably increased in moderate and severe SARS-CoV-2
infection, along with their IL-10 production [62]. Moreover, highly activated Tregs with
an enhanced expression of CD25 have been described in severe COVID-19 patients [63].
Overall, the deficit in the development of the adaptive immune response may exacerbate the
predominant inflammatory immune response which can cause substantial tissue damage.
Thus, negative regulatory mechanisms are crucial during innate and adaptive immune
responses to minimize detrimental effects and optimize the host defense [48]. In fact, the
perfect balance between innate and adaptive immunity can be reached when they synergize
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with negative control and immunosuppressive mechanisms. Immune checkpoints are an
emblematic example; indeed, during chronic infections, they hamper the excessive antiviral
response in order to prevent immunopathological damage [64]. Alterations during the
inflammatory process may lead to chronicization and may be associated with chronic
inflammatory diseases, cancer, autoimmune and degenerative diseases [39]. In Figure 1,
the progressive chronicization of the inflammatory process is depicted for both COVID-19
and cancer scenarios.
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Figure 1. Time makes the difference. Schematic representation of the acute and chronic phases of
inflammation in COVID-19 (A,B) and cancer (C,D), in the alveolar and tumoral microenvironments,
respectively. Created with Biorender.com.

3. Cytokines

During the early stages of the pandemic, increased levels of many cytokines, including
IL-6, IL-1β, TNF-α, and interferons, were observed in patients with COVID-19 [65,66].
These molecules can potentially serve—in general—as disease biomarkers for diagnosis,
prognosis, and therapeutic decision-making. Elevated cytokine levels may cause a systemic
syndrome, known as a cytokine release syndrome (CRS). CRS results from an excessive
and dysregulated immune response, and it is thought to cause a significant increase
in proinflammatory cytokines triggered by many factors such as infections and certain
drugs [67,68]. It has been reported that levels of proinflammatory cytokines (IL-2, IL-6,
IL-7, IFN-I, IFN-II) are strictly correlated with the viral load and lung injury in patients
with severe COVID-19, reflecting the severity and the prognosis of this disease [69–71].

Biorender.com
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Chronic inflammation, of which CRS may be an expression, could act as a biological
link with cancer, contributing to the neoplastic change. It is possible to include several
examples, such as pancreatitis in pancreatic cancer, AIDS in Kaposi’s sarcoma, tobacco
in lung cancer, viral hepatitis in liver cancer [36,67]. To understand how to interrupt this
process, it is key to understand which factor(s) drive this transition and how this might
be inhibited. In this review we will focus on the main players, such as IL6, TNF-α, and
IFNs, which deserve a dedicated analysis of their specific roles in chronic inflammation
and immunopathological reactions.

IL-6 is a pleiotropic cytokine with nearly ubiquitous expression in stromal and immune
cells. It transmits defense signals from a pathogen invasion or tissue damage site to
stimulate acute phase reactions, immune responses, hematopoiesis, and various internal
organs to prepare for host defense [72]. However, excessive and sustained production
of IL-6 is associated with various inflammatory diseases [73]. IL-6 is involved in the
proliferation and differentiation of malignant cells and found to be high in the serum and
tumor tissues in the majority of cancer patients, including colorectal cancer, breast cancer,
prostate cancer, ovarian carcinoma, pancreatic cancer, lung cancer, renal cell carcinoma,
cervical cancer and multiple myeloma. Elevated or lower levels of circulating IL-6 may
be, respectively, negative or positive prognostic indicators for survival and predictors of
response to therapy [74,75].

Regarding COVID-19, in a meta-analysis review, it has been demonstrated that serum
levels of IL-6 are significantly increased in severe forms of COVID-19. Those levels are
indeed associated with adverse clinical outcomes, including intensive care unit (ICU)
admission, ARDS and death. In fact, IL-6 serum levels in patients affected by severe
COVID-19 are about three times higher with respect to IL-6 levels of patients with mild
disease presentation. Another study suggests that elevated IL-6 levels could be considered
as an independent risk factor for disease severity and in-hospital mortality, and that
dynamic IL-6 changes may serve as a potential predictor for lung injury [76].

