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Immunotherapy for Lung Cancer:  
Progress, Opportunities and Challenges

Special Collection

Introduction
Lung cancer continues to be the primary cause of 
cancer-related deaths for both genders.1 Non-
small cell lung cancer (NSCLC), accounting 
approximately for 85% of newly diagnosed lung 
cancer cases, is subclassified into two main his-
tologies: lung adenocarcinoma (LUAD) and 

squamous cell lung carcinoma (SQLC).2 
Following histopathological diagnosis, NSCLC 
tumors and, especially, LUAD are tested rou-
tinely for identifying druggable molecular altera-
tions in genes encoding primarily receptor 
tyrosine kinases. Epidermal growth factor recep-
tor (EGFR)-activating mutations are the most 
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frequent alterations in NSCLC; their prevalence 
ranges from 10% to 30%, increasing up to 60% in 
East Asian individuals. The second most com-
mon alteration is the anaplastic lymphoma kinase 
(ALK) gene translocation that can be found in 
2–5% of NSCLC. Other relatively common 
molecular alterations that have been identified in 
0.5–3% of NSCLC include ROS1 and RET gene 
rearrangements, NRTK gene fusions, BRAF 
V600E, and MET exon 14 skipping mutations. 
However, these kinase inhibitors (KIs)-sensitizing 
alterations are found predominantly in LUAD.3 
Other therapeutic options, such as radiation, 
chemotherapy, or immunotherapy, either as sin-
gle agents or in combination are available for 
LUAD patients testing negative for kinase altera-
tions as well as for SQLC, for which approved 
targeted therapies are still lacking.4

The identification of inhibitory immune check-
point molecules represented a groundbreaking dis-
covery that provided new targets for anticancer 
treatment.5 Immune checkpoint inhibitors (ICIs) 
such as monoclonal antibodies against two immune 
checkpoint molecules, cytotoxic T-lymphocyte 
antigen 4 (CTLA-4) and programmed cell death 
protein 1 (PD-1), were introduced rapidly in clini-
cal practice for the treatment of several solid 
tumors.6 PD-1 is normally expressed on mature 
and active immune cells, such as T and B lympho-
cytes and natural killers in peripheral tissues, while 
its ligand programmed death-ligand 1 (PD-L1) is 
expressed mainly by macrophages and dendritic 
cells.7,8 CTLA-4 is expressed primarily by T-cells 
including T regulatory cells, while B7 ligands 
(including CD80) are expressed by antigen-pre-
senting cells (APC).9 Both the PD-1/PD-L1 and 
CTLA-4 axes act as immunological breaks for 
halting immune response at the appropriate time 
by controlling T-cell tolerance and preventing 
autoimmunity.10 Among other mechanisms, can-
cer cells also highjack this immune checkpoint 
mechanism, for example, by expressing PD-L1 to 
prevent anti-tumor immunity and evade immuno-
logical surveillance (Figure 1). Interfering with this 
PD-1/PD-L1 checkpoint using ICIs proved effec-
tive in extending the survival of subsets of lung 
cancer patients, thus reconfiguring its treatment 
management.11

NSCLC is among the tumor types most respon-
sive to anti-PD-1/PD-L1 therapies.12 Results of 
the KEYNOTE-024 study enrolling NSCLC 
patients harboring greater than 50% tumoral 
PD-L1 expression demonstrated that the use of 

