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ABSTRACT
Early intervention and risk stratification solutions for lung cancer are limited by our understanding of how 
carcinogenesis transforms the pre-invasive epithelium and its microenvironment before the carcinoma 
stage. We describe the sequence of molecular and cellular changes leading to cancer formation and the 
co-evolution of the earliest immune response. We revealed that immune sensing, infiltration and activa-
tion of immune cells, immune escape, and microenvironment reorganization occur early in pre-cancer. 
These findings urge the need for broadening the scope of the established immunotherapy approaches 
toward prophylactic cancer treatment and preventive intervention. Leveraging the immune contexture 
and the mechanisms of immune modulation for individuals at risk of developing cancer and further to the 
general population will allow for early detection, chemoprevention, and risk stratification in the near 
future.
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The window of opportunity for significantly reducing cancer 
mortality and potentially curing lung cancer lies in early diag-
nosis and early intervention. Significant effort has been cen-
tered on monitoring high-risk groups;1 however, solutions for 
biomarker screening for early detection, chemopreventive 
treatment options for cancer interception, and risk stratifica-
tion for avoiding overtreatment are needed. Squamous cell 
carcinogenesis occurs in multiple stages of transformation 
from normal to preinvasive (hyperplasia, metaplasia, dysplasia, 
and carcinoma in situ) to malignant tissue. Therefore, we 
analyzed nine sequential stages of lung squamous cell carci-
noma development in Mascaux et al.,2 seeking to identify 
targets and early points of intervention for reverting or inter-
cepting the process of carcinogenesis before invasion occurs.

Timing the molecular and cellular changes in lung 
carcinogenesis

As normal cells transform progressively to a malignant state, 
they acquire fundamental oncogenic traits. Using gene expres-
sion and multiplexed imaging to profile 122 autofluorescence 
bronchoscopy biopsies from 77 patients, we showed that these 
tumor-intrinsic hallmarks occurred in a deterministic tem-
poral order and followed specific trajectories of change.2 

From the earliest stages of transformation, the bronchial pre-
invasive epithelium acquired and sustained proliferation sig-
naling through a continuous increase in gene expression 
associated with cell cycle pathways and DNA damage response. 
Metabolic reprogramming also manifested early through 
a continuous decrease in adipogenesis, an initial upregulation 
of fatty acid metabolism and oxidative phosphorylation in low- 

grade lesions consistent with previous findings,3 likely due to 
a shift in cellular function from secretory to protective kerati-
nization, previously described for mRNA expression.4 

However, these metabolic pathways were then down- 
regulated later in high-grade premalignancy and cancer, in 
line with the gradual increase of hypoxia-associated gene 
expression from normal to malignant cells. High-grade lesions 
were also distinguished by remodeling of their microenviron-
ment. The only cancer hallmark reserved uniquely for the 
invasive stage of carcinogenesis was epithelial–mesenchymal 
transition. Timing these molecular changes could help inter-
cept the process of carcinogenesis by targeting cancer hallmark 
processes at a key pivotal high-risk development stage 
(Figure 1).

Immune escape and microenvironment 
reorganization occurs early in precancer

We demonstrated that carcinogenesis was a process of co- 
evolution of the premalignant bronchial epithelium and the 
immune response. Immune sensing and unleashing were at the 
frontline against the earliest epithelial cell transformations in 
low-grade lesions, involving activation of mast cells and neu-
trophils, antigen processing and presentation, and the likely 
recruitment of naive CD4 T cells. As cells transform into high- 
grade lesions, the second line of immune attack deploys T cell 
activation, macrophage polarization (M1 macrophages), neu-
trophils and pan-myeloid cell recruitment. High-grade prema-
lignancy and cancer are characterized by co-regulation of 
innate and adaptive immunity components, including acti-
vated T cells, memory B cells, follicular T helper cells, activated 
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NK cells, and dendritic cells. In addition to changes in the 
cellular composition of the preinvasive microenvironment, 
there were clear shifts in immune status from naive to activated 
and from immature to memory cell states at specific milestones 
of carcinogenesis. Given that antigen recognition and activa-
tion of effector immune cells occur early in carcinogenesis, it 
remains to be investigated whether the immunoediting process 
shapes the genome and prunes immunogenic mutations in 
clonal expansions early on in pre-malignant transformation 
similarly to metastatic transformation, where we observed 
that nonimmunoedited tumor clones persisted, disseminated, 
and recurred.5 If determined that immune selection and clonal 
immunoediting also occur before cancer initiation,6 the pre-
sence of nonimmunoedited tumor clones in precancer would 
render the fate of a preinvasive lesion a progressive cancer.

