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Abstract

An in-depth understanding of lung cancer biology and mechanisms of tumor progression has
facilitated significant advances in the treatment of lung cancer. There remains a pressing need for
the development of innovative approaches to detect and intercept lung cancer at its earliest stage of
development. Recent advances in genomics, computational biology and innovative technologies
offer unique opportunities to identify the immune landscape in the tumor microenvironment
associated with early-stage lung carcinogenesis, and provide further insight in the mechanism of
lung cancer evolution. This review will highlight the concept of immunoediting and focus on
recent studies assessing immune changes and biomarkers in pulmonary premalignancy and early-
stage NSCLC. A pro-tumor immune response hallmarked by an increase in checkpoint inhibition
and inhibitory immune cells and a simultaneous reduction in anti-tumor immune response have
been correlated with tumor progression. The potential systemic biomarkers associated with early
lung cancer will be highlighted along with current clinical efforts for lung cancer interception.
Research focusing on the development of novel strategies for cancer interception prior to the
progression to advanced stages will potentially lead to a paradigm shift in the treatment of lung
cancer and have a major impact on clinical outcomes.
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Introduction

An in-depth understanding of lung cancer biology and mechanisms of tumor progression has
facilitated significant advances in the treatment of lung cancer [1]. For example, tyrosine
kinase inhibitor (TKI) targeted therapies and immune checkpoint blockade (ICB)
immunotherapies have resulted in durable responses and survival benefits in subsets of non-
small cell lung cancer (NSCLC) patients. The lung cancer survival rate, however, remains
low, particularly for metastatic disease. There is a pressing need for the development of
innovative approaches to detect and intercept lung cancer at its earliest point. Recent
advances in genomics, computational biology and new technologies offer unique
opportunities to identify the earliest cellular and molecular events associated with lung
carcinogenesis as well as the immune landscape in the tumor microenvironment (TME).
This will afford the development of novel strategies for cancer interception prior to the
progression to advanced stages [2, 3]. In this review, we will highlight the concept of
immunoediting and focus on recent studies assessing immune changes in the context of lung
cancer pathogenesis and early detection.

Materials and Methods

A comprehensive literature search was conducted in PubMed and Early Detection Research
Network (EDRN) Public Portal to identify lung cancer and immunity markers research.
Search terms were combined with “lung cancer”, “immunity markers”, “immune changes”,
“biomarkers” and “interception”. These previous publications were summarized in this
review to highlight immunological changes and biomarkers during development of lung

cancer.

Results

1. History of Immunosurveillance and Cancer Immunoediting

Among the earliest demonstrations of the capacity of the immune system to affect tumor
development were those formulated by Paul Ehrlich in 1909. He found that the injection of
weakened cancer cells generated tumor immunity in mice and concluded that the host
defense system can keep emerging tumors at bay [4]. This revolutionary concept was
galvanized by Lewis Thomas in 1959 who postulated that the immune system has the
capacity to protect against the development of cancer [5]. These early notions laid the
foundation for Burnet’s concept of immunosurveillance. He wrote: “/t /s an evolutionary
necessity that there should be some mechanism for eliminating or inactivating such
potentially dangerous mutant cells and it is postulated that this mechanism is of
immunological character.” [6] Studies from Old and Boyse at that time supported this
hypothesis through the identification of murine tumor antigens [7].

These studies shaped the early concepts of immunosurveillance but they were limited by
scientific approaches to fully demonstrate that the immune system played a role in cancer
pathogenesis. It was not until the early 2000s with advances in knockout mice and genetic
models that the immunosurveillance concept was experimentally confirmed. For example,
immunogenic tumor cells expressing dominant negative Interferon Gamma (IFN-y)
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receptors were found to have enhanced growth /7 vivo [8]. Other studies using perforin
knockout mice and eventually recombination activating gene 1 (RAG-1) or RAG-2 knockout
mice solidified the concept that the immune system, specifically lymphocytes, protected the
host against chemically induced tumors and spontaneously developing epithelial tumors [9].
The studies by Smyth et a/. and Dunn et al. shed further light on the mechanisms of
immunosurveillance [10-13]. Subsequent studies not only suggested the involvement of the
immune system in protecting humans, but also demonstrated the emergence of tumors with
reduced immunogenicity.