the anti-PD-1 pembrolizumab as first-line ther-
apy significantly extended the survival of patients 
with NSCLC, including those with SQLC.13 
However, a considerable fraction of patients with 
NSCLC either does not respond or even experi-
ences rapid enlargement of tumor during immu-
notherapy – the latter termed hyperprogressive 
disease.14–16 Furthermore, it is still unclear 
whether patients with oncogene-driven NSCLC, 
eligible for KI treatment, benefit from immune 
checkpoint blockade.17 Currently, assessment of 
PD-L1 tumor expression in formalin-fixed paraf-
fin-embedded (FFPE) tissue samples by immu-
nohistochemistry (IHC) is the only clinically 
validated biomarker to identify patients likely to 
respond to immunotherapy.18 Different clinical 
studies have reported that high PD-L1 protein 
expression is associated with improved survival in 
patients with NSCLC treated with immunother-
apy.19,20 While useful for enriching responses to 
anti-PD-1/PD-L1 therapies, the predictive value 
of PD-L1 IHC is not perfectly accurate and sev-
eral other biomarkers are currently under investi-
gation. Indeed, latest data suggest that the 
assessment of tumor mutational burden (TMB), 
tumor neoantigens, and human leukocyte antigen 
(HLA) expression in this specific context might 
add value to the evaluation of PD-L1 expres-
sion.21 Interestingly, all the events described can 
be controlled directly or indirectly by epigenetic 
mechanisms, including DNA methylation, post-
translational histone modifications, and non-cod-
ing RNAs.22 In this review, we describe how 
epigenetics control immune mechanisms in 
NSCLC and specifically highlight different can-
didate mechanisms that govern PD-1/PD-L1 reg-
ulation. Moreover, we present available clinical 
findings that involve predominantly NSCLC 
patients with no actionable genetic alterations. In 
light of the necessity of maximizing immunother-
apy benefit for NSCLC patients, epigenetic bio-
markers and targets might be useful to the efficient 
stratification of patients as well as to the design of 
innovative synergistic treatment modalities.

Predictive and prognostic role of circulating 
and tissue non-coding RNAs in ICI-treated 
NSCLC
Non-coding ribonucleic acids (ncRNAs) are 
functional RNA molecules that are not translated 
into proteins. ncRNAs are divided into two main 
groups: (i) short ncRNAs, which usually do not 
exceed a length of 200 nucleotides; (ii) and long 
ncRNAs, which are transcripts containing more 
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than 200 nucleotides.23 MicroRNAs (miRNAs) 
are a class of short ncRNAs, around 22 nucleo-
tides in length, that participate in the post- 
transcriptional regulation of protein-coding 
genes. In general, miRNAs bind through their 
seed region on complementary sequences located 
at the 3′ untranslated region (UTR) of target 
mRNAs. Depending on the degree of miRNA/
mRNA complementarity, mRNA is either 
repressed or degraded, leading to translation inhi-
bition.24 Numerous miRNAs have been found 
deregulated in NSCLC, and their aberrant levels 
have been associated with resistance to chemo-
therapy or KIs as well as with poor survival.25,26 
Moreover, miRNAs and circular RNAs (circR-
NAs), due to their abundance in biofluids such as 

blood, saliva, and urine, have been studied exten-
sively and characterized as non-invasive predic-
tive and prognostic biomarkers in NSCLC.27 
Specifically, a plethora of ncRNAs has been  
suggested as determinants of immunotherapy 
responses in NSCLC patients (Table 1).
Serum miRNA profile was assessed by next-gen-
eration sequencing in a training set of 20 NSCLC 
patients before treatment initiation with 
nivolumab, a PD-1 blocking antibody. A miRNA-
based signature of six upregulated (miRNA-
215-5p, miRNA-411-3p, miRNA-493-5p, 
miRNA-494-3p, miRNA-495-3p, miRNA-
548j-5p) and one downregulated (miRNA-93-3p) 
miRNAs was identified as a prognostic factor and 
associated with overall survival (OS) >6 months. 

Figure 1. Fates of CD8+ T-cells upon recognition of tumor antigen. The priming phase of tumor-specific 
T-cells requires antigen presentation by professional APCs such as activated dendritic cells to the naive 
T-cells. This procedure takes place in lymph nodes and requires two activation signals. First, the TCR of the 
CD8+ T-cells binds to the antigen captured in MHCI on the surface of APCs (signal I). Second, B7 ligands 
located on APCs interact with the CD28 receptor on CD8+ T-cells (signal II). After activation, CD8+ T-cells 
head to the TME to act against tumor cells. Left panel: CD8+ T-cells recognize tumor antigens and release 
chemokines and small molecules such as perforin/granzyme resulting in tumor elimination. Right panel: 
tumor cells express T-cell exhaustion-inducing ligands (PD-L1 and CD80/CD86), which interact with their 
receptors on the surface of T-cells (PD-1 and CTLA-4) and allow tumor cells to escape immune surveillance.
APC, antigen-presenting cell; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; MHCI, major histocompatibility complex 
class I; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; TCR, T-cell receptor; TME, tumor 
microenvironment.
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Table 1. Possible determinants of immunotherapy responses in NSCLC patients.