TNF-α is a pivotal pro-inflammatory cytokine. It is released by various cell types
(e.g., monocytes, macrophages), and promotes inflammation by further inducing the re-
lease of pro-inflammatory cytokines, prompting the activation and proliferation of naïve
and effector T cells, but also inducing apoptosis of highly activated effector T cells, fur-
ther determining the size of the pathogenic or protective conventional T cell pool [38,77].
Alongside other cytokines, TNF-α is involved in the regulation of inflammatory processes,
infectious diseases, and malignant tumors [78]. TNF is able to act as an endogenous tumor
promoter to bridge inflammation and carcinogenesis. The role of TNF in tumorigenesis,
tumor growth and metastasis has been demonstrated in vitro and in various mouse tumor
models, including colon cancer [79] and skin cancer [80]. In several studies, it has also been
reported that serum TNF concentration is increased in different cancer patients; moreover,
its concentration was markedly decreased during chemotherapy in breast [81] and prostate
cancer patients [82], correlating well with response to treatment, suggesting that serum
TNF levels could be a potential predictive biomarker in these cancer types. High levels of
TNF expression in tumor tissues are associated with malignancy progression, too, and have
been reported in chronic lymphocytic leukemia [83], prostate cancer [82], and other cancer
types [84]. Concerning the TNF role in COVID-19, a recent meta-analysis has highlighted a
peculiar pro-inflammatory cytokine profile in patients with severe forms of the disease, and
TNF-α was recognized as one of the prevailing cytokines during the COVID-19 cytokine
storm [85]. Indeed, one significant mechanism with which TNF-α mediates lung inflam-
mation and ARDS, appears to be the reduced CD4+ and CD8+ T-cell counts in patients
with severe COVID-19. More particularly, CD4+ T-cells lead immune responses against
viral infections and CD8+ T-cells play a role of essential importance in the host’s defense
against respiratory viruses, providing viral clearance and participating in the containment
of secondary infections. Furthermore, its concentration was found to increase in both the
early and late stages of SARS-CoV-2 infection [85].
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IFNs belong to three different families, type I, II and III IFNs, according to their
receptor specificity and sequence homology. Type I IFNs are a multi-gene cytokine family
comprising a single IFNβ gene and 13 partially homologous IFNα subtypes in humans.
They signal through a common receptor, IFNR, which is formed by the heterodimerization
of IFNAR1 and IFNAR2 [86]. The type II IFN family includes a single gene product, IFNγ,
mainly produced by T cells and NK cells, which exerts its effect on cells expressing IFNγ

receptor (IFNγR) [87]. Type III IFNs comprise IFNλ1, IFNλ2 and IFNλ3, with comparable
functions to type I IFNs. Since the expression of their receptor is limited to epithelial cells,
their effects are restricted [88]. In this work, we mostly focus on type I IFNs (hereafter
referred to as IFN-I), because of their central role in cancer and in COVID-19. After IFN-I
binding to IFNAR1/2, IFN-I signaling leads to the activation of a wide range of interferon
regulatory factors (IRFs) and IFN-stimulated genes (ISGs), promoting inflammatory and
innate antiviral responses [89]. Immune responses against both cancer and infectious
diseases are strictly dependent on IFN-I effects [87,90,91]. In cancer biology, IFN-I has a
crucial role in inhibiting tumor proliferation, promoting tumor cell senescence and death,
and controlling cancer stem cell growth. Moreover, impaired IFN-I signaling is associated
with tumor progression [92,93]. It has also been reported that the efficacy of various
therapeutics against cancer, comprising cytotoxic drugs, radiotherapy, targeted therapy and
immunotherapy depend on functional IFN-I signaling, to enhance tumor cell inhibition and
effective antitumor immune response [94]. The vital and positive role of IFN-I responses
during the early phase of viral infection has been widely demonstrated. Some studies
support the hypothesis that SARS-CoV-2, as other viruses, has developed mechanisms
to escape antiviral responses in the host. In fact, a study reported that IFN-I signaling
was hampered during COVID-19 infection [42]. More specifically, several studies reported
a different IFN-I dysregulation according to the severity and the stages of the disease;
during the early phases, mild and moderate COVID-19 patients showed higher IFN-I
levels in peripheral blood and in the site of infection. On the other hand, IFN-I expression
seemed to be suppressed in severe cases of COVID-19 patients, mainly older people with
comorbidities, who presented with higher viral load [45]. This suggests that the timing and
the role of IFN-I response is crucial during infection: IFN-I is decisive in the early stages
to promote an inflammatory response; in fact, reduced IFN-I levels in infected patients
may be a warning signal of disease severity; by contrast, an excessive response in late
stages would aggravate the inflammation and the progression of COVID-19 and worsen
the physiopathology [43,95,96]. This information found support in mouse models too;
a delayed IFN-I response could not indeed achieve the inhibition of viral replication of
SARS-CoV-2 [97].

