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Abstract

Inflammation is a process that protects organs against various potentially harmful stimuli and enables repair. Dysregulated
inflammation, however, damages tissues and leads to disease, including cancer. Cancer-related inflammation is characterized
by cytokine production, leukocyte infiltration, angiogenesis, and tissue remodeling—all critical processes in modulating the
tumor microenvironment (TME). The TME is known to play a key role in tumor progression, and targeting its immune
component to achieve a better anti-tumor response is the basis of immunotherapy. Despite the critical role cytokines play in
the TME and tumor progression, there is currently only one therapy approved by the FDA that directly involves cytokine
signaling: human recombinant interleukin-2 protein, aldesleukin. The recent Canakinumab Anti-inflammatory Thrombosis
Outcomes Study (CANTOS) trial evaluated the use of anti-interleukin-1β therapy in atherosclerotic disease; however, it also
revealed interleukin-1β (IL-1β) blockade with canakinumab led to a significantly lower incidence of lung cancer. This has
opened a promising new avenue for lung cancer therapy, and strategies using anti-IL-1β therapy alone or in combination
with chemotherapy and/or immune checkpoint blockade are currently being evaluated in several clinical trials.
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Inflammation and cancer
Inflammation in cancer initiation and progression
Inflammation is one of the hallmarks of cancer and plays a
key role in mediating cancer initiation, cell proliferation, in-
vasion, angiogenesis, and metastasis [1]. Inflammation is the
response to stimuli of a heterogeneous nature, either physical
(e.g., burn, trauma), chemical (alcohol, toxins), biological (cell
damage), or infectious (bacteria, virus) [2]. These stimuli lead
to activation and recruitment of inflammatory cells via pro-
duction of cytokines (e.g., IL-6) and inflammatory proteins
(e.g., C-reactive protein [CRP]) [2]. Acute inflammation is an
injury-repairing process that is beneficial to organs (“good”
inflammation); however, if not eventually resolved, it leads to
chronic inflammation, tissue remodeling, and T-cell dysfunc-
tion (“bad” inflammation) [2, 3]. Chronic inflammation
causes a number of diseases, such as chronic pancreatitis,

chronic obstructive pulmonary disease (COPD), inflamma-
tory bowel disease, and cancer [2, 4].
Cancer-related inflammation or pro-tumor inflammation is

characterized by the presence of cytokines and chemokines,
leukocyte infiltration, angiogenesis, and tissue remodeling. In-
flammation can be intrinsic—elicited by the tumor—or ex-
trinsic [5]. Certain stimuli can trigger chronic inflammation
and induce carcinogenesis. For example, development of lung
cancer is associated with COPD caused by smoking-related
lung damage, inflammation, and subsequent DNA damage
[4]. Liver cancer is associated with fibrosis and cirrhosis
caused by the chronic inflammation resulting from alcohol or
hepatitis virus B or C infection [4]. These represent extrinsic
pathways that lead to inflammation [5]. Tumor-elicited in-
flammation is caused by the activation of oncogenes, which
lead to cytokine production and tissue remodeling, and by
the inactivation of tumor suppressor genes (e.g., PTEN, VHL)
that also regulate production of inflammatory factors and cy-
tokines [5]. Multiple preclinical models have implicated these
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stimuli in inducing genetic and epigenetic events that are re-
quired for cancer initiation and progression [6].

Inflammation and tumor microenvironment
Tumors are not solely composed of cancer cells. The TME
comprises cellular and non-cellular components that play a
critical role in tumor progression, response to therapy, and
immune escape (Fig. 1) [1, 7, 8]. The extracellular matrix
connects all components of the TME, acting like a scaffold,
and is composed of fibrous proteins (e.g., collagen), proteo-
glycans, and laminins, among others [7].
Cells communicate dynamically through the extracellular

matrix, and also via cell-cell contacts or through the release
of cytokines, chemokines, enzymes, and extracellular vesicles
such as exosomes, among others [7]. The main cell types
found in the TME are cancer cells, cancer-associated fibro-
blasts (CAFs), pericytes, endothelial cells, and immune cells.
CAFs originate from various cell types and promote the pro-
liferation, migration, and survival of cancer cells, as well as
induce angiogenesis and remodel the extracellular matrix.
CAFs are also involved in creating an immunosuppressive
environment [7, 10]. Pericytes remodel the basement mem-
brane during angiogenesis and regulate lymphocyte activa-
tion [7]. Endothelial cells line blood vessels, regulate
angiogenesis and immune cell infiltration, and also promote
tumor progression and metastasis [7].