Candidate biomarker Type of 
biomarker

Expression/presence Material 
origin

Correlation Reference

7 miRNA-based 
signature

Prognostic 6 upregulated miRNAs/ 
1 downregulated miRNA

Serum OS >6 months after 
nivolumab treatment

Halvorsen 
et al.28

MSC (24 miRNAs) Prognostic High/intermediate/low-
risk MSC

Plasma High-risk MSC and 
worse prognosis after ICI 
treatment

Boeri et al.29

miRNA-320b miRNA-
320c miRNA-320d

Predictive High expression Plasma Poor response to PD-1 
blockade/disease 
progression

Peng et al.30

miRNA-320b 
miRNA-375

Predictive Downregulated before 
nivolumab initiation

Plasma Clinical benefit Costantini 
et al.31

miRNA-33a Prognostic High Tissue Downregulation of immune 
checkpoint molecules

Boldrini et al.34

miRNA-140 − Downregulated Tissue Higher tumor size and  
PD-L1 upregulation

Xie et al.35

Methylation status  
(CpG sites)

Predictive High Tissue High TMB Cai et al.36

EPIMMUNE signature/
Unmethylated FOXP1

Prognostic Presence Tissue Response to anti-PD-1 Abs/
Tumor-infiltrating immune 
cells

Duruisseaux 
et al.37

Methylation status 
PDCD1/CTLA-4

- Low Tissue Higher expression of 
PDCD1/CTLA-4 transcripts

Marwitz et al.38

PD-L1 promoter 
polymorphism/ 
PD-L1 CNG

- CC genotype in  
rs822335/presence

Tissue Higher expression of PD-L1 Krawczyk 
et al.39

ICI, immune checkpoint inhibitor; miRNA, microRNA; MSC, miRNA-signature classifier; NSCLC, non-small cell lung cancer; OS, overall survival; 
PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; TMB, tumor mutational burden.

The findings were confirmed in a cohort of 31 
NSCLC patients by a quantitative PCR (qPCR) 
assay, which demonstrated 71% sensitivity and 
90% specificity. However, this potentially prog-
nostic signature remains to be validated in a larger 
and independent cohort.28 Plasma is another rich 
source of circulating molecules. Indeed, a plasma 
miRNA-signature classifier (MSC) involving 
reciprocal ratios of 24 miRNAs categorized 
NSCLC patients into three risk levels (low, inter-
mediate, and high) regarding the likelihood of 
experiencing benefit from ICIs. Application of 
this algorithm to a prospective study enrolling 
140 immunotherapy-naïve NSCLC patients 
demonstrated that patients belonging to MSC 
high-risk have worse prognosis as opposed to 
MSC intermediate and low-risk patients. 
Interestingly, all patients with high-risk MSC 

failed to respond to immunotherapy, while longi-
tudinal collection of plasma samples and assess-
ment of MSC risk level mirrored disease evolution 
during ICI treatment, suggesting its potential use 
as a disease-monitoring tool.29 In another study, 
plasma samples from 30 EGFR/ALK wild-type 
NSCLC patients were collected prior to anti-
PD-1/PD-L1 therapy. Detection of high levels of 
three exosomal miRNAs (miRNA-320b, miRNA-
320c, miRNA-320d) correlated with poor 
response to PD-1 blockade and disease progres-
sion.30 The authors also reported the miRNA-
125b-5p as the only miRNA to be differentially 
expressed (downregulated) comparing the pre- 
and post-treatment plasma miRNA profile of 
patients with partial responses to anti-PD-1.30  
In keeping with this, miRNA-125b-5p was sug-
gested as a suppressor of T-cell activity and 
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inducer of immunotherapy resistance by abrogat-
ing the secretion of interferon gamma (IFN-γ) 
and tumor necrosis factor alpha (TNF-α) from 
T-cells, which are known to trigger powerful anti-
cancer effects.30 Another study analyzing miRNA 
profile in plasma collected at baseline of 
nivolumab treatment from NSCLC patients, 
showed that elevated levels of miRNA-320b and 
miRNA-375 were associated with progression of 
disease (n = 9) as opposed to the clinical benefit 
observed in patients with low levels of the two 
miRNAs.31 Interestingly, these miRNAs interact 
with genes that are associated with proliferation 
(MYC, Hippo pathway) and immune-related 
pathways (Wnt pathway, JAK2, TGF-β2), and 
have also been associated with ICI resistance and 
modulation of CD8+-mediated immune response 
in other tumor types, such as melanoma and 
colon cancer.31–33 Interestingly, miRNA-33a was 
found upregulated in young female patients with 
early stage and low-grade LUAD who experi-
enced better survival. MiRNA-33a levels were 
inversely correlated with the expression of its 
direct targets PD-1, PD-L1, and CTLA-4 while 
LUAD patients with miRNA-33a/PD-1 high 
ratio had a better prognosis than those with 
miRNA-33a/PD-1 low ratio.34 Another miRNA 
with a potential link to immunity is miRNA-140, 
which was reported downregulated in NSCLC 
samples and was associated with increased tumor 
size. NSCLC patient-derived cells exhibited a 
negative regulation between miRNA-140 and 
PD-L1 expression, while PD-L1 was associated 
positively with the cyclin E – a factor that has 
been associated with invasive NSCLC and poor 
prognosis. Functional studies suggested PD-L1 
as a direct target of miRNA-140 and, after over-
expression of miRNA-140, NSCLC cell prolifer-
ation was decreased. Interestingly, genetic 
perturbation of PD-L1 resulted in a significant 
decrease of cyclin E, suggesting a potential signal-
ing cascade of miRNA-140/PD-L1/cyclin E.35