4. Molecular Pathways

Infections and cellular damage activate acute immune response, during which, as
we have seen, cytokines and chemokines promote recruitment of leukocytes to the site of
infection or injury, pursuing the inflammatory responses. Primary inflammatory stimuli,
including microbial products and cytokines such as IL-1β, IL-6, TNF-α, mediate inflam-
mation through specific receptors, among which toll like receptors (TLR), IL-1 receptor
(IL-1R), IL-6 receptor (IL-6R), and the TNF receptor (TNFR) are amongst the most impor-
tant ones [38]. Receptor activation triggers important intracellular signaling pathways,
including nuclear factor kappa-B (NF-κB), and Janus kinase (JAK)-signal transducer and
activator of transcription (STAT) pathways, which are the most relevant. Those inflamma-
tory pathways exert their signaling function through transcription factors which regulate a
variety of inflammatory genes, including cytokine ones such as IL-1, TNF-α, IL-6, and IFNs,
that may be finally released at the site of inflammation [75,98]. Dysregulation of NF-κB, or
JAK-STAT activity is associated with inflammatory, autoimmune, and metabolic diseases,
and cancer [99]. Likewise, as it has been done for cytokines, in this section we will discuss
the interplay of COVID-19 and cancer at the intracellular level, analyzing some of most
important inflammatory pathways.
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NF-κB transcription factor plays important roles in inflammatory, immune response,
survival, cell growth and apoptosis processes and can be activated by viral genetic material
or proteins [100]. The NF-κB family includes five related transcription factors: RelA (p65),
RelB, NF-κB1 (p50 and its precursor p105), NF-κB2 (p52 and its precursor p100), and c-Rel
homo/heterodimers with RelA or RelB [101]. NF-κB signaling requires IKK subunits,
which regulate pathway activation through IκB phosphorylation. This pathway is triggered
by TLRs and inflammatory cytokines; it dictates, in turn, the expression of cytokines, as
a positive feedback mechanism, and inflammatory cell recruitment, contributing to the
inflammatory response. NF-κB is a central mediator of pro-inflammatory gene induction
and functions in both innate and adaptive immune cells [98]. It has been reported that
NF-κB pathway is activated in SARS-CoV-2 infected cells [102]. Moreover, a recent study
demonstrated that SARS-CoV-2 accessory nucleocapsid proteins are able to activate NF-κB
function and increase proinflammatory cytokine expression [103]. Apart from its association
with the “cytokine storm”, the NF-κB pathway is associated with the pathogenesis of the
metabolic syndrome, including diabetes and obesity, which may cause in turn atherosclero-
sis and vascular endothelial damage. These metabolic conditions initiate and propagate
hyperactivation of the NF-κB pathway, contributing to worse outcomes and the severe
disease manifestations observed in obese and diabetic patients with COVID-19 [104–106].
Dysregulation of this pathway has been reported in many chronic diseases, including
cancer. Members of the NF-κB protein family are in fact mutated in several types of malig-
nancies, especially hematopoietic ones. For example, the retroviral oncogene v-Rel and the
mutated form of its homolog c-Rel can induce lymphoid tumors [107]. Rearrangements and
amplifications of the latter are frequent in non-Hodgkin’s B-cell lymphomas [108], while
NF-κB2 is often activated through chromosomal translocation in lymphomas and leukemias
as well [109]. Concerning solid tumors, the deletion of the IκBα gene has been reported
in patients with glioblastoma, and IKK1, IKK2 and IKK mutations have been observed in
breast and prostate cancer [110–113]. However, the constitutive NF-κB activation in solid
tumors may be influenced by the proinflammatory tumor microenvironment rather than
genetic mutations. The infiltration of immune cells secreting pro-inflammatory cytokines
contribute to NF-κB activation, generating a pro-tumorigenic microenvironment, in which
the immune system may be disabled and genomic instability and genetic mutations may
occur, promoting both tumor initiation and tumor progression [114–116].

