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Background and Objective: Lung cancer is the leading cause of cancer-related mortality worldwide, 
partially attributed to late-stage diagnoses. In order to mitigate this, lung cancer screening (LCS) of high-risk 
patients is performed using low dose computed tomography (CT) scans, however this method is burdened by 
high false-positive rates and radiation exposure for patients. Further, screening programs focus on individuals 
with heavy smoking histories, and as such, never-smokers who may otherwise be at risk of lung cancer are 
often overlooked. To resolve these limitations, biomarkers have been posited as potential supplements or 
replacements to low-dose CT, and as such, a large body of research in this area has been produced. However, 
comparatively little information exists on their clinical efficacy and how this compares to current LCS 
strategies. 
Methods: Here we conduct a search and narrative review of current literature surrounding biomarkers of 
lung cancer to supplement LCS, and biomarkers of lung cancer in never-smokers (LCINS). 
Key Content and Findings: Many potential biomarkers of lung cancer have been identified with varying 
levels of sensitivity, specificity, clinical efficacy, and supporting evidence. Of the markers identified, multi-
target panels of circulating microRNAs, lipids, and metabolites are likely the most clinically efficacious 
markers to aid current screening programs, as these provide the highest sensitivity and specificity for lung 
cancer detection. However, circulating lipid and metabolite levels are known to vary in numerous systemic 
pathologies, highlighting the need for further validation in large cohort randomised studies. 
Conclusions: Lung cancer biomarkers is a fast-expanding area of research and numerous biomarkers with 
potential clinical applications have been identified. However, in all cases the level of evidence supporting 
clinical efficacy is not yet at a level at which it can be translated to clinical practice. The priority now should 
be to validate existing candidate markers in appropriate clinical contexts and work to integrating these into 
clinical practice.
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Introduction

Lung cancer

Lung cancer is the leading cause of cancer-related mortality 
worldwide (1). In 2018, lung cancer accounted for an 
estimated 1,761,000 deaths, 18.4% of all cancer deaths 
worldwide (2). While overall cancer survival has improved 
in the last 30 years, with 70% of all individuals with cancer 
surviving 5 years after diagnosis, only 20% of individuals 
with lung cancer survive past 5 years following diagnosis (3).  
This high mortality rate can be attributed to late-stage 
diagnosis, with 75% of lung cancer diagnoses presenting 
at stages III and IV (4). In order to successfully treat 
individuals with lung cancer and reduce disease mortality, 
improvements must be made in early disease detection, 
screening, and prevention.

Overview of biomarkers

Biomarkers are biologically significant molecules that 
reflect the homeostatic state of the host tissue and can 
be used for identifying and characterising disease states, 
notably cancer (5). Biomarkers have a wide range of 
applications from disease diagnosis and screening, to 
predicting patient outcomes and responses to treatment (6).  
Biologically significant markers of disease have long been 
assessed for their applicability in disease management. 
Biomarkers can be classified as nucleic acid markers, protein 
markers, or cellular markers (Figure 1), referring to the 
functional level at which they operate (7). Recent interest 
in biomarkers of lung cancer has seen the identification of a 
wide range of markers with significant clinical applications, 
most prominently in cancer characterisation, with the 
identification of a range of targetable driver mutations 
which have significantly improved lung cancer treatment 
(8-10). Focus is now beginning to shift towards markers 
for early detection that work to either complement or 
potentially replace current diagnostic and screening 
methods with the aim of identifying lung cancer in its early 
stages while curative treatment options are still viable (11). 
Biomarkers of lung cancer are a promising area of research 
for screening, as various markers have shown promise in 
helping to identify individuals who are at higher risk of 

developing lung cancer and in distinguishing between 
benign and malignant nodules. In particular, biomarkers 
targeting never-smokers, who have a distinct pathogenesis 
of lung cancer, could be especially valuable. Therefore, this 
article will discuss the current state of biomarker research 
for lung cancer, specifically in screening and in never-
smokers, and its potential applications in clinical practice.

Biomarkers for lung cancer screening (LCS)

LCS using computed tomography (CT) has been validated 
as an effective method for diagnosing lung cancer. 
The National Lung Screening Trial and the Dutch-
Belgian Randomized Lung Cancer Screening Trial have 
demonstrated an improvement in the diagnostic efficacy 
of CT screening compared to chest radiography or no 
screening (12,13). When detected in its earliest stage (stage 
IA), individuals with lung cancer have a 5-year survival rate 
of 92%, in contrast to later disease stages (stage IV) with 
only 10% of individuals surviving longer than 5 years (4). 
Thus, LCS aims to improve mortality by diagnosing early-
stage lung cancer in high-risk populations, and in this way, 
allowing early treatment.