These studies established immunosurveillance while simultaneously raising a new question;
if the immune system has the capability to prevent and eradicate neoplastic cells, why does
cancer still develop? This question, along with the discovery of tumors with reduced
immunogenicity, led to the concept of cancer immunoediting. Cancer immunoediting
highlights a three-phase model of tumor growth: elimination, equilibrium and escape [11].
Elimination embodies the classical concept of cancer immunosurveillance in which the
immune system eradicates neoplastic disease. Equilibrium defines a state of continued
immune elimination with incomplete tumor destruction. Finally, escape is the outgrowth of
tumor cells that have successfully evaded the immune response of the previous phase.

2. Premalignancy, Lung Cancer and Early Detection

Lung cancer is the leading cause of cancer death worldwide, accounting for 25% of all
cancer deaths. In 2017, there were 2.2 million incident cases and 1.9 million deaths. The
Global Burden of Disease Collaboration has reported that from 2007 to 2017, lung cancer
cases have increased by 37% worldwide [14]. Approximately 85% lung cancer patients have
NSCLC, which are composed of two major subtypes, lung squamous cell carcinoma
(LUSC) and lung adenocarcinoma (LUAD) [1]. Lung cancer is often diagnosed at advanced
stages leading to a poor prognosis. The 5-year survival rate is approximately 17%. Multiple
efforts are now being directed at diagnosing lung cancer at earlier stages. The National Lung
Screening Trial (NSLT) [15, 16] and the Nederlands-Leuvens Longkanker Screenings
Onderzoek, (NELSON) trial [17] both used low-dose computed tomography (LDCT) to
screen high-risk populations to reduce lung cancer mortality. These ground-breaking studies
demonstrate the importance and impact of early detection. Studies are now focused on
improving the performance characteristics of LDCT scans via radiomics and machine
learning as well as using additional non-invasively obtained biomarkers to complement
imaging based assessments. An abnormal LDCT scan could result from benign,
premalignant or invasive disease. Understanding the cellular and molecular determinants of
pulmonary premalignancy progression to invasive cancer will facilitate detection and
interception of lung cancer at its earliest stages.

With the recognition that a better understanding of early stages of lung cancer pathogenesis

can improve patient outcomes through early diagnosis and interception, the National Cancer
Institute (NCI) launched multiple initiatives to direct the research effort to lung cancer early
detection. The Early Detection Research Network (EDRN) was initiated by the NCI to bring
together multiple institutions to identify biomarkers for clinical applications for early cancer
detection. Another effort facilitated by the NCI is the PreCancer Atlas (PCA) initiative,
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which aims to utilize a comprehensive multi-omic strategy to establish detailed molecular
and cellular characteristics of premalignant lesions and their evolution to invasive cancer
[18-20]. Technological advances in autofluorescence bronchoscopy (AFB), multispectral
imaging and laser capture microdissection (LCM) have allowed for better characterization of
these lesions. Coupled with enhanced analysis tools in multiplex immunofluorescence
(MIF), mass cytometry by time-of-flight (CyTOF), genome-wide omic approaches and
single cell sequencing, studies are assessing premalignancy and the immune
microenvironment to better understand the molecular and cellular determinants of lung
cancer progression. Below, we highlight selected key studies that exemplify research aimed
at defining immunity markers in pulmonary premalignancy and early-stage lung cancer.