JAK-STAT- The JAK-STAT signaling pathway is extremely conserved and represents
a focal node of cell function. It involves more than 50 cytokines, such as hormones, in-
terferons such as IFN-I, interleukins such as IL-6, and growth factors [117]. Thanks to
this pathway, extracellular factors can control downstream gene expression and conse-
quent events including hematopoiesis, immune competence, tissue repair, apoptosis and
inflammation [118,119]. JAKs are associated with cytokine receptors, and often mediate
their tyrosine phosphorylation, as in the case of type 1 IFNs receptors (composed of two
subunits, IFNAR1 and IFNAR2), and IL-6 receptor IL-6R. Once these receptors are acti-
vated by their ligands, they phosphorylate one another, creating binding sites for one or
more STAT proteins, which are constitutively inactive cytoplasmic transcription factors.
Recruited STATs undergo phosphorylation and dimerization and are then transported
into the nucleus to regulate specific genes, transforming an extracellular input into a tran-
scriptional response [120]. The JAK-STAT signaling pathway is activated in hematological
malignancies and, in particular, the somatic JAK2V617F mutation can be found in >95%
of patients affected by polycythemia vera [121–123]. Activating STAT mutations, even if
they are rare, have been reported in large granular lymphocytic leukemia, specifically in
STAT3 in 40% of patients [124]. STAT protein activation appears frequently in solid tumors,
resulting in different clinical implications. For example, the activation of STAT3 or STAT5
is associated with worse outcomes in non-small cell lung cancer [125] prostate cancer [126]
oral squamous cell carcinoma [127] and melanoma [128]. By contrast, in breast cancer [129]
and in some studies in colorectal cancer [130], those mutations seem to be correlated with
better prognosis. Besides the role of JAK-STAT in CRS downstream IL-6 axis activation in
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COVID-19, it has been reported in a recent study that SARS-CoV-2 may disrupt JAK-STAT
pathway components as a counteractive action to tackle IFN-mediated antiviral responses,
facilitating virus replication in diverse tissue types [131].

PD-1/PD-L1 axis- The PD-1/PD-L1 axis represents the epitome of immune check-
points in immunobiology. This peculiar signaling pathway had been discovered well before
the advent of the COVID-19 pandemic: in the nineties, the role of immune checkpoints in
cancer was elucidated thanks to the pivotal intuitions of the Nobel prize winners James
P. Allison and Tasuku Honjo [132]. PD-1 is a transmembrane receptor expressed by acti-
vated T cells, whose known ligands (PD-L1 and PD-L2) are expressed on both tumor and
stromal cells. Its main action is to mediate immunosuppression; by being an “immune
checkpoint” at the end of the immune activation cascade, it provides an ultimate signal to
innate immune cells and eventually falls under the radar of T cells, enabling cancer cells to
evade both innate and adaptive immunosurveillance [133]. For what concerns the role of
PD-1/PD-L1 in COVID-19, it should be noted that one of the first clinical and laboratory
observations in patients infected by COVID-19 was the finding of lymphopenia, and the cor-
relation of worsening lymphopenia with disease progression and disease severity [65,134].
Indeed, in COVID-19 patients, and especially in those requiring ICU, lymphopenia has been
associated with T-cell exhaustion which is mediated, among others, by the PD-1/PD-L1
axis. Cytofluorimetric analysis of samples derived from COVID-19 patients with severe
infection and hospitalized in ICU, with respect to healthy controls and patients with less
severe disease manifestations, has shown significantly higher PD-1 expression levels on
CD8+ and CD4+ cells from ICU patients [135]. Blood samples analysis from COVID-19
patients vs. healthy control subjects has also shown soluble PD-L1 serum upregulation
in SARS-CoV-2 infected patients, as determined by enzyme-linked immunosorbent assay
(ELISA) [136].