While LCS is advantageous for its simplicity and high 
sensitivity, limitations include high number of false positive 
results and radiation hazard, amongst others (13,14). As a 
consequence, older individuals tend to be selected, possibly 
excluding others that would benefit (15). To complement CT 
screening and overcome its limitations, body fluid biomarkers 
could be used as a minimally invasive approach (16,17) to 
better identify those most likely to benefit from screening 
and those who need more frequent monitoring or more 
aggressive intervention once in a screening program. This 
approach could help minimize healthcare cost by reducing 
interventions and invasive procedures in individuals at a lower 
risk of lung cancer who have less to gain from screening but 
similar exposure to potential harms (18).

Biomarkers of lung cancer in never-smokers (LCINS)

Lung cancer occurs most commonly as a result of cigarette 
smoking (19). As such, the focus on screening individuals 
with a significant smoking history for lung cancer is justified, 
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Figure 1 Body fluid sources for lung cancer biomarkers, and the subtypes of biomarkers that can be derived from these sources. Created 
with BioRender.com. 

however those with negligible smoking histories who may 
still be at risk fall through the gaps of screening efforts (20). 
LCINS represents a growing subgroup of individuals, up to 
25% of lung cancer diagnoses worldwide, and is a significant 
contributor to cancer-related mortality (21-23). Common risk 
factors other than cigarette smoke include exposure to coal 
dust, asbestos, indoor and outdoor pollutants, environmental 
radon, nickel, chromium, and ionising radiation, as well as 
pre-existing respiratory conditions and genetic abnormalities 
(22,24-27). Radon exposure is considered the leading cause 
of LCINS—and the second leading cause of lung cancer 
overall—with individuals becoming exposed to high levels 
of radon when living or working in buildings with poor 
ventilation in areas of high environmental radon (28,29). 
While reported rates vary, 60–90% of lung cancers in 
people who have never smoked are adenocarcinomas 
(30,31). Although mortality rates greatly vary in LCINS, 
it is characterized by longer survival times than smoking-
related lung cancer, despite typically being diagnosed at later 
disease stage (30,32). To reduce the high disease burden and 
mortality rate associated with LCINS, improved methods 
of cancer screening and early detection are required, and 
numerous biomarkers of LCINS have been identified and 
investigated over the last decade.

Focussed aims

Although lung cancer biomarkers are the subject of intense 
research worldwide, there remains comparatively little 
information on their clinical efficacy and how this compares 
to current LCS strategies. Further, LCINS has been 
identified as molecularly, histologically, and pathologically 
distinct from tobacco smoking-related lung cancers and as 
such, requires distinctive characterisation (33,34). In this 
review we provide a focussed up to date summary on:

(I)	 Body-fluid biomarker research for LCS and how it 
may supplement screening strategies, and

(II)	 Circulating biomarkers of LCINS lending attention 
to applications for lung cancer detection.

We present this article in accordance with the Narrative 
Review reporting checklist (available at https://tlcr.
amegroups.com/article/view/10.21037/tlcr-23-291/rc).

Methods

Search strategy

The search strategy is presented in Table 1. Briefly, in 
August 2022 we performed two systematic literature 
searches of English-language publications using the terms 

https://tlcr.amegroups.com/article/view/10.21037/tlcr-23-291/rc
https://tlcr.amegroups.com/article/view/10.21037/tlcr-23-291/rc
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Table 1 Search strategies

Items Lung cancer screening Lung cancer in never-smokers

Date of search 18th–24th of August 2022 18th–24th of August 2022

Databases and other 
sources searched

MEDLINE, CINAHL, Embase, and Web of Science 
databases

MEDLINE, CINAHL, Embase, and Web of Science 
databases

Search terms used Detailed example on Table S1 Detailed example on Table S2

Timeframe Studies published since 2010 Studies published since 2012

Inclusion and 
exclusion criteria 

Inclusion criteria: Inclusion criteria:

•	People undergoing lung cancer screening by 
computed tomography

•	Never-smokers diagnosed with lung cancer

•	Biomarkers in body fluids used as intervention •	Biomarker in body fluids and breath used as 
intervention

•	Improved participant selection for lung cancer 
screening, or improved nodule management after 
screen detection

•	Early-stage lung cancer detection

•	English-language articles •	English-language articles

Exclusion criteria: Exclusion criteria:

•	Non-human studies •	Non-human studies

•	Metastatic lung cancers •	Metastatic lung cancers

•	Editorials, reviews, and case reports •	Editorials, reviews, and case reports

•	No full text available •	No full-text available

Selection process Studies obtained from our search strategy were 
imported into systematic review management software 
“Covidence”. After removing duplicates, one researcher 
(Jazmin Guayco Sigcha) evaluated relevance of all titles 
and abstract following the inclusion criteria for this 
review

Studies obtained from our search strategy were 
imported into systematic review management 
software “Covidence”. After removing duplicates, two 
researchers (Edward Stephens and Kenneth Lopez-
Loo) independently evaluated relevance of all titles and 
abstract following the inclusion criteria for this review

“lung cancer”, “biomarker”, and “CT screening”, as well 
as “never-smoking”, “lung cancer”, and “biomarkers” on 
MEDLINE, CINAHL, Embase, and Web of Science 
databases.