Changes and Biomarkers in Pulmonary Premalignancy and Early-Stage Lung

3.1. Immune Changes in Premalignancy and Early-Stage NSCLC (Figure 1)

3.1.1 Changesin LUAD Precursor Atypical Adenomatous Hyperplasia (AAH): To
survey the premalignant lesions, Sivakumar ef al. examined the early mutation events and
gene expression changes in atypical adenomatous hyperplasia (AAH), the precursor of
LUAD [21]. Deep targeted DNA and RNA sequencing of AAH and LUAD along with
matched normal lung tissues was performed. The study revealed various patterns of
expression profiles and variants of BRAF (encoding B-Raf, a serine-threonine kinase),
EGFR (encoding epidermal growth factor receptor), and KRAS (encoding K-Ras, a GTPase)
genes. Gene set enrichment analysis showed elevated immune cell trafficking and WNTf3-
catenin signaling along with an inhibition of both the type 1 T helper (Th1) antitumor
inflammatory response and transforming growth factor beta 1 (TGFB1) signaling in AAH as
compared to normal lung. The overall immune marker profiling showed a shift from the
antitumor response defined by Thl-derived IFN-y signaling to a dominance of pro-
tumorigenic type 2 T helper (Th2) immune pathways. Gene sets of suppressed anti-tumor
genes included /L12A, as well as chemokines (CCL3, CCL4 and TLR4) and apoptosis-
inducing protease granzyme B (GZMB). An increase in pro-tumor gene sets, including
CCR2 and CTLA4, was also evident in AAH relative to normal lung. CCL2/CCR2 signaling
has been shown to enhance tumor progression, and were found to be overexpressed in
multiple tumor tissues [22]. Compared to AAH lesions, increased C7LA4 expression was
noted in LUAD, suggesting an immune suppressive pathway favoring invasive disease.
Decreased expression of TANVFRSF9was observed in BRAFmutant AAHS. This gene
encodes CD137, known to regulate the activation of T cells to enhance anti-tumor immune
responses [23]. With the recent success and rapid advances in immunotherapy, identification
of key immune regulatory genes and signaling pathways will afford the opportunities to
develop novel biomarkers and immune-based strategies for early intervention.

3.1.2 Mutational L andscape and the Associated |mmune Contexturein AAH: The
mutational landscape and the associated immune contexture in the LUAD continuum were
interrogated by Krysan et al. who performed whole exome sequencing (WES) of resection
biospecimens from 41 lung cancer patients, which included laser captured microdissection
of 89 AAH lesions, 15 adenocarcinomas /7n situ (AlS), 55 invasive LUAD and their adjacent
normal lung tissues [24]. The authors designated the somatic mutations detected in both lung
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adenomatous premalignant lesions and the associated tumors as progression-associated
mutations (PAMs). Putative neoantigens from these mutations correlated with the infiltration
of CD4" and CD8* T cells and the upregulation of PD-L1, suggesting adaptive immunity
and possible recognition of neoepitopes occurring in pulmonary premalignancy. The
percentage of putative progression-associated neoantigens significantly correlated with the
percentage of CD8* T cells infiltrating AAH lesions, whereas the overall neoantigen load in
AAH was associated with CD4* T cell infiltration and PD-L1 expression. Analysis of the
immune-related gene expression in the Cancer Genome Atlas (TCGA) LUAD dataset
revealed that patients with higher immune-related gene expression had better survival
compared to patients with the lowest expression of immune genes. This difference was most
prominent in stage | patients, suggesting that modulation of the immune-related pathways,
especially at the early stages of LUAD, may have a significant impact on patient outcomes.

These results are consistent with the findings of Angelova et a/. who studied the evolution of
colorectal cancer metastasis [25]. The authors demonstrated that clonal evolution or the
selection of certain tumor cell types that progress was defined by the immune contexture.
They further demonstrated that clones expressing neoantigens can be immunoedited out
while progressing clones tend to be immune-privileged despite the presence of tumor-
infiltrating lymphocytes. This suggests that immunoediting may occur in some premalignant
lesions leading to regression, while other lesions escape immunosurveillance and progress to
invasive disease. Longitudinal studies are required to validate this hypothesis.