Poly-ADP-Ribose Polymerase (PARP) enzymes- This unique protein family of en-
zymes is in charge of a peculiar form of post-translational modification, PAR(Poly-ADP
Ribose)ylation, which consists of the addition of negatively charged, ADP-ribose polymer
chains to target proteins involved in processes as diverse as DNA repair, epigenetic modifi-
cations, and inflammation [137,138]. Intriguingly, the Mac1 macrodomain of SARS-CoV-2
is a mono-ADP-ribosyl hydrolase, which binds to and hydrolyzes mono-ADP-ribose (MAR)
residues on target proteins, with a disruptive action on MARylation as a form of post-
translational modification [139]. Indeed, MARylation—similarly to PARylation—is an
activity of several PARPs, which are induced also in the acute inflammation phase in
response to viral infection through IFN signaling [140]. The PARP family encompasses
17 different enzymes, requiring NAD+ for proper enzymatic activity [141], among which
five catalyze PARylation (PARP1, PARP2, PARP5A, PARP5B) while most other members
show MARylating activity (PARP3, PARP4, PARP6, PARP14, PARP15) [140,142–144]. As
far as cancer pathobiology is concerned, the role of PARPs is mainly triggered by super-
vening DNA damage and repair mechanisms; in cells bearing homologous recombination
(HR) defects, as in the case of BRCA1/2 mutations, the role of PARP becomes even more
important in supporting alternative DNA repair pathways. Hence, PARPs have become
attractive targets in cancer therapeutics for the possibility of inducing the so-called synthetic
lethality [145] in cells bearing HR defects, by inhibiting PARP activity and thus leading to
cell death upon accumulation of unrepaired double strand breaks.

5. Therapeutic Implications

Cytokines and cytokine pathways have been thoroughly investigated both as thera-
peutic allies and as therapeutic targets in oncology and oncohematology in the last four
decades. However, many of these treatments failed to be implemented in clinical prac-
tice either due to low efficacy, or significant side effects [146]. Obviously, many drugs
targeting cytokines have been developed for autoimmune diseases, rather than cancer
treatment, with the advent of the so-called “biological drugs” in rheumatology. A few
of these molecules have been translated to COVID-19 treatment, as for instance anti IL-6
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monoclonal antibodies, anti-JAK1/2 small molecule inhibitors, both approved by national
and international drug regulatory agencies for treating autoimmune conditions such as
rheumatoid arthritis [147,148]. In COVID-19, timing is crucial with respect to the use of
anticytokine treatments; indeed, immunity system priming is necessary at the early stages
of the infection during the viral shedding; consequently, cytokine-based therapies may be
eligible to promote inflammation. However, hyperinflammation and CRS must be avoided
given the potential side effects in the severity of COVID-19, and so blocking cytokine
receptors or their pathway may be a suitable choice.

Type I IFNs—In order to trigger the innate immune response, recombinant IFN-
Is, such as IFNα and IFNβ, have been widely used in the past and studied in cancer
treatment alone or in combination with chemotherapeutics, both in oncology and onco-
hematology [149–154]. Recombinant IFN-Is are also being actively studied as therapeutic
approaches for COVID-19; in particular, a few studies have assessed the effectiveness
of nebulized IFNβ-1a in COVID-19 hospitalized patients. These studies highlight that
receiving IFNβ-1a is correlated with earlier recovery and lower incidence of adverse events
and has also been associated with clinical improvement in one study [155,156]. Recent
studies and a meta-analysis underline the positive effects of IFNβ administration combined
with other antivirals, such as ribavirin in the early days of virus spreading, resulting in
higher survival rates, lower mechanical ventilation rates, enhanced viral clearance and an-
tiviral response [157,158]. Similarly, a multicenter cohort study investigated the correlation
between early administration of IFNα-2b and antivirals (lopinavir/ritonavir) with a lower
mortality rate when compared with antiviral treatment alone; conversely, patients with
late administration of IFN experienced increased mortality and delayed recovery among
survivors [159].