Immune cells in the TME play multiple roles that may
change as the tumor progresses, as is the case of neutrophils
that switch from an inflammatory to an immunosuppressive
phenotype [8]. Opposing roles in cancer, either tumor-
suppressive or tumor-promoting, have been found for im-
mune cell types, such as CD4+ T-cells, CD8+ T-cells, natural
killer (NK) cells, and macrophages [3]. Dendritic cells re-
spond to cytokines in the environment, leading to adoption
of a tolerogenic phenotype and secretion of inflammatory cy-
tokines [8]. Myeloid-derived suppressor cells (MDSCs) also
contribute to immunosuppression and increase the meta-
static potential of cancer cells [8]. Tumor-associated macro-
phages are heterogeneous and play different roles in tumor
invasion and angiogenesis based on their phenotype, which
can be inflammatory (M1) or immunosuppressive (M2,
tumor-promoting). The proportion of M2 macrophages is
higher than that of M1 in the TME and is generally associ-
ated with poor prognosis [7, 8, 10].
Inflammation induced by various stimuli, including ther-

apy, modulates the TME and can promote tumor growth
and progression. Inflammation may also be responsible for
response or resistance to therapy [11]. Cytokines in particular
play a key role in the TME by mediating cancer progression
[12]. IL-1, one of the main proinflammatory cytokines, is up-
regulated in many tumors and plays a role in inducing im-
munosuppression in the TME (more details in the following
section) [13–15].

Fig. 1 Main components of the tumor microenvironment. The tumor microenvironment comprises cellular and non-cellular fractions. The cellular
component consists of cancer cells, endothelial cells, pericytes, carcinoma-associated fibroblasts, and immune cells. The immune compartment
comprises several populations, such as B-cells, T-cells and natural killer cells, tumor-associated macrophages, myeloid-derived suppressor cells, and
dendritic cells. The extracellular matrix represents the non-cellular component of the tumor microenvironment and acts as a scaffold. Elements of
the tumor microenvironment interact via the extracellular matrix, cell-cell contacts, and through the release of cytokines, chemokines, and
extracellular vesicles, among others. (Modified from Cui and Guo. 2016 [9])
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Immunotherapy for cancer treatment
The immune component of the TME modulates the re-
sponse to cancer treatment. Differences in the density,
composition, functional state, and organization of im-
mune cell subsets in the TME have been associated with
prognosis [16]. Characterizing this immune contexture,
together with other components (e.g., low infiltration by
cytotoxic lymphocytes combined with high density of fi-
broblasts is linked to poor prognosis), may be useful in
guiding the selection of appropriate immunotherapeutic
strategies [17, 18]. Besides immune checkpoint blockade,
immunotherapy strategies also include cytokine therapy,
cellular therapy (e.g., CAR [chimeric antigen receptors]
T-cell therapy), and therapeutic vaccines (e.g., autolo-
gous cellular immunotherapy for metastatic castrate- re-
sistant prostate cancer) [12].

Therapies targeting immune checkpoints
Immunotherapy has become a novel paradigm for can-
cer treatment fueled in part by the rapid understanding
of the mechanisms that regulate immune surveillance
and the discovery of immune checkpoints—immune-cell
surface receptors that control the activation or inhibition
of immune responses. Therapies based on immune
checkpoint inhibition drive the activation of a better
anti-tumor immune response. Checkpoint inhibitors
against cytotoxic T-lymphocyte-associated protein 4
(CTLA-4), programmed death-1 (PD-1), or programmed
death ligand 1 (PD-L1) are approved by the FDA for
treating numerous types of cancer [12]. PD-1 is more
broadly expressed than CTLA-4, and its expression is
regarded as a hallmark of T-cell exhaustion [18, 19]. In
tumor development, the PD-1/PD-L1 pathway leads to
an inhibition of the host’s anti-tumor immunity, result-
ing in tumor immune escape. Based on the role this
pathway plays in the TME, combination treatments with
anti-PD-1/PD-L1 agents are being explored in a variety
of cancers.