Strikingly, we observed that immune escape occurred even 
before cancer at the critical transition point to tumor invasion. 
High-grade precancer was distinguished by an up-regulation of 
co-inhibitory immune checkpoint molecules (IDO1, PD-L1, 
CTLA4, TIGIT, and TIM3) and suppressive interleukins (IL6 
and IL10). Importantly, bronchial epithelial cells were fre-
quently spatially separated from CD3+ T cells in high-grade 
lesions, another escape mechanism from immune surveillance 
manifested through remodeling of the preinvasive microenvir-
onment. The predictive potential of the spatial separation of 
the bronchial epithelium from immune effector cells and the 

involvement of the stromal compartment, such as extracellular 
matrix, fibroblasts, and pericytes, remains to be determined.

Leveraging immunomodulatory therapies for early 
detection and chemoprevention

Timing the events in the evolution of the immune response 
relative to the morphological transformation offers the possi-
bility to identify biomarkers and employ them at opportune 
moments for early detection using less invasive approaches 
such as serological testing, nasal or buccal swaps, and even 
radiomic signatures and deep learning on CT scans for infer-
ring immune compositions.7

Furthermore, the finding that immune escape occurs before 
tumors can invade and disseminate promises great potential in 
scaling immunomodulatory therapeutic options8 to intervene 
before reaching the largely incurable stage – cancer. 
Immunotherapy has transformed the clinical management of 
many cancer types, including those with immune checkpoint 
blockade in advanced non-small cell lung cancer.6 The immi-
nent question is whether we can leverage immunological 
advances and translate them not only to early cancer stages 
but further to the premalignant stage, to broaden the scope of 
immunotherapy toward secondary prevention approaches for 
individuals at high risk of development.

Figure 1. Timing the molecular, cellular, and spatial microenvironment changes during lung squamous premalignancy.
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We previously demonstrated a spatiotemporal regulation of 
tumor-infiltrating immune cells, a finding that has profound 
implications for the development of efficient anti-cancer 
immunotherapies.9 Expanding anti-cancer therapies, such as 
peptide-based vaccines,10 DNA-based vaccines,11 monoclonal 
antibodies,12 oncolytic virus,13 cytokines,14 toll-like receptor 
agonists,15 to the pre-cancer stage holds great promise. 
Furthermore, intervention at a localized pre-cancer stage 
could be very efficient since immune modulation will not face 
multiverse of immune microenvironment in multiple sites as it 
is the case for metastases.16

Finally, for optimal, tailored chemopreventive strategies, 
much work remains to be done on risk assessment and out-
come prediction. Recent studies have demonstrated an 
encouraging predictive potential of molecular and cellular fea-
tures to distinguish regressive from progressive lesions. 
Specifically, the presence of M2 over M1 macrophages,17,18 

decreased T cell abundance,17–19 higher number of somatic 
mutations and chromosomal instability,20 impairments in the 
antigen presenting machinery17,19 in premalignant bronchial 
lesions have been linked to an increased risk of progression. 
Moreover, TNFRSF9 (CD137), an important costimulatory 
molecule for T cell activation, and its high-affinity ligand 
TNFSF9 (CD137L, 41BBL) were the most distinguishably 
upregulated molecules in high-grade precancer and cancer.2 

Upregulation of CD137L in squamous lung premalignancy has 
been linked to a lower risk of progression.19 Therefore, CD137 
is a promising actionable candidate for promoting 
a prophylactic immune response by using readily available 
agonistic anti-CD137.

Exploiting the full potential of the latest findings in the field 
requires joining international and multidisciplinary expertise, 
as well as dissemination of data and analyses through inter-
active and smart interfaces, followed by prospective clinical 
trials on biomarkers for detection, prediction, and chemopre-
vention. One such great opportunity lies in the Human Tumor 
Atlas Network,21 a multi-institutional initiative that projects to 
generate 3D atlases and multidimensional molecular profiling 
of precancers and invasive tumors in the coming years. 
Standardized and consensus immune biomarkers, such as 
Immunoscore, should be developed for pre-cancer settings.6 

Finally, including AI-assisted medical decision-making as 
a routine clinical modality would be essential to integrate the 
growing knowledge of morphological, molecular, and cellular 
transformation in premalignancies and to suggest and guide 
clinical decisions with respect to the temporal context of the 
disease.

From the earliest stages of transformation, the bronchial 
preinvasive epithelium sustained a continuous increase in cell 
cycle pathways and DNA damage response gene expression, 
a biphasic change associated with metabolic reprogramming, 
and immune sensing and unleashing of tissue resident immune 
cells. At a critical step before invasion in high-grade lesions and 
to a higher degree in cancer, innate and adaptive immunity 
cells are recruited, activated, and exhausted, having concomi-
tant expression of co-inhibitory immune checkpoint molecules 
and suppressive interleukins and CD3 + T cells spatially seg-
regating from the bronchial epithelium. The invasive stage of 
carcinogenesis was distinguished uniquely by epithelial– 

mesenchymal transition. EMT is an epithelial–mesenchymal 
transition. Timing these molecular changes could guide ther-
apeutic targeting and intercepting cancer hallmark processes in 
the context of the developmental stage. In the clinical manage-
ment, triangles represent potential points of intervention, and 
the dotted line represents potentially novel preventive options.
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