Eligibility criteria and study selection

Identified publications were de-duplicated and assessed 
for relevance based on title and abstract screening. Full 
texts of potentially relevant articles were retrieved for final 
eligibility check followed by data extraction (Covidence 
systematic review software, Melbourne). The NHMRC 
Evidence Hierarchy and the NIH Early Detection Research 
Network Five-Phase Approach were used to rank the 
level of evidence and development phase of the identified 
biomarkers. Biomarkers from all non- and minimally-

invasive biological sources were eligible (Figure 1).

Results

Our literature search yielded 1,433 and 958 articles for LCS 
and LCINS, respectively. For LCS, our literature search 
yielded 1,433 articles: 569 from MEDLINE, 141 from 
CINAHL, 436 from Embase and 287 from Web of Science. 
For LCINS, our literature resulted on 958 articles: 457 
from MEDLINE, 54 from CINAHL, 215 from Embase 
and 232 from Web of Science. After removing duplicates, 
articles that do not cover the topic of body-fluid biomarkers 
for LCS or circulating biomarkers in never-smokers were 
excluded. Following screening, these were reduced to 22 
and 91 total studies, respectively (Figures S1,S2). Table 2 
comprises a list of the biomarkers included in this review. 

https://cdn.amegroups.cn/static/public/TLCR-23-291-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-23-291-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-23-291-Supplementary.pdf
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Table 2 Summary of advantages and disadvantages of biomarkers for LCS and in never-smokers

Biomarker
Biomarker 

source
Advantages Disadvantages

Development 
phase

Reference

Nucleic acid markers

DNA markers

Microsatellite instability/
loss of heterozygosity 
and plasma DNA

Sputum/
plasma

High sensitivity, minimally invasive Moderate specificity Phase 3 (35)

DNA methylation Sputum High sensitivity, minimally invasive Low sensitivity Phase 3 (36)

MicroRNA markers

MicroRNA-155 Plasma High sensitivity and specificity, 
minimally invasive, detects 

NSCLC at early-stage

No large-scale validation Phase 3 (37-41)

Multiple microRNA 
panels

Plasma/
serum

High sensitivity, stable in serum in 
plasma, specific to lung cancer, 

minimally invasive

No large-scale validation Phase 4 (42-45)

Protein markers

Osteopontin Plasma Can be used for both risk and 
nodule stratification, minimally 

invasive

Not unique to lung cancer, 
evidence is still in early stage 
(control-case)

Phase 2 (46)

Carcinoembryonic antigen Serum Minimally invasive, high sensitivity Low sensitivity Phase 2 (47,48)

Combination proteins Serum Can be used for both risk and 
nodule stratification, cost-

effective, minimally invasive

Overlap with other cancers 
and inflammatory diseases 

Phase 2 (49,50)

Complement fragments Plasma Minimally invasive Discrepancies in results 
between studies, quantification 
of C4d is not standardised 

Phase 3 (51-53)

T-cell receptors Peripheral 
blood

Stable in pathological subtypes, 
minimally invasive

Only studied in stage I lung 
cancer, limited to Asian 
population

Phase 3 (54)

Autoantibodies Peripheral 
blood

Panel compensate for cancer 
heterogeneity, assessed in 

randomized control trial, minimally 
invasive

Moderate sensitivity Phase 5 (55)

Metabolites Serum Panel has high sensitivity and 
specificity, minimally invasive

Biomarkers are still in 
exploratory stage

Phase 4 (56-58)

Circulating lipids Serum High sensitivity and specificity, 
minimally invasive, detects 

NSCLC at early-stage

Confounded by systemic 
pathology, validated in female 
only cohort

Phase 3 (59)

Cellular markers

Circulating tumour cells Bloodstream High detection rate by 
CellCollector, minimally invasive

Confounded by systemic 
pathology, non-specific

Phase 4 (60,61)

Circulating inflammatory 
cells

Bloodstream Minimally invasive Confounded by systemic 
pathology, non-specific

Phase 3 (62,63)

The NIH Early Detection Research Network Five-Phase Approach was used to rank biomarker development. NSCLC, non-small cell lung 
cancer; LCS, lung cancer screening.
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Although we searched for studies without discrimination 
based on sample type (Table 1), our review yielded blood- 
and sputum-borne markers only. We discuss our findings in 
the following paragraphs according to biomarker type.