Therapies targeting interleukins
Currently, the only FDA-approved drug for cancer based
on the role of interleukins is aldesleukin, a human re-
combinant interleukin-2 product, used for metastatic
melanoma and metastatic renal cell carcinoma [20].
Drugs targeting IL-1, namely canakinumab, anakinra,
and rilonacept, are approved by the FDA for treating
autoinflammatory diseases, such as periodic fever syn-
dromes, and rheumatoid or systemic juvenile idiopathic
arthritis [22–24]. Although clinical trials using anakinra
for blocking IL-1 signaling in breast cancer [24], colorec-
tal cancer [25], and indolent multiple myeloma [26, 27],
in combination with other treatments, found it improved
survival, decreased serum levels of CRP, downregulated
components of the systemic inflammatory response, and

increased cytotoxic activity, no anti-IL-1 therapy has
been approved for cancer to date. However, ongoing
clinical trials are studying anti-IL-1 strategies for treating
cancer—pancreatic, breast, or renal, among others—ei-
ther alone or in combination with chemotherapy or
other immunotherapeutic agents, such as immune
checkpoint inhibitors (Table 1). One such inhibitor is
the anti-PD-1 agent spartalizumab (PDR001), which is
still in the experimental phase of development [28, 29].

Interleukin-1β as an immunotherapeutic target
The role of IL-1β in cancer
Two of the main mediators in the IL-1 family are the ag-
onistic ligands IL-1α and IL-1β, with the antagonistic
ligand IL-1 receptor antagonist (IL-1RA) binding to the
same receptor, IL-1R [15]. Both IL-1α and IL-1β play
pro-tumorigenic roles in several cancers. In vitro and
in vivo data have shown that IL-1β in particular pro-
motes migration and invasion by cancer cells, triggers a
more aggressive cancer phenotype, drives immunosup-
pression, and induces local tumor development and
angiogenesis [13, 15, 40, 41].
IL-1 induces various changes in the components of the

TME (Fig. 2). Cancer cells, in response to IL-1, produce
factors that lead to angiogenesis and tumor progression
[15]. Similarly, CAFs and adipocytes produce cancer-
promoting factors and induce angiogenesis via IL-1β se-
cretion [15]. IL-1β plays a role in determining the type
of myeloid cell infiltrates present in the TME [42]. On
this note, IL-1β is involved in the immunosuppression of
the TME by activating and recruiting macrophages, in-
ducing neutrophils to inhibit CD8+ T lymphocytes, sup-
pressing NK effector function, and leading to production
of angiogenic and pro-tumorigenic factors [15].
Suppression of IL-1β expression has been shown to re-

duce tumor growth and prevent shedding of tumor cells
from the primary site into circulation [42, 43]. Blocking
of IL-1β also increased the tumor infiltration by CD8+ T
lymphocytes and decreased immunosuppression [42].

Rationale for targeting IL-1β in lung cancer
Lung cancer is the second most commonly diagnosed
form of cancer after breast cancer. Despite a dramatic
decrease in lung cancer mortality in both men and
women in the last few decades (since 1990 and 2002, re-
spectively), it continues to be the leading cause of cancer
death and its prognosis remains poor—only 19% of pa-
tients survive past 5 years [44].
Development of lung cancer is associated with a wide

range of factors that lead to inflammation in the lungs,
such as smoking, presence of COPD, pulmonary infec-
tions (e.g., tuberculosis), idiopathic pulmonary fibrosis,
and occupational exposure to dust [45]. On this note, a
markedly upregulated expression of inflammasome
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components, which led to IL-1β secretion, was found in
human lung cancer tissue [46].
In vitro and in vivo studies have found IL-1β facilitates