Genetic and epigenetic regulators 
orchestrate PD-L1 expression in NSCLC
Different patterns of genetic and epigenetic alter-
ations could modulate the expression of PD-L1 
gene at different levels, establishing an intricate 
PD-L1 signaling network that permits tumor 
cells to activate various resistance mechanisms, 
potentially escaping immune surveillance.40 The 
p53 protein is a dominant tumor suppressor and 
more than half of cancers are expected to have 
inactivating mutations in the TP53 gene. 

In addition to well-established pro-apoptotic 
functions, p53 is also implicated in the regulation 
of immune response.41 Members of the miRNA-
34 family are transcriptionally activated by p53 
and exert several anti-tumor activities.42 
Interestingly, in the absence of wild-type p53, 
NSCLC cell lines and patient samples expressed 
lower levels of miRNA-34a and higher levels of 
PD-L1. In contrast, wild-type p53 cell models 
and NSCLC samples expressed reduced levels of 
PD-L1, suggesting an inverse correlation between 
them, confirmed also by The Cancer Genome 
Atlas (TCGA) data analysis. Interestingly, a 
miRNA-34 binding site is located in the 3′ UTR 
region of the PD-L1 mRNA and miRNA-34 
overexpression downregulated PD-L1 protein 
levels. Collectively, these indications describe a 
p53/miRNA-34/PD-L1 axis as another mecha-
nism of tumor immune surveillance.43 Exogenous 
administration of MRX34 – a miRNA-34a 
mimic-loaded nanoparticle – into a genetically 
and immunologically compatible mouse model 
decreased PD-L1 mRNA and protein levels while 
simultaneously promoted tumor-infiltrating 
CD8+ cells and IFN-γ, resulting in tumor growth 
arrest. Intriguingly, the combination of MRX34 
with conventional radiotherapy produced the 
most profound results and restricted even more 
tumor growth, thus suggesting an innovative 
immunotherapy approach combined with exist-
ing treatments.43

CircRNAs are covalently linked single-stranded 
RNAs derived from a particular splicing mecha-
nism, called back-splicing. Due to this loop struc-
ture, circRNAs are highly resistant to 
RNA-degrading enzymes.44 After their biogene-
sis, circRNAs are translocated from nucleus to 
cytoplasm, where they participate in the regula-
tion of different cellular processes through vari-
ous mechanisms. Specifically, circRNAs contain 
multiple miRNA binding sites and act as miRNA 
sponges, protecting target mRNAs from miRNA-
mediated degradation. Moreover, circRNAs can 
also interact with RNA binding proteins and act 
as protein sponges, regulating their function.45 
The role of circRNAs in disease development has 
gained attention lately, and their expression has 
been associated with cancer pathogenesis and 
development.46 In this regard, recent evidence 
suggests a potential role for circRNA-002178 in 
promoting PD-1/PD-L1 axis in LUAD tissues 
and cell lines by neutralizing miRNA-34a – a 
PD-L1 suppressor.47 Exosomal circRNA-002178 
is also able to shape the tumor microenvironment 
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(TME) by promoting PD-1 expression on CD8+ 
T-cells. Specifically, circRNA-002178 delivered 
to cytotoxic T-cells is able to block the activity of 
the miRNA-28-5p that targets PD-1 by binding 
to its 3′ UTR.47