Nucleic acid markers of lung cancer

Gradual accumulation of genetic and epigenetic changes 
in the cell nucleus can be used to detect lung cancer 
formation, progression, and metastasis (64). While the 
disease is primarily driven by somatic alterations, typically 
linked to smoking exposure, germline mutations could 
also predispose individuals to lung cancer development 
(65,66). Emerging as promising biomarkers, nucleic acid 
markers for lung cancer such as cell-free DNA (cfDNA) 
and circulating RNA are significantly advancing lung cancer 
diagnosis through the immense potential of liquid biopsy 
detection methods. The advent of real-time polymerase 
chain reaction (PCR) and next-generation sequencing has 
enhanced the sensitivity and specificity of circulating nucleic 
acid analysis, making it a valuable asset in the arsenal of 
lung cancer detection methods (67,68).

DNA
Microsatellite instability/loss of heterozygosity and cfDNA
Lung cancer contains highly altered chromosomal regions, 
strongly influenced by smoking habits, although not all 
are specific to lung cancer (69-71). Furthermore, cfDNA 
concentration in individuals with lung cancer is usually 
several times higher than in healthy individuals, most likely 
due to necrosis/apoptosis of cancerous tissue or circulating 
cancer cells (72). The ITALUNG biomarker panel 
measured microsatellite instability/loss of heterozygosity 
and cfDNA in plasma and retrospectively discriminated 
lung cancer with high sensitivity (90%) and moderate 
specificity (62%) in 154 individuals with screen-detected 
cancers and 486 screening controls (35).

When circulating DNA (cirDNA) is detected in the 
blood, it typically exhibits a distinctive size profile due to its 
high degree of fragmentation (73,74). This emerging field of 
research is known as fragmentomics and has recently gained 
attention for its applicability in pan-cancer screening, and 
involves the analysis of both transcriptional and topological 
features of cirDNA (75). Corroborating the utility of this 
approach, a study using a five circulating cfDNA feature 
fragmentomic model successfully distinguished between 
healthy participants and patients with lung cancer across 
three validation cohorts with high sensitivity (91.4%, 84.7%, 

and 92.5%) and specificity (95.7%, 98.6%, and 94.2%) in 
all three groups; additionally, the model showed sensitivity 
of 83.2% when identifying stage I lung cancer (76).  
While promising, to further build on these findings, 
validation in asymptomatic screening cohorts is required.

A different approach to cancer screening are multi-
cancer early detection (MCED) tests, which aim to detect 
different types of cancer at an early stage for further 
diagnosis. Numerous MCED tests have successfully 
discriminated multiple cancers from healthy individuals, 
but most of these findings have been reported in clinical 
rather than screening population (77). In an exclusively 
female screening program, the CancerSEEK test—which 
used a multi-analyte gene mutation and protein panel—
demonstrated high specificity (99.6%) when discriminating 
9 targeted types of cancer, including lung cancer, from 
healthy controls when used in conjunction with positron 
emission tomography (PET)-CT (78). Still, participants 
enrolled on MCED studies are not reflective of LCS 
populations. Furthermore, the inability to determine the 
type of cancer in patients who have tested positive for 
MCED may lead to difficult clinical follow-ups. Future 
studies should focus on determining the feasibility of 
these tests in LCS populations alone by assessing their 
diagnostic performance in asymptomatic individuals at a 
high risk of developing lung cancer.
Methylation
Among epigenetic changes, DNA hypomethylation and 
hypermethylation of specific 5'-C-phosphate-G-3 (CpG)-
rich regions in the promoter region of tumour suppressor 
genes are early events in carcinogenesis, making them 
markers of interest for early lung cancer detection (79-81).  
In the context of LCS, a retrospective study analysing 
DNA hypermethylation in sputum found that a panel of 
Ras association domain-containing protein 1 (RASSF1), 
3-O-sulphotransferase 2 and PR/SET Domain 14 
hypermethylation was able to discriminate high-risk 
screened individuals with (n=65) and without (n=99) 
lung cancer with specificity of 90%, although it showed 
a sensitivity of just 28%. When focusing on individual 
biomarkers, RASSF1 hypermethylation demonstrated the 
best diagnostic performance with 93% specificity but only 
17% sensitivity (36). Further, MCED biomarkers assessed 
in the PanSeer screening program—which analysed 
11,787 CpG sites across 595 regions in the genome from 
plasma DNA—successfully discriminated 95% [confidence 
interval (CI): 89–98%] of patients with eight different 
cancers, including lung cancer, from healthy controls (82). 
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Nevertheless, longitudinal studies are required to validate 
these results and, as previously stated, future studies need to 
take into account the specific characteristics of individuals 
at a high risk of developing lung cancer in order to be of 
relevance for LCS.