lung cancer metastasis by inducing cytokine production,
angiogenesis, and tumor epithelial-to-mesenchymal transi-
tion, growth, invasion, and adhesion [43, 47–49]. The role of
IL-1β in tumor progression is partially due to its effect on
immune cells in the TME. A recent study found elevated IL-
1β serum levels in lung cancer patients correlated with the
high percentage of MDSCs and led to poor survival [50].
Macrophages isolated from human lung tumors have been
found to be polarized toward the pro-tumoral M2 phenotype
[51]. Elevated IL-1β produced by tumors from highly meta-
static lung cancer cells induces macrophages to increase the
expression of angiogenic and lymphangiogenic factors [52].
Additionally, secretion of IL-1β by lung cancer cells induces
CD4+ T-cells to produce the tumor-promoting cytokine IL-
22 [53]. Because of these effects, IL-1β also plays an import-
ant role in therapy resistance [54, 55].

In an in vivo study, injection of a carcinogen that pro-
motes lung tumor development led to a higher popula-
tion of inflammatory cells and higher serum levels of IL-
1β and IL-6 [56]. Several inflammation markers present
in the serum of patients have been associated with lung
cancer risk [57]. In particular, a number of studies have
identified IL-1β as a prognostic factor in lung cancer,
with high levels of IL-1β in either serum or tumor tissue
linked to poor survival [50, 58–60].

Cantos trial: first evidence of anti-IL-1β therapy as a
potential treatment for lung cancer
CANTOS was a multicenter, randomized, double-blind,
placebo-controlled trial of 10,061 patients with a previous
myocardial infarction, inflammatory atherosclerosis, and a
persistent proinflammatory response—defined as a high-
sensitivity CRP (hs-CRP) level over 2mg/L. [61] Patients in
the CANTOS trial were randomized to receive either pla-
cebo or one of 3 doses of canakinumab, a human

Table 1 Ongoing clinical trials studying anti-IL-1 strategies (except IL-1β strategies for lung cancer, shown in Table 2), alone or in
combination, for cancer treatment

Therapy Target Tumor type Recruitment
status

Study
type

ClinicalTrials.
gov
identifier

Trial
name

Start date Estimated
completion date

Anakinra +
chemotherapy

IL-1R Pancreatic
adeno-carcinoma

Active, not
recruiting

Phase I NCT02550327
[30]

– January 16 August 2023

Anakinra + denosumab +
everolimus

IL-1R,
RANKL,
and
mTOR

Advanced, metastatic,
recurrent or refractory
cancer

Active, not
recruiting

Phase I NCT01624766
[31]

– June 2012 June 2020

CAN04 + chemotherapy IL-1RAP NSCLC, pancreatic
ductal adenocarcinoma,
TNBC, CRC

Recruiting Phase I/II NCT03267316
[32]

CANFOUR December
2017

June 2021

CAN04 + pembrolizumab IL-1RAP,
PD-1

NSCLC, urothelial
carcinoma, malignant
melanoma, HNSCC

Recruiting Phase I NCT04452214
[33]

– September
2020

January 2022

Canakinumab IL-1β Chronic myelomonocytic
leukemia or
myelodysplastic syndrome

Recruiting Phase II NCT04239157
[34]

– August
2020

December 2022

Canakinumab +
spartalizumab

IL-1β,
PD-1

Melanoma Recruiting Phase II NCT03484923
[35]

PLATforM September
2018

April 2022

Canakinumab +
spartalizumab +
LAG525

IL-1β,
PD-1,
LAG-3

TNBC Recruiting Phase Ib NCT03742349
[36]

– January
2019

January 2022

Canakinumab +
spartalizumab +
chemotherapy

IL-1β,
PD-1

Pancreatic ductal
adenocarcinoma

Recruiting Phase Ib NCT04581343
[37]

PanCAN-
SR1

October
2020

March 2022

Canakinumab +
spartalizumab

IL-1β,
PD-1

RCC Recruiting Phase I NCT04028245
[38]

SPARC-1 August
2019

December 2021

Gevokizumab +
bevacizumab/
ramucirumab/
cabozantinib +
chemotherapy

IL-1β,
VEGF,
VEGFR2

CRC, gastroesophageal
cancer, RCC

Recruiting Phase I NCT03798626
[39]