3.1.3. Immunel andscapein Early-Stage L UAD: To help identify potential
immunotherapy strategies for patients with early lung cancer, Lavin et a/. evaluated the
immune cell landscapes in 28 early stage LUAD patients by utilizing a designed barcoding
method in combination with single cell analysis to characterize the infiltrating immune cells
in the primary tumor, non-involved lung and blood in to search for tumor driven immune
changes [26]. Specifically, the authors evaluated the immune cell landscapes in different
compartments of stage | adenocarcinoma utilizing CyTOF combined with single cell
transcriptomics, multiplex IHC and cytokine profiling. The study revealed an increased
number of immune cells accumulated in the tumor tissue compared to normal lung with all
the major immune lineages present but with T lymphocytes and mononuclear phagocytes
being prevalent. Though both phagocytes and granulocytes were equally represented in both
normal and tumor tissue, T and B lymphocytes were more abundant in the TME compared
to normal lung. Regulatory T cell (Tregs) were significantly increased in the tumors and
expressed high levels of CLTA4, CD39, ICOS and 4-1BB suggesting inhibitory functions. T
cells were clearly distinguishable from those that resided in normal lung based on higher
expression of FOXP3, CTLA4 and PD-1, suggesting the immune exhaustion. In contrast,
there were fewer CD8* T cells in the tumor compared to normal lung and blood.
Functionally, tumor-infiltrating CD8" T cells expressed significantly less GZMB and IFN-y
than their normal lung counterparts. PD-1 was primarily expressed on a small subset of
CD4* and CD8* T cells in the tumor, while increased TCR clonality was found in the tumor-
infiltrating CD8" PD1* T cells but not in normal lung, suggestive of tumor-specific T cell
expansion. Natural killer (NK) cells were significantly reduced in all LUAD patients
examined, and these NK cells had high CXCR3 levels coupled with reduced cytolytic

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2021 July 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Limetal.

Page 6

activity (GZMB and IFN-y). Tumor lesions with reduced MHC | expression had the highest
numbers of tumor infiltrating NK cells suggesting an NK-driven immunoediting process that
could circumvent the paucity of tumor MHC class I.

To further categorize the tumor-infiltrating myeloid cells, this study focused on
macrophages, monocytes and dendritic cells (DCs). Two predominant monocyte subsets,
CD16" and CD14" were identified. CD16™ monocytes were reduced at the tumor site, which
correlated with reduced NK cells. In contrast, an increase in intratumoral CD14* monocytes
producing high levels of IL-8 was evident. CX3CL1 was the only cytokine that increased in
tumor tissue compared to normal lung and correlated strongly with tumor infiltrating CD14*
monocytes. In the DC subset, there were reduced intratumoral CD141* DCs localized
adjacent to T cells thus, limiting the opportunity for T cell activation and clonal expansion.
CD103* DCs, recently demonstrated as the murine counterpart of CD141* DCs, are critical
in the cross presentation and priming of CD8" T cells [27].

The authors also found increased tumor associated macrophages (TAMs) with a distinct
transcriptomic signature. These TAMs had higher levels of the immunomodulatory
transcription factor PPARYy, higher CD64, CD16 and CD11c, and lower levels of CD86 and
CD206 when compared to normal lung macrophages. PD-L1 expression was the highest in
macrophages and mast cells in both the tumor and normal lung as compared to other cell
types. Tumor macrophages produced significantly more IL-6 than normal lung
macrophages. A significant survival disadvantage was observed in patients with a high ratio
of TAMs to normal lung macrophages. These results support an immunosuppressive role of
TAMs in early lung adenocarcinoma lesions.

3.1.4 Changesin LUSC Precursor Bronchial Premalignant Lesions: In LUSC, high-
grade persistent or progressive dysplasia is a marker of increased lung cancer risk. These
lesions may regress, persist, or progress to invasive disease. The determinants of progression
or regression and the underlying molecular mechanisms of the differential outcomes are not
fully defined.

To characterize premalignant lesions (PMLSs) that have the highest risk of progressing to
LUSC, Beane et al. utilized mRNA sequencing (MRNA-Seq) to profile cells derived from
bronchial brushings and endobronchial biopsies from patients undergoing longitudinal lung
cancer screening by AFB [3]. Based on the transcriptional signatures, these PMLs were
divided into four distinct molecular subtypes: proliferative, inflammatory, secretory and
normal-like. Among the dysregulated immune genes of the proliferative PML, the authors
found decreased expression of genes involved in IFN signaling and antigen processing/
presentation pathways, including human leukocyte antigen (HLA) class | genes and Beta-2
microglobulin (B2M). Consistent with this finding, CD68*/CD163* macrophages with an
M2 anti-inflammatory phenotype and CD8" T cells were also decreased in the proliferative
PMLs. These lesions also contained greater numbers of CD4™ T cells. Further analysis will
be required to determine whether these are T regulatory cells that promote an
immunosuppressive environment. An increase in M2 CD163" macrophages coupled with
increased expression of IFN-y signaling genes was associated with a regressive phenotype of
proliferative PMLs and potentially better outcomes. In contrast, both inflammatory and
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secretory PML subtypes showed increase in genes involved in inflammation and
lymphocyte/leukocyte regulation, of which Interleukin-1 beta (IL-1B) has been suggested as
a target for lung cancer interception. These data suggest that a better understanding of
progression-associated immune changes in PMLs may lead to strategies for
immunoprevention in the context of lung cancer interception. These potential biomarkers
can be measured either directly at the lesion site or nearby surrogate tissue such as bronchial
airway epithelium. Further studies will be required to understand the determinants of
impaired immunosurveillance in progressive lesions.