DNA methylation has been linked to environmental 
exposures and comorbidities other than lung cancer, adding 
a layer of complexity to its potential use as a biomarker 
for lung cancer detection. Research has found correlations 
between methylation patterns and exposure to traffic-
related pollutants, polycyclic aromatic hydrocarbons, and 
particulate matter rich in metals, affecting genes associated 
with immune responses and other processes (83-85). 
Moreover, methylation has been tied to medical conditions 
such as osteoporosis, obesity and chronic obstructive 
pulmonary disease (COPD), with studies showing distinct 
methylation profiles in individuals with these diseases 
compared to healthy controls (86-88). Obesity, in particular, 
has been associated with alterations in DNA methylation, 
influencing the likelihood of developing diseases like type 2 
diabetes (87). Factors such as the intrauterine environment, 
physical activity, and diet can also impact both obesity and 
DNA methylation (89). Therefore, when investigating 
methylation as a potential biomarker for lung cancer, it is 
crucial to consider these additional influences.

MicroRNAs (miRNAs)
miRNAs are small noncoding RNA molecules that modulate 
gene activity and are aberrantly expressed in cancer (90). 
Protected from degradation by encapsulation in exosomes, 
circulating RNA remains stable in cancer patients, even 
amid an increase in ribonuclease activity (91). This stability 
facilitates cancer detection and characterization through 
microarray technologies or quantitative PCR (92). As a 
result of their small size and stability, miRNAs can be 
detected in fluids such as plasma and serum (93) and have 
been shown to successfully differentiate prostate, colon, 
and lung cancer (94-96). A retrospective study of a panel 
consisting of 24 plasma-derived miRNAs, the miRNA 
signature classifier, showed high sensitivity (87%) and 
specificity (81%) in 58 screen-detected lung cancers 
and 594 screening controls (42). Likewise, a prospective 
study of a panel consisting of 34 serum-derived miRNAs 
demonstrated high sensitivity (71%) and specificity (90%) 
when discriminating 34 screen-detected lung cancers 
from 30 screening controls (43). Refinement of this panel 
resulted in a panel of 13-miRNAs with high sensitivity 
(77.8%) and specificity (74.8%) when discriminating  

48 screen-detected cancers from 1,067 screening  
controls (44). Further, a signature composed of 15 miRNAs 
was not only able to discriminate 16 screen-detected cancers 
from 10 screening controls with high sensitivity (80%) 
and specificity (90%), but could also predict risk of lung 
cancer, up to 8–9 months before conventional diagnostic  
methods (45). High sensitivity and specificity shown in 
these studies illustrate the potential of miRNAs in LCS, but 
future studies need to validate the diagnostic performance 
in different populations.
miR-155
While the aforementioned miRNA panels successfully 
discriminated screen-detected cancers from healthy 
controls, never-smokers were omitted from these cohorts. 
A potential miRNA candidate for early cancer detection in 
never-smokers is miR-155, an miRNA known to function 
as a mediator of immune response and the immune system, 
however, when dysregulated, is widely implicated in 
immune-centric diseases including chronic inflammation, 
auto-immunity, and cancer, among others (37). A 2014 
study identified the up-regulation of miR-155 in plasma 
was predictive of early stage (stage I and II) LCINS (n=37) 
compared to healthy controls (n=60) with a sensitivity of 
91%, a specificity of 93% (38). Further, studies investigating 
the role of miR-155 in non-small cell lung cancer (NSCLC) 
identified its involvement in cellular apoptosis, drug and 
chemo-resistance, as well as being linked with reduced 
overall survival (39-41). Interestingly, these studies did not 
report any differences in overall survival or chemoresistance 
associated with smoking status, potentially indicating  
miR-155 as a pan-NSCLC biomarker.

Protein markers of lung cancer

Proteins mediate homeostatic as well as pathological 
processes and are potential biomarkers (97). Cancer-
induced aberrations result in a marked difference in protein 
translation and expression between normal and cancer 
cells (98,99). Furthermore, monitoring of cancer-related 
metabolites in blood has been an emerging approach to 
detect different malignancies in recent years (100).

Osteopontin (OPN)
The secreted phosphoprotein 1 gene (SPP1) encodes the 
protein OPN. SPP1 is upregulated in the cancer tissue 
of early-stage and relapsed NSCLC individuals as well as 
in LCINS (101-105). OPN is of interest as a lung cancer 
biomarker as its activity leads to numerous downstream 
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processes associated with cancer progression and cellular 
transformation (106) by promoting cell migration, 
invasion, and adhesion, as well as playing an important 
role in immune cell recruitment, wound healing, and tissue 
remodelling (107-109). In a case-control study, change-
over time of plasma OPN levels (OPN velocity or OPNV) 
were linked to a statistically significant increase in lung 
cancer risk [area under the curve (AUC) of 0.88] in 10 
screen-detected incident cancers matched to 1–4 screening 
controls each. Furthermore, when analysis was limited to 
cancer cases and controls presenting ground glass opacities 
or stable solitary nodules, OPNV could differentiate between 
malignant and benign nodules with an AUC of 0.91 (46). 
Still, validation studies using larger LCS cohorts are 
necessary to confirm the diagnostic value of plasma OPN.