– May 2019 Jul 2024

Abbreviations: CRC colorectal cancer, HNSCC head and neck squamous cell carcinoma, IL-1β interleukin-1β, IL-1R interleukin-1 receptor, IL-1RAP interleukin-1
receptor accessory protein, LAG-3 lymphocyte-activation gene 3, NSCLC non-small cell lung cancer, PD-1 programmed death-1, RANKL receptor activator of nuclear
factor kappa-Β ligand, RCC renal cell carcinoma, TNBC triple negative breast cancer, VEGF vascular endothelial growth factor, VEGFR2 vascular endothelial growth
factor receptor 2
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monoclonal antibody that targets IL-1β and has anti-
inflammatory effects. Canakinumab is currently FDA ap-
proved for the treatment of periodic fever syndromes and ac-
tive systemic juvenile idiopathic arthritis [21].
Use of immunomodulatory agents has been linked to

an increased risk of cancer development for transplant
recipients or patients with inflammatory diseases [62,
63]. In this context, despite the focus of the CANTOS
trial on atherosclerotic disease, a secondary analysis of
these patients was conducted, revealing an unexpected
finding: treatment with canakinumab resulted in a sig-
nificantly lower incidence of lung cancer [64]. No signifi-
cant reduction was found for the incidence of cancers at
other sites. Moreover, the risk reduction for lung cancer
was dose dependent (relative to canakinumab). Mortality
for all cancers, and for lung cancer in particular, was
lower in the combined canakinumab groups than in the
placebo group.
In the CANTOS trial, canakinumab significantly re-

duced the serum levels of CRP (at 48 months) and IL-6

(only followed up for 12 months) in a dose-dependent
manner [61]. CANTOS patients who were later diag-
nosed with lung cancer had significantly higher baseline
CRP and IL-6 serum levels than patients who were not
diagnosed with any cancer [64]. The baseline levels for
these two biomarkers also trended with time to lung
cancer diagnosis [65]. Levels of other inflammatory bio-
markers were not significantly different between the
lung cancer patient subset and the rest [65]. Taken to-
gether, these data suggest that targeting IL-1β plays a
key role in reducing inflammation that could potentially
promote the initiation and progression of lung cancer.
It is also important to note that while canakinumab

was associated with a higher incidence of fatal infections
in the CANTOS trial, patients were evaluated every 3
months in the trial while patients in lung cancer trials of
canakinumab are evaluated every 3 weeks, allowing for
prevention when identified early. It has also been shown
that serious infections and infestations are dose
dependent. In current trials of canakinumab in lung

Fig. 2 Role of IL-1β in the tumor microenvironment. Interleukin-1β (IL-1β) is a cytokine that plays diverse roles in the tumor microenvironment: it promotes tumor
growth and invasiveness, induces angiogenesis, and creates an immunosuppressive environment. Tumor cell survival and proliferation may be promoted by high
levels of circulating IL-1β due to chronic inflammation. Targeting IL-1β in the numerous pathways it is involved in within the tumor microenvironment results in an
overall anti-tumor effect
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cancer, the 200-mg dose is used. Finally, despite the in-
creased risk of fatal infection, there was no significant
difference in all-cause mortality in the study [61]. In
summary, considering the lower incidence of lung can-
cer and mortality, it is worthwhile to further investigate
the value of canakinumab in lung cancer.

Ongoing investigations with targeted IL-1β therapy in
lung cancer
The unanticipated results from the CANTOS trial to-
gether with the preclinical findings on the role of IL-1β
in lung cancer have led to the design of a number of
clinical trials that are currently exploring IL-1β as a
therapeutic target in lung cancer (Table 2). The CAN-
OPY (CANakinumab Outcomes in Patients with NSCLC
StudY) clinical program is studying the role of canakinu-
mab alone or in combination with immunotherapy and/
or chemotherapy across the majority of non-small cell
lung cancer (NSCLC) settings.
Half of CANOPY trials are studying the combination of