Tumor cell transdifferentiation (e.g., epithelial to 
mesenchymal transition, EMT) is a complex and 
well-orchestrated process that relies on repro-
gramming of the cancer epigenome. Usually, the 
EMT phenotype is associated with more aggres-
sive behavior.48 EMT also plays a pivotal role in 
immune suppression and it has been proposed 
that bidirectional regulation between EMT and 
PD-L1 signaling might contribute to therapy 
resistance. As an example, a two-step model of 
triggering PD-L1 expression was reported in 
A549 LUAD cells undergoing the EMT process. 
TNF-α/transforming growth factor beta 1 (TGF-
β1) downregulated DNA methyl transferases 
(DNMTs) in A549 LUAD cells, thus promoting 
demethylation of the PD-L1 promoter. Then, in 
presence of TNF-α, NF-κB recruitment to the 
PD-L1 promoter is enhanced, leading to PD-L1 
gene induction. Interestingly, NSCLC tissues 
positive for classical EMT marker vimentin also 
overexpressed PD-L1.49

Candidate biomarkers of immunotherapy 
efficacy and epigenetic profile of NSCLC
Lately, TMB has received increased attention as 
potential predictive biomarker of immunother-
apy, thus creating very high expectations. 
However, the latest clinical trials have reported 
that TMB status, as assessed by whole exome 
sequencing (WES), was not significantly associ-
ated with pembrolizumab efficacy in patients with 
NSCLC.50,51 Nevertheless, the potential clinical 
utility of TMB is still under close investigation 
because numerous key challenges such as stand-
ardization of TMB assessment methodology and 
accurate definition of tumor type-specific TMB 
cutoffs need to be addressed.52,53 Recently, 
emerging insights from the epigenome of NSCLC 
shed light on the potential utility of TMB in 
NSCLC treatment management. Integration of 
DNA methylation and TMB data from WES has 
been explored recently in 89 Chinese patients 
with NSCLC. Based on the number of nonsyn-
onymous somatic mutations, patients were 
divided into low (1.1–2.5 mutations/Mb), 
medium (2.5–4.1 mutations/Mb), and high 

(4.2–13.9 mutations/Mb) TMB groups. Patients 
with high TMB showed elevated levels of methyl-
ated CpG sites as compared with patients with 
low TMB.36 Methylated cytosines are prone to 
spontaneous deamination, which might ulti-
mately result in a G–T mismatch, thus potentially 
explaining the link between high level of methyla-
tion and increased mutational burden.54,55 The 
potential association of methylation profile and 
response to immunotherapy was evaluated also in 
a multicenter study including stage IV NSCLC 
patients that have been treated with anti-PD-1 
mAbs (nivolumab or pembrolizumab).37 An epi-
genetic signature of 301 differentially methylated 
CpG sites (mCpGs), named EPIMMUNE, was 
identified comparing the levels of mCpGs 
between responders and non-responders to PD-1 
blockade.37 EPIMMUNE positive (responders) 
patients had improved clinical benefit after PD-1 
blockade, in terms of both progression-free sur-
vival (PFS) and OS. Intriguingly, this potential 
biomarker was not correlated with other validated 
or candidate biomarkers such as PD-L1 expres-
sion or TMB. Moreover, tissues from 
EPIMMUNE positive patients were character-
ized by the presence of a considerable quantity of 
tumor-infiltrating lymphocytes (CD4+, CD8+, 
NK cells), while tissues from EPIMMUNE nega-
tive patients were dominated by tumor-associated 
macrophages, tumor-associated neutrophils, and 
cancer-associated fibroblasts (CAFs). Of the 
mCpGs composing the signature, 63% (191/301) 
were associated with known genes. Among them, 
a regulatory region of forkhead box P1 (FOXP1) 
gene presented the highest CpG methylation dif-
ference between responders and non-responders. 
Patients harboring an unmethylated regulatory 
region of FOXP1 had prolonged PFS. 
Interestingly, validation of the methylation state 
of this potential marker was performed by pyrose-
quencing-based PCR assay, thus representing 
another cost-effective laboratory option.37