Targeting IL-6/JAK/STAT—One of the main players of hyperinflammation and CRS
is IL-6; its overproduction was observed in patients with severe COVID-19 and in pa-
tients with several types of cancer, as reported above. Therefore, drugs targeting the
IL-6/JAK/STAT axis developed in the past to cope with other diseases (mainly autoim-
mune diseases), are under analysis for COVID-19 treatment. Several IL-6R inhibitors have
been developed during the years such as sarilumab, saltuximab and tocilizumab, and
during the summer of 2021, they have been recommended for COVID-19 treatment [160].
Tocilizumab has been approved by the FDA for use in adult patients with rheumatoid
arthritis, and for the management of cytokine-release syndrome in adult or pediatric pa-
tients receiving treatment with CAR T cells in hematological malignancies. Preclinical
studies suggest that tocilizumab might be effective against ovarian [161], pancreatic [162],
and colitis-associated colorectal cancer arising in an inflammatory bowel disease back-
ground [163]. In June 2021, the US Food and Drug Administration issued an emergency use
authorization for the use of tocilizumab in combination with corticosteroids in hospitalized
adult and pediatric patients with COVID-19 who required non-invasive or invasive me-
chanical ventilation or extracorporeal membrane oxygenation. In fact, the experience with
tocilizumab showed a clinical improvement in a large proportion of patients with severe
pneumonia. A meta-analysis of 13 studies indicated that patients treated with tocilizumab
had lower mortality when compared with control groups receiving standard COVID-19
treatment or no treatment [164]. What is more, a multicentric study demonstrated that
tocilizumab reduced mortality and disease severity in a dose- and time-dependent way.
The study revealed that the IL-6R inhibitor gave better results in severely ill patients than
moderately ill ones, since they were in an advanced stage of inflammation. In fact, the best
timing for tocilizumab administration was after 8 days, when the inflammation becomes
prevailing and the immunopathologic damage starts to develop. On the other side, they
also highlighted that the limited effect of tocilizumab during earlier stages could be due
to the lower inflammatory conditions at the viral shedding, whereas the limited activity
during later stages may take place because the inflammation is by then irreversible [165].

Another way of intervention on the IL-6 axis is the intracellular inhibition of JAK
1/2 kinases. The most used inhibitors are ruxolitinib and baricitinib, small molecule tyrosine
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kinase inhibitors of JAK1 and JAK2. The first one has been adopted for cancer therapy to
treat myeloproliferative neoplasms such as myelofibrosis [166,167], while baricitinib was
approved for the treatment of rheumatoid arthritis (RA) [168], inflammatory bowel diseases
(IBD) and psoriasis [169]. Considering the role of the JAK/STAT pathway in inflammation
and CRS, both inhibitors have been widely used and studied in clinical trials for COVID-19
treatment. Despite their similar activity, only baricitinib has been recommended by the
WHO, in January 2022 [170]. In a multicenter clinical study, ruxolitinib showed a fast
anti-inflammatory effect and a slightly lower mortality rate in severe COVID-19 patients,
although it has failed to reduce ICU admissions and mechanical ventilation [171]. These
results are also in line with the phase III clinical trial RUXCOVID, which failed in the
achievement of its primary endpoint: in March 2022, the final results of RUXCOVID were
published, highlighting the absence of benefits of ruxolitinib in addition to standard care
in the overall patient population [172]. On the other hand, concerning baricitinib, a phase
III clinical trial showed the efficacy and safety of this inhibitor combined with standard
of care for the treatment of hospitalized adults with COVID-19 [173]. Moreover, a recent
meta-analysis found that baricitinib improved the mortality rate, ICU admission, invasive
mechanical ventilation requirement and the oxygenation index [174]. An observational
retrospective study confirmed these data in severe COVID-19 cases, highlighting the
improvement in recovery time and the absence of relevant adverse events [175].