3.1.5 TheEvolution of Immune Changes through Progression of LUSC: To understand
the evolution of immune changes through various stages of LUSC, Mascaux et a/. performed
gene expression profiling and divided the progression of LUSC into four distinct molecular
steps, including bronchial mucosa with normal histology and hyperplasia, metaplasia and
low-grade lesions, carcinoma /n situ and high-grade lesions and finally invasive LUSC [28].
A module of 150 co-expressed immune-related genes was identified that had increasing
expression as the lesions progressed from low to high grade. To analyze the trajectory of the
immune response, the authors delineated gene expression patterns of activated T cells,
neutrophils, M1 macrophages and myeloid cells, and found that infiltration of all of these
cell types was highest in the high-grade lesions prior to tumor invasion. These data support
immune sensing at the early stages of tumorigenesis, during which immune activation or
escape occur before invasive LUSC.

The authors also assessed changes in the activation states of T cells, macrophages, B cells
and DCs following progression. As the lesion progressed into high-grade hyperplasia, these
cells demonstrated a shift from a resting to a more activated phenotype, and from naive to
memory phenotypes. Lesions within the same patient can have different immune
compositions at different developmental stages. The authors performed functional analysis
to validate this finding, which revealed altered immune functions with tumor progression
that coincided with the altered immune gene signatures. Negative regulation of the immune
system and antigen presentation were implicated in all developmental stages, while genes
involved in immune suppression, including CD274, TIGIT, CTLA4, IL10and /L6, were
highly expressed in high grade dysplasia as compared to normal tissue. Stimulatory
molecules such as TNFRSF9, TNFRSF18, ICOS, CD80, CD86, CD70, and TNFRSF25
showed increased expression in high-grade dysplasia and, to a greater extent, at the invasive
stage. The enhanced expression of multiple immune checkpoints (/DO1, PD-L1, CTLA4,
TIGITand T/M3) in high-grade lesions was confirmed by IHC.

Seven-plex multiplex immunofluorescence staining was utilized to reveal the spatial
relationships of various immune cell subtypes and the microenvironment architecture, which
supported the findings by gene expression data. For example, the immune cell densities of
CD4* and CD8* T cells, myeloid cells, neutrophils and macrophages increased in high-
grade pre-invasive lesions. An increase in PD-L1 was observed through progressive stages
with the highest levels found in LUSC suggesting immune exhaustion associated with
progression. As tumorigenesis progressed, second-order spatial relationships, indicated a
greater separation between cytokeratin-labeled epithelial cells and CD3* T cells suggesting
segregation as the tumor progressed. These results confirmed that dynamic immune changes
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occur before tumor invasion and highlighted the need for identifying immune markers for
early lung cancer detection as well as immunotherapy-based strategies for early prevention.

3.2. Biomarkers for Early Detection of Lung Cancer (Figure 2)

3.2.1 Cytokinesas Systemic Biomarkers. Inflammation has been shown to impact both
cancer initiation, progression and metastasis. In an effort to determine if cytokine signatures
in noncancerous lung tissue could predict the metastatic capability of adjacent lung
adenocarcinoma, Seike ef a/. developed an 11-gene Cytokine Lung Adenocarcinoma
Survival Signature (CLASS-11) that was able to identify stage | LUAD patients with poor
prognosis, where the 5-yr survival for this population is approximately 61% [29]. One of the
genes in this signature was IL-6, which has previously been identified as a prognostic
marker of lung cancer [30, 31].