anti-IL-1β with anti-PD-1 strategies. As mentioned previously,
several anti-PD-1 therapies are approved for use in numerous
cancer types, including lung cancer [12]. The combination of
anti-IL-1β and anti-PD-1 therapy has shown in preclinical
studies to have a synergistic effect that inhibited tumor
growth and increased tumor infiltration by cytotoxic CD8+

lymphocytes [41, 42]. In two separate studies using pancreatic
cancer or breast cancer mouse models, neutralization of IL-
1β significantly enhanced the anti-tumor activity of anti-PD-
1, and was accompanied by increased tumor infiltration of
CD8+ T-cells [41, 42]. These studies demonstrate that block-
ing IL-1β reduces tumor progression through enhanced anti-
tumor cell immunity. Furthermore, the synergistic action of
IL-1β inhibition with anti-PD-1 improves tumor death, which
may have significant clinical application [41, 42].

Unfortunately, such preclinical observations are not necessar-
ily confirmed in clinical settings. For example, the CANOPY-
2 study did not meet the primary endpoint of overall survival
(OS); however, it confirmed the recommended phase III dose
in the run-in phase and demonstrated canakinumab in com-
bination with the chemotherapeutic drug, docetaxel, is safe.
The study also suggested that identification of a predictive
biomarker is likely needed to identify the right patient popula-
tion, especially considering the heterogeneity because all par-
ticipants had failed platinum-based chemotherapy and anti-
PD-1/L1. The CANOPY-1 investigators have also announced
that the study did not meet the primary endpoints of OS and
progression-free survival (PFS); however, the study did dem-
onstrate potentially clinically meaningful improvements in
both the OS and PFS in prespecified subgroups of patients
based on the baseline inflammatory biomarker (eg, hs-CRP),
as well as other biomarker-defined subgroups. All these data
support further evaluation of canakinumab in lung cancer.

Conclusions
Immunotherapy is a rapidly growing methodology for
use against a multitude of cancers. In the landscape of
possible new therapies, IL-1β is a promising target. Re-
cent data from the CANTOS trial highlighted a role for
IL-1β in lung cancer development. Clinical outcomes of
the CANTOS trial along with the ample in vitro and
in vivo evidence of its role in tumor progression have
led to the development of several clinical trials studying
treatment of lung cancer based on anti-IL-1β therapy, ei-
ther alone or in combination with anti-PD-1 therapy.
While still pending definitive data, correlative studies
and subgroup analyses from various clinical trials, we
hope IL-1β inhibition opens a new avenue for lung can-
cer therapy through targeting pro-tumor inflammation.

Table 2 Ongoing clinical trials studying anti-IL-1β strategies, alone or in combination, for lung cancer treatment

Therapy Target Tumor
type

Recruitment
status

Study
type

ClinicalTrials.
gov identifier

Trial name Start date Estimated
completion date

Canakinumab +
pembrolizumab +
chemotherapy

IL-1β +
PD-1

NSCLC Active, not
recruiting

Phase III NCT03631199
[66]

CANOPY-1 December
2018

September 2022

Canakinumab +
chemotherapy

IL-1β NSCLC Active, not
recruiting

Phase III NCT03626545
[67]

CANOPY-2 January
2019

March 2022

Canakinumab +/−
pembrolizumab

IL-1β
+/− PD-1

NSCLC Recruiting Phase II NCT03968419
[68]

CANOPY-N November
2019

January 2022

Canakinumab IL-1β NSCLC Recruiting Phase III NCT03447769
[69]

CANOPY-A March
2018

January 2027

Canakinumab +/− PDR001 IL-1β
+/− PD-1

NSCLC,
TNBC, CRC

Active, not
recruiting

Phase Ib NCT02900664
[70]

– August
2016

March 2021

Canakinumab + PDR001 +
chemotherapy

IL-1β
+/− PD-1

NSCLC Active, not
recruiting

Phase Ib NCT03064854
[71]

ElevatION:
NSCLC-101

May 2017 December 2021

Abbreviations: CRC colorectal cancer, IL-1β interleukin-1beta, NSCLC non-small cell lung cancer, PD-1 programmed death-1, PDR001 PD-1 inhibitor, aka
spartalizumab, TNBC triple negative breast cancer
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