TNFα inhibitors—The most well-known TNFα inhibitors are infliximab and adal-
imumab, monoclonal antibodies developed in the last decades to cope with chronic in-
flammatory disorders such as RA, IBD, psoriasis, psoriatic arthritis [176]. Surprisingly,
among those chronic conditions of inflammation and cytokine dysregulation, cancer is
missing. On the contrary, the use of these TNF inhibitors is questionable; in several studies
it has been reported that they may promote lymphoproliferative disorders and other malig-
nancies in RA patients [177,178], although this finding was not validated by all research
groups [179]. Regarding COVID-19 treatment, instead, several studies have shown how
infliximab and adalimumab may protect patients with chronic inflammatory diseases from
severe COVID-19. In fact, a meta-analysis reported that the standard administration of
TNFα inhibitors in those patients was associated with lower hospitalization probability
and ICU admission [180]. Moreover, a case-control study highlighted that TNFα inhibitors,
adalimumab in particular, significantly decreased the risk of developing COVID-19 in
patients with RA [147]. As far as TNFα inhibitors exclusively meant for an anti-COVID-19
treatment are concerned, a clinical trial evaluating adalimumab has been reported in China
(ChiCTR2000030089). Furthermore, a completed phase II clinical trial showed that inflix-
imab may extinguish the pathological inflammatory signaling providing clinical recovery
in severe COVID-19 [181]. Indeed, the results of further clinical trials are necessary, to
better elucidate the role and the timing of TNF inhibitors in COVID-19 treatment.

NF-κB inhibition—TNFα is one of the proinflammatory cytokines which can trigger
the activation of NF-κB pathway, crucial during CRS, whose dysfunction is involved in
tumor development. NF-κB-associated inflammation may be minimized through modu-
lation at the level of NF-κB activation itself, IκB degradation and trafficking, along with
TNFα inhibition, as mentioned above [182]. It has been reported that the blockage of XPO1
may support NF-κB pathway suppression, preventing the export of IκB from the nucleus.
selinexor and verdinexor are selective inhibitors of nuclear export (SINE) that show anti-
tumor activity by preserving the correct localization of tumor-suppressor proteins [183].
Selinexor has exhibited effectiveness in patients with hematological malignancies such as
multiple myeloma [184,185] and solid tumors [186]. Besides the antitumoral aspect, SINE
compounds have shown antiviral effects in influenza virus models and anti-inflammatory
properties against ARDS, the same dismal (and often deadly) complication of SARS-CoV-2
pneumonia [187]. Based on this information, several clinical trials have been registered to
evaluate SINE compounds effectiveness and safety in COVID-19 patients (NCT04349098,
NCT04349098, NCT04355676). An important NF-κB inhibitor is cromolyn, a synthetic
compound used to treat asthma which showed potent anti-inflammatory and antitumoral
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effects [188]. It has been reported that cromolyn inhibits elevated basal activity of NF-κB
pathway in pancreatic tumor cells in vivo and in vitro. Moreover, it has proven effective in
reducing inflammation in several diseases such as amyotrophic lateral sclerosis [189], and
Alzheimer’s [190] and chronic lung disease [191]. In view of this point, cromolyn may be
useful against COVID-19; a clinical trial has been initiated to study the combination of this
compound with standard treatment in patients with COVID-19 pneumonia (NCT05077917).

Targeting the PD-1/PD-L1 axis—The first clinical application of anti-PD-1 in cancer
has represented a true breakthrough [192] and, since then, the PD-1/PD-L1 axis blockade
has become an approved therapeutic strategy in several cancer types, representing an
unprecedented advancement in cancer treatment, as single agents or in combination with
other anticancer agents [193]. Moreover, in recent years, immune checkpoint blockade has
progressively been moved from late disease stages to the first-line setting, acknowledging its
dramatic impact on patients’ prognosis in various cancer types, among which non-small cell
lung cancer [194], melanoma [195], urothelial carcinoma [196] represent pioneering settings.
As above mentioned, the PD-1/PD-L1 axis is a major player in immune exhaustion in
COVID-19 infection, and lymphocytic PD-1 expression levels correlate with disease severity
in patients affected by SARS-CoV-2. This evidence, directly derived from early findings
and studies on lymphopenic patients during the COVID-19 pandemic, has prompted a
search for potential therapeutic benefits derived from PD-1/PD-L1 axis blockade. Indeed,
three clinical trials have investigated the role of the anti PD-1 nivolumab in SARS-CoV-2
patients, but the results are not available yet (NCT04413838; NCT04343144; NCT04356508).
Other immune checkpoints have been implicated in immune exhaustion in COVID-19,
such as TIM-3 and LAG-3 [197], but no dedicated clinical trial has been developed so far.