To further investigate the cytokine signature associated with early lung cancer, Enewold et
al. determined the serum levels of ten circulating cytokines, namely IL-1p, IL-4, IL-5, IL-6,
IL-8, IL-10, IL-12, granulocyte macrophage colony-stimulating factor (GM-CSF), IFN-y,
and tumor necrosis factor-alpha (TNF-a), in 353 NSCLC cases from a case-control study
[32]. This confirmed that higher levels of IL-6 in the serum (= 4.0 pg/mL) correlated
significantly with poorer survival in both African Americans and Caucasians. Increased
IL-10 and IL-12 were associated with poorer survival only in African Americans, while
higher TNF-a. levels showed a trend in Caucasians. In a follow-up study using the National
Cancer Institute (NCI-MD) and the Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer
Screening Trial, Pine et al. investigated the associations between IL-6, IL-8 or C-reactive
protein (CRP), a systemic inflammation biomarker and lung cancer [33]. Elevated serum
levels of IL-6 and IL-8 were found to be associated with lung cancer in the NCI-MD study
and predicted lung cancer risk in the PLCO study. The authors showed that higher levels of
IL-6 predicted lung cancer within two years, while IL-8 was associated with lung cancer risk
several years prior to diagnosis. IL-8 in combination with CRP levels was found to be a
better predictor than either one alone. Additional studies have sought to develop peripheral
blood inflammatory markers as tools for therapeutic decision making for patients with early
stage lung cancer [34] [35].

3.22 Humoral Immunity as Systemic Biomarkers: In addition to cytokines, humoral
immunity-based biomarkers have been studied for early detection of NSCLC. One method,
based on the hypothesis that tumor neoantigens lead to a humoral response, is the
autoantibody profiling in serum. This approach can potentially allow for enhanced
sensitivity by taking advantage of the inherent biological amplification provided by
autoantibodies to tumor proteins.

Early studies explored antibody targets combined with proteomic approaches to identify
patient antibodies to detect early lung cancer. Patient sera were used to probe the A549
(LUAD cell line) proteins or tumor tissues on a Polyacrylamide gel electrophoresis (PAGE)
gels [36, 37]. Later studies utilized lung cancer phage display or protein microarrays to help
identify potential antibody targets that can be identified to predict the presence of lung
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cancer [38, 39]. It is now recognized that development of accurate humoral immunity-based
screens required more specific information about potential lung cancer targets.

Assessment of known tumor associated antigens (TAAS) as targets to autoantibodies
underwent validation utilizing enzyme-linked immunosorbant assay (ELISA). With the
heterogeneity of antigen expression, a panel of assays for autoantibodies to various TAA
targets as opposed to a single antigen was hypothesized to provide better sensitivity in
detection of lung cancer. These targets included p53, NY-ESO-1, cancer associated antigen
(CAGE), GBU4-5, SOX2 MAGE A4 and HuD (n-ELAV) [40, 41]. Massion et al. utilized
this approach, in conjunction with LDCT to assess the risk for malignancy in the assessment
of indeterminate pulmonary nodules [42]. Results showed that nodules between 4 to 20mm
with a positive autoantibody test result had a twofold greater risk for development of lung
cancer. The combination of LDCT with this ELISA (EarlyCDT®-Lung) test allowed the
reclassification of lower-risk false-negative scans to true positives. This autoantibody test
can potentially be a biomarker for physicians to predict the probability of malignancy in
relatively small nodules leading to early detection of lung cancer. With continued genome
wide sequencing of tumor tissues and pulmonary nodules, further refinement of humoral
immunity-based biomarkers can be developed as alternative means for tumor antigen
identification and early cancer diagnosis. In combination with cytokine markers, humoral
immunity markers could help identify an immune response to lung cancer with improved
sensitivity.

3.2.3 Gene Expression Changes of Circulating Peripheral Blood M ononuclear Cells
(PBM Cs) and Whole Blood: To identify systemic immune biomarkers for early detection
of lung cancer, Kossenkov et al. assessed mRNA and miRNA expression profiles of PBMC
before and after tumor resection utilizing lllumina arrays [43, 44]. The presence of tumor led
to increased expression of 67% of the PBMC genes prior to resection and allowed for the
distinction of benign from malignant nodules.