Carcinoembryonic antigen (CEA) and combination 
markers
CEA is a glycoprotein produced during foetal development 
and is usually absent in healthy adults (110); however, it is 
widely reported as a marker of lung cancer with potential as 
a predictor of disease prognosis. A South-East Asian study 
investigating the relationship between serum biomarkers 
and residential radon levels in never and former (>15 years) 
smokers, described a significant increase in serum CEA and 
cytokeratin 19 fragment (CYFRA21-1) in individuals with 
lung cancer, compared to heathy controls with high and low 
radon exposure. Interestingly, an increase in CEA (P=0.009) 
and CYFRA21-1 (P=0.0031) was also observed in healthy 
controls with high radon exposure when compared to low, 
potentially indicating high serum CEA as a biomarker 
for lung cancer development in never-smokers. Receiver 
operating characteristic analyses of CEA and CYFRA21-1 
for diagnosing lung cancer illustrate high specificity (98% 
and 94% respectively) but inadequate sensitivity (57.3% and 
58.6% respectively), which similarly has been reported in 
other studies investigating CEA as a biomarker of NSCLC 
and mutational status (48,111,112).

CEA has also been assessed in a panel with other 
protein markers such as CYFRA21-1, progastrin-releasing 
peptide (ProGRP), and squamous cell carcinoma (SCC) 
antigen. CYFRA21-1 is abundant in pulmonary tissue, 
with concentrations particularly elevated in SCC where it 
correlates with tumour size, lymph node status and cancer 
stage (113,114). In a prospective cohort of older smokers 
(n=634), participants with a positive or indeterminate CT 
scan result (n=92) were tested for CEA and CYFRA21-1. In 

the 17 cases with screened-lung cancer, positivity in either 
biomarker yielded a higher AUC than CT alone (CEA 
0.75; CEA/CYFRA21-1 0.76; CT 0.68) (50). In a different 
prospective case-control study, ProGRP, SCC, CEA, and 
CYFRA21-1 showed acceptable discrimination (AUC 
=0.719) between screen-detected lung cancers and screening 
controls (n=715; China). However, when analysis was limited 
to cancer cases and controls presenting benign nodules, 
discrimination was very limited in the validation data set 
(AUC =0.5836) (49). When considering never-smokers, the 
combination of CEA and CYFRA21-1 may be more clinically 
informative than when assessed independently, however 
further research is required to evaluate the efficacy of this in 
a clinical setting (47,111,115-117).

Immunological markers
The complement system is a central component of innate 
immunity and plays an essential role in immune surveillance 
and homeostasis. The C4d split-product, is a passive 
indicator of complement pathway activation that is found in 
higher concentrations in biological fluids of individuals with 
lung cancer (118). In an independent cohort study, plasma 
C4d levels were linked to increased lung cancer risk in 32 
screen-detected incident cancers compared to 158 screening 
controls (AUC =0.735) (51), however, its use as a marker 
for LCS was not validated in a study of 20 screen-detected 
incident cancers matched to two screening controls each 
[odds ratio (OR) =1.53; 95% CI: 0.93–2.51; P=0.079] (52). 
Unlike C4d, C4c is released to the extracellular milieu upon 
fragmentation during activation of the classical pathway 
of complement, thus making it more detectable in bodily 
fluids, such as plasma (119). In a case-control study the 
panel of plasma C4c plus CYFRA 21-1 and C-reactive 
protein discriminated screen-detected cancers (n=32) from 
screening controls (n=93) with a sensitivity of 73% and 
specificity of 70% (53).

T-cell receptors (TCRs)
A prior investigation found that TCRs present in the 
bloodstream can differentiate between individuals with lung 
cancer and healthy controls (120). In the context of LCS, 
a retrospective study indicated that lung cancer-associated 
TCRs in peripheral blood could distinguish stage I screened-
cancers (n=52) from screening controls (n=94) with high 
sensitivity (72%) and specificity (91%). In addition, the 
sensitivity was stable in pathological subtypes, being 73% in 
lung SCC and 71% in lung adenocarcinoma (54).
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Autoantibodies
Autoantibodies develop in response to an abnormal cancer 
antigen in individuals with lung cancer, often well before 
symptoms arise or screening detection is possible (121,122). 
Autoantibodies are usually absent or found in low levels not 
only in those without cancer but also in many individuals 
with the disease, thus they are likely to be specific but 
not sensitive (123). A randomised trial evaluating the 
EarlyCDT-Lung test for up to 2 years indicated a 
high specificity (90.4%) but low sensitivity (32.1%) for 
detecting lung cancer in 127 screen-detected cancers and 
11,610 controls (55). Tumour-induced suppression of 
immune responses can induce a reduction of autoantibody 
production and detection, which would explain the low 
sensitivity of the test at 2 years (124). Still, EarlyCDT-lung 
test could be used in combination with CT to ensure a high 
detection rate of stage I/II lung cancer cases. A limitation of 
this study is the absence of CT scans for EarlyCDT-Lung 
test negative participants and control arm participants, 
necessary to evaluate the test’s effectiveness in LCS.