In another cohort of NSCLC patients, hypo-
methylation of PDCD1 (encoding for PD-1) and 
CTLA-4 was found associated with increased 
expression of the corresponding transcripts.38 
Regulation of PD-L1 expression in NSCLC has 
been instead associated with gene copy number 
changes or promoter polymorphism (rs822335).39 
Collectively, these genetic and epigenetic changes 
could serve as potential predictive factors of 
immunotherapy effectiveness.38,39
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Modulation of TME favors response to 
immunotherapy
TME is a dynamic mixture of numerous cellular 
and acellular components, including CAFs, 
microvesicles, chemokines, extracellular matrix, 
and immune cells, all interacting with tumor cells 
to define disease trajectories.56 Polarization of 
stromal cells into pro-tumorigenic populations is 
also associated with dramatic changes in their epi-
genome,57,58 which has long suggested the possi-
bility of using epigenetic modulators [e.g., 
DNMT inhibitors and histone deacetylase 
(HDAC) inhibitors] to rewire immune cells into 
anti-tumor cells. In keeping with this, HDAC 
inhibitors were shown to improve CD4+ and 
CD8+ activity in breast and lung cancer.59,60 
Interestingly, different immune cell populations 
could migrate in response to chemokines induc-
ing an inflamed TME, which has been associated 
with improved prognosis and higher response to 
immunotherapy.61 Two different HDAC inhibi-
tors, romidepsin and vorinostat, showed the abil-
ity to induce expression of Th1 chemokines Ccl5, 
Cxcl9, and Cxcl10 in human and murine LUAD 
models. Similarly, in vivo experiments confirmed 
the enhanced romidepsin-induced T-cell 
chemokines expression, which in turn increased 
CD8+ T-cell infiltration and was associated with 
stable disease. Interestingly, further in vivo exper-
iments evaluating the efficacy of romidepsin or 
anti-PD-1 treatment reported that, despite an ini-
tial response, tumor progression was observed 
following monotherapy. In contrast, combination 
of these two agents induced tumor regression or 
complete rejection of the tumor without reap-
pearance across different lung cancer models. 
The synergistic value of the combination was 
highlighted also by the fact that T-cells produced 
increased IFN-γ in the presence of romidepsin. 
Since poor T-cell infiltration seems to sabotage 
response to anti-PD-1 therapy, a combination of 
HDAC inhibitor and ICIs could represent a 
promising treatment approach.62

Immuno-epigenetic drug combinations in 
NSCLC preclinical and clinical studies
The dynamic nature of the epigenome represents 
an attractive target for the development of thera-
peutic compounds. As of today, the few epige-
netic drugs that have reached the clinic are used 
in hematological malignancies, yet numerous 
epigenetic drugs are under extensive clinical 
investigation for numerous solid tumor types.63 A 
treatment rationale that involves combination of 

ICI and epigenetic agents, as presented in Figure 
2, has been already applied in patients with 
immunotherapy resistant and refractory NSCLC 
and although the reported response rates are cur-
rently moderate, the perspectives of this novel 
immunomodulatory strategy are promising.

In a phase I/II clinical trial involving a combinato-
rial treatment in recurrent metastatic NSCLC, 
patients received repetitive low doses of azacyti-
dine and entinostat, a DNMT inhibitor and a 
HDAC inhibitor, respectively. Study conclusions 
reported that only 4% of treated patients showed 
marked responses to the epigenetic combina-
tion.64 Interestingly, after completion of the com-
binatorial epigenetic treatment, a subset of 
patients received subsequent systematic antican-
cer therapies, and 21% (4/19) reported major 
responses (including one patient treated with 
anti-PD-1 mAb), indicating that epigenetic ther-
apy might sensitize patients for higher response to 
ICI.64 These clinical findings prompted a preclin-
ical analysis in NSCLC cell lines for generation of 
potential immuno-epigenetic-related biomarkers. 
The treatment of NSCLC cell lines, in the major-
ity LUAD, with the DNMT inhibitor azacytidine, 
resulted in the modulation of a broad range of 
immune-related signaling pathways. Specifically, 
azacytidine promoted the expression of PD-L1, 
of genes involved in antigen presentation, and 
increased type I and II IFN-γ signaling. Among 
other targets, azacytidine treatment reversed the 
heavily methylated promoter of interferon regula-
tory factor 7 (IRF7) – a transcription factor that 
has been associated with the activation of inter-
feron pathway – in the NSCLC cell lines. 
Projection of the preclinical findings to TCGA-
derived NSCLC samples confirmed that tumor 
profiles match the NSCLC cell lines pre-azacyti-
dine treatment profile, for example, IRF7 meth-
ylation.65 The potential biomarker utility of these 
azacytidine-induced immune-related expression 
signatures is currently being evaluated in a 
phase II clinical trial [ClinicalTrials.gov identi-
fier: NCT01928576] where pretreated NSCLC 
patients receive an epigenetic combination (azacy-
tidine plus entinostat) and afterwards nivolumab.65