With potential limitations in PBMC collection and the reliability of microarrays for clinical
use, the investigators evaluated the use of whole blood RNA expression as a potential
biomarker for early detection of lung cancer [45]. They utilized RNA-stabilizing PAXgene
tubes in combination with Illumina microarrays to screen 821 samples from five clinical
sites to develop a pulmonary nodule classifier (PNC). This PNC with a biomarker of 559
gene probes was later refined on a NanoString nCounter platform to generate a NanoString
PNC (nNPC) with only 41 genes while maintaining the accuracy of the prediction. The
nNPC algorithm was tested on various data sets and accurately identified smaller benign
nodules and larger malignant cancers. There was a minor decrement in sensitivity in
indeterminate pulmonary nodules in the 6-20mm range. These 41 genes did not include the
PBMC changes shown previously, though those genes were in the top 100 ranked probes.
Additional data is being accumulated and analyzed to further asses the utility of a prognostic
biomarker incorporating PBMC and whole blood gene expression.
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4. Cancer Interception

These studies demonstrate that early detection of lung cancer in premalignancy is feasible
and informative. Knowledge of lung cancer-associated biomarkers not only provides in-
depth understanding of the pathogenesis of the disease, but also affords the opportunities for
lung cancer early detection and interception. The concept of cancer interception introduced
by Blackburn implies that in addition to preventative measures and cancer risk reduction,
such as tobacco cessation, pharmacological and therapeutic approaches can be considered to
prevent, delay or reverse carcinogenic progression to invasive disease in high risk patients
[2]. Emerging techniques to help understand immune changes in cancer premalignancy may
reveal potential targets for cancer interception at the earliest and most effective stages. In the
following section we review selected recent studies targeting inflammation or modulating
immune responses for lung cancer interception.

4.1. Canakinumab—A recent trial that targeted inflammatory pathways to prevent
myocardial infarction additionally suggested the potential for lung cancer interception.
Canakinumab, a humanized monoclonal antibody targeting IL-1p was utilized in the
Canakinumab Anti-inflammatory Thrombosis Outcomes Study (CANTOS) trial [46] in
which a significant decrease in lung cancer incidence (61%) and mortality following
interleukin-1p inhibition was observed. This was a randomized double blind, placebo
controlled trial that examined more than 10,000 patients assigned to three dosage groups of
50mg, 150mg and 300mg or placebo. Patients who were subsequently diagnosed with lung
cancer had higher concentrations of C-reactive protein (hsCRP) and IL-6. During the three
to seven year follow-up, patients who had been treated with canakinumab had a dose-
dependent reduction in hsCRP and IL-6 levels. All patient groups treated with canakinumab
had lower lung cancer mortality compared to the placebo group, and this was the most
pronounced in the 300 mg canakinumab group. The participants that received 150 and
300mg canakinumab had a significantly lower incidence of lung cancer. These findings
suggest that the anti-inflammatory effects of canakinumab may lead to the observed clinical
benefits. Given the established roles of IL-1p in facilitating tumor growth, invasiveness and
metastasis, the reduction of lung cancer incidence and mortality by canakinumab is likely
due to either a prevention of PML progression to tumor or to effective treatment of early
stage lung cancer. Additional clinical trials are currently assessing the anti-tumor effects of
canakinumab as a single agent or in combination with chemotherapy or immunotherapy
(NCTO03447769, NCT03631199).

4.2. MUC1 Vaccine—Mucin 1 (MUC1) is a transmembrane glycoprotein aberrantly
expressed in a variety of cancers, including NSCLC. It is the first reported human cancer
antigen targeted by cytotoxic T cells [47]. MUCL is ranked as the second most promising
antigen among 75 selected cancer-associated antigens, largely based on its therapeutic
benefit and immunogenicity [48]. /n vivo delivering MUCL peptide, injecting autologous
DCs loaded with MUC1 or fusing chimeric antigen receptors T cells (CAR-T) targeting
MUCY1, all elicit adaptive immune response and demonstrate therapeutic benefits in
preclinical and clinical studies [49]. In a randomized, double-blind and placebo-controlled
phase Il trial, a modified vaccinia Ankara virus vector expressing MUC1 and interleukin-2
(IL-2) in combination with chemotherapy significantly improved progression-free survival
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compared to chemotherapy alone [50]. The potential of MUCL vaccine in cancer prevention
is currently being explored in a phase | trial where its immunogenicity is evaluated in current
and former smokers at high risk of developing lung cancer (NCT03300817).