Metabolites
Serum and plasma sampling has revealed metabolites with 
the power to discriminate individuals with lung cancer 
from healthy individuals and individuals with benign 
cancers (125-128). When investigating metabolites used 
in LCS, one prospective study showed significantly 
elevated levels of serum metabolites, particularly, L-(+)-
glucose, cysteinyl-glutamine, phosphatidylethanolamine 
(PE) [22:2(13Z,16Z)/15:0] and threonine-glutamine, in 
34 individuals with ground glass opacities compared to 
39 healthy controls (56). Similarly, a cross-sectional study 
demonstrated that PE (34:2), PE (36:2) and PE (38:4) have 
modest accuracy (69%, 71% and 67%, respectively) when 
discriminating screen-detected lung cancers (n=29) from 
screen-detected benign nodules (n=25); though additional 
analyses are required to validate the diagnostic value of the 
compounds discovered in this study (57). When examining 
panels, a classifier including nine serum metabolites allowed 
the discrimination of 31 screen-detected lung cancers from 
92 matched screening controls with 100% sensitivity and 
95% specificity (58).

Lipid profiling
Carcinogenesis disturbs normal lipid metabolism, thus 
making lipidomics a promising tool for early identification 
of lung and other cancers (59,129). A proposed marker for 
the early detection of LCINS is a combinational serum 

marker of three lipid products of fatty acid (FA) metabolism; 
FA (20:4), FA (22:0), and lysophosphatidylethanolamine 
(20:4). Together, these markers successfully distinguished 
never-smoking females with NSCLC (discovery set n=39, 
validation set n=25) from healthy controls (discovery set 
n=46, validation set n=17) with high sensitivity (discovery 
set 0.949, validation set 1.000) and specificity (discovery 
set 1.000, validation set 1.000), including those with early-
stage disease (59). In addition to this, lipid metabolites 
have also been identified as potential markers for lung 
cancer detection in smoking-related NSCLC however 
these findings have also not been validated in larger cohort 
studies (130,131).

Cellular markers of lung cancer

Cellular changes promoted by cancer development can 
be assessed using various markers routinely measured 
in common blood tests or as ratios derived from these 
measurements (132). The association between blood cell 
ratios related to systemic inflammation and cancer risk 
shows potential as a biomarker for earlier identification of 
the disease.

Circulating tumour cells (CTCs)
CTCs are metastatic tumour cells that have emerged 
from the primary tumour site into the bloodstream to 
form secondary tumours at distinct sites (133). These cells 
present notable advantages for use as biomarkers as they can 
be sourced minimally-invasively and provide diagnostic and 
prognostic information (134,135). CTC collection is not 
standardised but uses minimally- or non-invasive methods 
that avoid tissue biopsy (136,137). The isolation by size of 
epithelial tumour cells (ISET) test uses fixed blood samples 
and vertical filtration to capture rare cells and CTCs, 
thus preserving the integrity of the cells for subsequent  
analysis (138); as a result, many clinical investigations have 
opted to employ ISET technology for CTC isolation (139).  
However, a prospective cohort study evaluating the 
performance of CTCs isolated by ISET test in a high-
risk population with COPD found the sensitivity (26.3%) 
was too low for LCS (61). This study deliberately chose 
individuals with COPD, as this population is considered 
at a high risk of developing lung cancer independent 
of cigarette smoking and so it should be of interest for 
LCS (140,141). On the other hand, CellCollector, an in-
vivo isolation method based on epithelial-cell adhesion 
molecule (EpCAM) recognition, was found to be able to 
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discriminate screen-detected cancers (n=24) from matched 
screening controls (n=72) with 62.5% sensitivity and 
100% specificity (60). This method involves inserting 
a wire with EpCAM antibodies on its surface into the 
cubital vein through a cannula, leaving it there for  
30 minutes, and then removing and identifying the captured 
cells on the wire via immunofluorescence staining (60,142). 
However, its implementation in the clinic is limited as it 
requires manual screening for the detection of CTCs and is 
more invasive for individuals being screened compared to 
other methods (143). Different technologies for combined 
enrichment, detection, and characterisation of CTCs will 
need to be explored in order to use CTCs as a LCS marker.