A phase II study explored the efficacy of pem-
brolizumab plus CC-486 (oral version of azacy-
tidine) combination versus pembrolizumab  
plus placebo as second-line therapy in previ-
ously chemotherapy-treated advanced NSCLC 
patients. DNA methylation analysis in the group 
of pembrolizumab plus CC-486 revealed that 
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methylation levels of subset of patients were 
decreased >10%. However, addition of CC-486 
resulted in worse PFS and OS compared with the 
pembrolizumab-treated arm, although results 
were not statistically significant. Severe side-
effects were detected in the pembrolizumab plus 
CC-486 arm leading to treatment interruptions 
and likely explaining the poor outcomes. 
Considering the described effect of CC-486 on 
methylation status, optimization of dosing scheme 
of this epigenetic drug may present a combination 
with meaningful clinical benefit.66

Another study evaluated pembrolizumab plus vori-
nostat in chemotherapy-treated, immunotherapy-
pretreated or naïve NSCLC patients. Interestingly, 

3 of 24 patients from the immunotherapy- 
pretreated group presented partial responses. 
Moreover, the reactivation of stromal CD8+  
T-cells and their mitigation towards tumor in 
patients who benefited might be associated with 
the treatment combination. Although the combi-
nation was generally well tolerated by patients, 
around half of them needed a dosing readjust-
ment due to emerging adverse events.67

In the ENCORE-601 study, a phase II trial of 
entinostat plus pembrolizumab in previously anti-
PD-1/PD-L1-treated and progressed NSCLC 
patients, it was observed that 11% (6/57) 
responded to the combinatorial treatment. 
Interestingly, four out of six patients who 

Figure 2. Immuno-epigenetic drug combinations reverse immunologically “cold” tumors into “hot” ones. 
Left panel: an immunologically “cold” tumor is characterized by poor infiltration of tumor-specific T-cells, 
professional APCs and NK cells. Moreover, the strong immunosuppresive TME is reinforced by the abundance 
of Tregs as well as low expression of tumor antigens and PD-L1 by tumor cells, eventually inducing resistance 
to immunotherapy. Right panel: combination of ICIs with epigenetic modulating agents such as DNMT 
inhibitors (decitabine, azacytidine) and HDAC inhibitors (vorinostat, entinostat, mocetinostat) might increase 
the expression of tumor antigens, induce reprogramming of immune cells in TME and restore the expression 
of PD-L1 by tumor cells rendering tumor more susceptible to ICIs, resulting in the formation of a more 
inflamed tumor infiltrated by tumor-fighting immune cells.
APC, antigen-presenting cell; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; DNMT, DNA methyl tranferase; HDAC, 
histone deacetylase; ICIs, immune-checkpoint inhibitors; NK, natural killer; PD-1, programmed cell death protein 1; PD-L1, 
programmed death-ligand 1; TME, tumor microenvironment; Tregs, T regulatory cells.
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responded were PD-L1 negative at enrollment.68 
More details of completed or ongoing clinical tri-
als are presented in Table 2.