Targeting PARP enzymes—While PARP inhibition is a therapeutic option in an in-
creasing number of cancer histotypes [138], the “repurposing” of PARP inhibitors in the
context of COVID-19 infection, with the aim of tapering overzealous immune responses
and their potentially detrimental effects, has been hypothesized, but has not yet been tested
in the clinic [198]. Moreover, given the mono-ADP-ribosyl hydrolase activity exerted by
SARS-CoV-2, the utility of PARP inhibition (and its timing with respect to early vs. ad-
vanced infection) in the treatment of COVID-19 remains to be determined, given the delicate
balance between efficacious vs. overzealous immune activation and the multifaceted role of
PARP enzymes in this context. Indeed, a completely different therapeutic strategy linked to
PARP signaling has also been proposed, suggesting that NAD-enhancing strategies could
boost PARP antiviral activity, hindering SARS-CoV-2 infection progression [199]. Hence,
the double-faced role of PARPs in COVID-19 suggests a cautious approach towards the
potential repurposing of PARP inhibitors in COVID-19 treatment.

In Table 1, the most relevant ongoing observational and interventional trials, address-
ing the intersections of COVID-19 and cancer, are listed.
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Table 1. Selected ongoing studies on COVID-19 and cancer (interventional and observational). Source:
clinicaltrials.gov. accessed on 2 October 2022.

Study Title Study Type Interventions Phase Clinical Trial
Identifier

COVID-19 Prevention and Treatment in
Cancer; a Sequential Multiple Assignment
Randomized Trial; (C-SMART)

Interventional
Drug: interferon alfa

Drug: selinexor
Drug: lenzilumab

III NCT04534725

Rintatolimod and IFN Alpha-2b for the
Treatment of COVID-19 in Cancer Patients Interventional

Other: best practice
Biological: recombinant

interferon alfa-2b
Drug: rintatolimod

I///II NCT04379518

Leflunomide for the Treatment of Severe
COVID-19 in Patients With a
Concurrent Malignancy

Interventional

Other: best practice
Drug: leflunomide

Drug: placebo
administration

I///II NCT04532372

Viral Specific T Cell Therapy for
COVID-19 Related Pneumonia in
Cancer Patients

Interventional

Biological: SARS-CoV-2
antigen-specific

cytotoxic
T-lymphocytes

I NCT04742595

A Trial of the Safety and Immunogenicity
of the COVID-19 Vaccine (mRNA-1273) in
Participants With Hematologic
Malignancies and Various Regimens of
Immunosuppression, and in Participants
With Solid Tumors on PD1/PDL1
Inhibitor Therapy, Including Booster
Doses of Vaccine

Interventional Biological: mRNA 1273
injection II NCT04847050

(COVID-19) Longitudinal Neutralizing
Antibody Titers in Cancer Patients
Receiving Different Anticancer Therapies

Observational - - NCT05384509

Antibodies Production After COVID-19
Vaccination Among Patients with Medical
History of Cancer and
Anti-CD-20 Treatment

Observational - - NCT04779996

Immunity Against Severe Acute
Respiratory Syndrome Coronavirus 2
Disease (COVID-19] in the Oncology
Outpatient Setting (COVIDOUT)

Observational - - NCT04779346

A Study on the Immune Response to
COVID-19 Vaccination in Cancer
Patients—the IOSI-COVID-19-001 Study

Observational - - NCT04800146

ASCO Survey on COVID-19 in Oncology
(ASCO) Registry Observational - - NCT04659135

Investigation of the B- and T-cell
Repertoire and Immune Response in
Patients with Acute and Resolved
COVID-19 Infection

Observational - - NCT04362865

6. Conclusions

In this review, we have highlighted the immunobiological connections shared by
SARS-CoV-2 infection and cancer. In particular, we have underlined the dynamic involve-
ment of different cytokines and immune system pathways at different disease stages in
both conditions, and pinpointed the most relevant therapeutic intersections. These interdis-
ciplinary considerations warrant attention for the development of future research avenues,
which could take into account the clinical challenges stemming from enduring/frustrated
chronic immune responses in COVID-19 and cancer, to develop novel therapeutic strategies
to tackle the chronicization of immune responses in both disease settings.

clinicaltrials.gov
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