Systemic markers of inflammation
Systemic inflammation is widely acknowledged to play a key 
role in carcinogenesis and cancer progression: inflammatory 
cells  are recruited via cytokines and can enhance 
carcinogenesis and cancer progression; platelets release 
factors that aid tumour growth, invasion and angiogenesis; 
lymphocytes play a vital part in the production of cytokines, 
limiting cancer cell growth and causing cytotoxic cell 
death (144-149). As such, circulating immune cells can be 
used as markers of disease states. In one study, elevated 
pre-diagnosis neutrophil-to-lymphocyte ratio (NLR) in 
heavy smokers was associated with an increased risk of 
developing small cell lung cancer, but not NSCLC (150). 
While never-smokers were not represented in this study, 
increased NLR has been identified as a risk factor for lung 
cancer independent of smoking history (151), however 
its efficacy as a biomarker for lung cancer detection has 
not been tested in a cohort or randomised study. When 
looking into systemic inflammation used as biomarkers in 
LCS, a retrospective study evaluating the annual change 
of NLR and the platelet-to-lymphocyte ratio (PLR)—
another marker of systemic inflammation—indicated that 
an increase in PLR was significantly associated with lung 
cancer risk in 32 individuals with screen-detected cancer 
and 103 screening controls (62). A different retrospective 
study assessed the systemic immune-inflammation index 
(SII), NLR and PLR in a Chinese population comprised 
of screen-detected cancers (n=569) and screening 
controls (n=95,907), and discovered that high PLR and 
SII have a significant association with lung cancer, while 
NLR exhibited a U-shaped association (63). While it is 
evident markers of systemic inflammation hold diagnostic 
significance, it should be taken into account that neutrophil, 
lymphocyte, and platelet counts are nonspecific parameters 

for lung cancer and may be influenced by concurrent 
comorbidities (152). Furthermore, considering that both 
COPD and the extent of airway obstruction are linked to 
elevated levels of systemic inflammation, future research 
must take these variables into account while evaluating the 
differences in inflammation markers between cancer and 
non-cancer individuals (153,154).

Conclusions

Lung cancer is the leading cause of cancer mortality worldwide 
largely as a result of late-stage diagnoses. To address this, 
improvements must be made to current screening measures to 
identify cancer early, as to allow for the best possible outcomes 
for the patient. Biomarkers are playing an emerging role in 
the early detection and management of lung cancer, with 
applications in screening and detection.

We identified numerous biomarkers for LCS with 
varying levels of supporting evidence. Metabolites have 
shown the highest sensitivity and specificity to lung cancer 
when compared to healthy controls, however, abnormal 
circulating metabolites are known to be indicative of 
systemic pathologies and may not be lung cancer specific. 
Similarly, cellular markers of disease such PLR and SII also 
occur as result of comorbid disease. While valuable, these 
markers are likely not applicable for specific LCS strategies 
for early cancer detection. As such, it is likely that a panel of 
tumour-specific circulating proteins or nucleic acids would 
be the most viable for targeted screening strategies. We 
described recent evidence around miRNA panels for LCS; 
while the evidence for these markers was not as strong, 
these markers are less likely to be confounded by other 
systemic pathologies and, as such, are likely would make 
more effective markers for LCS. Further, fragmentomics 
is an emerging area with great potential for biomarker 
discovery due to its ability to identify numerous tumour-
derived changes in cirDNA. However, current detection 
models lack clinical validation. Despite this, circulating 
cfDNA remains an attractive target for early lung cancer 
detection.

LCINS is becoming increasingly prevalent, appearing 
to be clinicopathologically distinct to smoking-related lung 
cancers, and therefore unique approaches to its management 
may be required. Of the markers identified, lipid panels 
demonstrated the highest sensitivity and specificity when 
discriminating LCINS compared to healthy controls, 
however, abnormal lipid levels are known to be indicative of 
systemic pathologies and may not be lung cancer specific. 
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Thus, nucleic acids are likely the most viable biomarker 
for LCINS, the most efficacious of which is miR-155. 
Evidence suggests miR-155 may be a valid pan-NSCLC 
marker however confirmation in large, randomised studies 
is required.

Several markers in various stages of development are 
currently available for LCS and LCINS, and further 
advancement in terms of external validation and impact 
assessment is in progress. Randomised trials are considered 
to be the gold standard for external validation (155). 
However, proving ultimate evidence of mortality benefits is 
challenging and may take a significant amount of time. As a 
result, more time- and cost-effective models are increasingly 
being used to complement clinical decision-making with 
the aim of improving patient outcomes (156,157). Such 
models have already been implemented to compare the 
effectiveness of certain biomarkers in LCS (158).

To conclude, significant advancements have been 
made in the field of lung cancer biomarker research, with 
numerous biomarkers of lung cancer displaying varying 
levels of clinical efficacy and showing improvement in 
diagnostic accuracy over standard clinical workflow in LCS 
and LCINS. The priority now should be the validation of 
existing candidate markers in appropriate clinical contexts to 
integrate these into clinical practice. To do this, randomized 
controlled trials or similar methods of validation should be 
designed to test the efficacy of these biomarkers. This will 
positively impact lung cancer diagnosis and treatment, and 
help to reduced lung cancer mortality worldwide.
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