4.3. Immunotherapy for Cancer Prevention and Early-Stage Lung Cancer—
Recent studies revealed immune cell infiltration and activation in lung premalignant lesions,
which correlated with immunogenic somatic mutations and upregulation of immune
checkpoints such as PD-L1 [24, 28], suggesting that ICB may be a viable preventative
strategy for lung cancer interception. An ongoing clinical trial is to evaluate pembrolizumab
in treating patients with high-risk pulmonary nodules (NCT03634241).

ICB therapy has also been explored in early stage NSCLC patients in either adjuvant or
neoadjuvant settings. Results from the PACIFIC trial, which studied adjuvant anti-PD-L1
therapy, durvalumab, compared with placebo in unresectable stage 111 patients treated with
concurrent chemoradiation, demonstrated a significant increase in PFS [51]. Durvalumab is
now approved as consolidation therapy following concurrent chemoradiation in unresectable
stage 111 NSCLC patients. Currently, several large phase Il trials are evaluating the use of
adjuvant PD-1/PD-L1 blockade after surgical resection of NSCLC [52]. Initial results from a
phase |1 study testing neoadjuvant atezolizumab in resectable NSCLC revealed that
preoperative treatment of atezolizumab is well tolerated, and the initial major pathologic
response (MPR) rate is approximately 21%, while longer assessment is pending [53]
[NCT02927301]. A recent phase Il trial showed that Atezolizumab plus carboplatin and nab-
paclitaxel given as a neoadjuvant regimen, achieved 56% major pathological response rate
with no compromise to surgical resection and manageable treatment-related toxic effects
[54] [NCT02716038]. Given the potential synergy between chemoradiation and ICB
therapies, several ongoing trials are evaluating the combination of neoadjuvant chemo or
radiation therapy with PD-1/PD-L1 blockade in early stage NSCLC with promising initial
and interim results [52]. These studies highlight the potential of ICB as an effective
therapeutic approach for lung cancer interception at early stages.

Discussion

Although recent advances in TKI and ICB therapies have revolutionized the treatment of
lung cancer, durable responses are limited to only a subset of patients, and the overall
survival rate for metastatic disease remains low. Therefore, innovative strategies to detect
and intercept lung cancer at the earliest points of disease progression will have a major
impact on patient care and clinical outcomes.

Among the most challenging problems in the field of precancer investigation is the
availability of sufficient premalignant tissues collected spatially and temporally to allow for
precise determination of genomic, epigenomic, transcriptomic and immune changes
associated with tumor progression. Advances in obtaining precancerous tissues, and the
possibility of serial biopsies of the same lesions longitudinally will enable studies that fully
define the determinants of progression to invasive disease. Studies that focus on the
molecular profiling of premalignant lung tissues and their associated immune
microenvironment, as well as the course of immune recognition and adaptive responses
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across the spectrum of disease will provide further insight in the mechanisms of lung cancer
evolution and progression. This will identify actionable and personalized targets for lung
cancer early interception.
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Figure 1. Immune Changes during Lung Cancer Progression.
Graphical presentation showing progression from normal epithelium to premalignant cells

advancing to invasive malignancy. Lung tumorigenesis is accompanied by a decrease in anti-
tumor responses with the hallmark of decreased dendritic cells, activated natural killer (NK)
cells and granzyme B secreting activated CD8* T cells. In addition, lung cancer progression
is coupled with an increase in tumor associated macrophages, a prevalence of regulatory
CD4*FOXP3* T cells, an upregulation of PD-L1 expression in tumor and myeloid
populations, and transition from activated T cells to an exhausted state identified by the
expression of checkpoint inhibition markers, such as PD-1 and CTLAA4.
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Figure 2. Potential Systemic Biomarkersfor Early Detection of Lung Cancer.
Pursuits in early detection include 1) the upregulation of systemic chemokines, such as IL-6

and IL-8, 2) the identification of autoantibodies specific to potential cancer associated
antigens, which is indicative of humoral immunity, and 3) global changes in gene expression
of whole blood and peripheral blood mononuclear cells (PBMCs).
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