Conclusions
Introduction of immunotherapy in the NSCLC 
treatment landscape was a breakthrough, espe-
cially for specific subtypes such as non-oncogene 
driven LUAD and SQLC, which lack any type of 
targeted therapy options. However, tumor intrinsic 
and acquired resistance mechanisms eventually 
emerge, overcoming its efficacy, and a substantial 
percentage of NSCLC patients fail to experience 
clinical benefit. The emerging toxicity in non-
responders and the high financial cost of immuno-
therapy has rendered vital the efficient stratification 
of eligible patients for immunotherapy. In this 
review, we explored whether two rapidly progress-
ing cancer research fields, immunotherapy and 
epigenetics, can work in concert towards the devel-
opment of more efficacious preventive strategies. 
PD-L1 expression is the mothership of evading 

mechanisms from immune surveillance but its reg-
ulatory mechanisms in NSCLC are not well under-
stood. Here, we report that PD-L1 expression is 
associated with epigenetic characteristics and use 
of artificial miRNA technology, and epigenetic 
modulating agents to control PD-L1 gene expres-
sion represent a promising research perspective 
that might be translated into effective clinical treat-
ments. As reviewed here, different epigenetic pat-
terns such as methylation profiles and circulating 
miRNA signatures could distinguish patients likely 
to benefit from immunotherapy. Further studies 
will need to explore whether epigenetic biomarkers 
can actually add accuracy or be superior to PD-L1 
expression in identifying patients likely to respond 
to immunotherapy. Although preliminary clinical 
findings hold promise for improving immunother-
apy efficacy after incorporating epigenetic modu-
lating agents in NSCLC, we strongly encourage 
efforts to identify and verify epigenetic patterns on 
immunomodulatory genes with potential predic-
tive value in larger cohorts of NSCLC patients. 
Moreover, we suggest including in these cohorts 

Table 2. Completed or ongoing clinical trials.

ClinicalTrials.
gov identifier:

Study status Eligible patients Regimen Conclusions Safety profile Reference

NCT02546986 Phase II Chemotherapy-
pretreated  
aNSCLC

Pembrolizumab +  
CC-486 versus 
Pembrolizumab +  
placebo

No difference 
in PFS 
between arms

GI-related 
adverse events

Levy 
et al.66

NCT02638090 Phase I/Ib Chemotherapy-
pretreated - ICI- 
pretreated/naïve 
aNSCLC

Pembrolizumab +  
Vorinostat

PR in 3/24 
ICI-pretreated 
patients

50% patients 
required 
adjustment of 
vorinostat dosing

Gray 
et al.67

NCT02437136 Phase II 
(ENCORE-601)

Chemotherapy 
and ICI-pretreated 
aNSCLC

Pembrolizumab +  
entinostat

6/57 PR Well tolerated Hellmann 
et al.68

NCT02805660 Phase I/II ICI-pretreated 
NSCLC

Durvalumab +  
Mocetinostat

Completed NR −

NCT03233724 Phase I/II Pretreated 
aNSCLC

DAC-THU +  
Pembrolizumab

Recruiting NR −

NCT01928576 Phase II Pretreated 
aNSCLC

Azacytidine +  
Entinostat, then 
Nivolumab

Recruiting NR −

NCT02635061 Phase Ib Pretreated 
unresectable 
NSCLC

Nivolumab +  
ACY 241

Active NR −

DAC, decitabine; GI, gastrointestinal; ICI, immune checkpoint inhibitor; aNSCLC, advanced non-small cell lung cancer; OS, overall survival; NR, not 
reported; PFS, progression-free survival; THU, tetrahydrouridine.
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more oncogene-addicted NSCLC exploring the 
aspect that specific KI-induced epigenetic pheno-
types are responsible for the generally poor 
response to immunotherapy in this subgroup of 
patients. Further, based on the plethora of availa-
ble epigenetic modulators, we suggest the imple-
mentation of further clinical studies applying 
immuno-epigenetic protocols. Of note, it is becom-
ing evident from completed studies that emerging 
toxicity should be taken into serious consideration. 
Adverse events were generally manageable in most 
cases, but adjustment of the dosage schedule might 
lead to improved safety profile and enhanced 
benefit. Collectively, immunotherapy has revolu-
tionized the treatment landscape of NSCLC but 
its (long-lasting) efficacy is not certain. In our 
opinion, a deeper understanding of the NSCLC 
epigenome and appropriate pharmacological 
interference might serve as a valuable “wingman” 
in order to turn an immunologically “cold” tumor 
into a “hot” and immunotherapy-favorable tumor 
in virtually all NSCLC patients.
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