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Introduction
Lung cancer is the most common type of malig-
nancy around the world in terms of morbidity and 
mortality, mainly including non-small cell lung 
cancer (NSCLC) and small cell lung cancer. Lung 
adenocarcinoma (LUAD) is the most common 
type of NSCLC in histology.1 Current precision 
medicine focuses on the targeted therapy and 
immunotherapy of LUAD based on a series of bio-
markers from gene alterations to transcriptional or 
protein level changes.2 The development of stratifi-
cation biomarkers greatly facilitated the application 
of various personalized therapeutic strategies in 
clinical practice.2 Many patients benefit from the 
new strategies, and their lives are prolonged with 
better quality. However, there are still many 

unsolved issues in targeted therapy and immuno-
therapy. One of the most prominent obstacles in 
therapy is cancer heterogeneity, leading to unpre-
dictable outcomes in some patients and progres-
sion in others.3 Since genetic alterations are cursory 
stratification of patients, more precise and accurate 
biomarkers are needed for patient stratification, 
especially in immunotherapy. Tumor immune 
microenvironment (TIME) represents a type of 
emerging biomarker and has been extensively 
investigated in the last a few years.

TIME is a complex ecosystem composed of can-
cer cells, various types of immune cells, extracel-
lular matrix, and biomolecules.4,5 During LUAD 
development, cancer cells produce a series of 

Unraveling the tumor immune 
microenvironment of lung adenocarcinoma 
using single-cell RNA sequencing
Lele Song* , Yuan Gong*, Erpeng Wang , Jianchun Huang and Yuemin Li

Abstract: Tumor immune microenvironment (TIME) and its indications for lung cancer patient 
prognosis and therapeutic response have become new hotspots in cancer research in recent 
years. Tumor cells, immune cells, various regulatory factors, and their interactions in the 
TIME have been suggested to commonly influence lung cancer development and therapeutic 
outcome. The heterogeneity of TIME is composed of dynamic immune-related components, 
including various cancer cells, immune cells, cytokine/chemokine environments, cytotoxic 
activity, or immunosuppressive factors. The specific composition of cell subtypes may 
facilitate or hamper the response to immunotherapy and influence patient prognosis. Various 
markers have been found to stratify the patient prognosis or predict the therapeutic outcome. 
In this article, we systematically reviewed the recent advancement of TIME studies in lung 
adenocarcinoma (LUAD) using single-cell RNA sequencing (scRNA-seq) techniques, with 
specific focuses on the roles of TIME in LUAD development, TIME heterogeneity, indications 
of TIME in patient prognosis and therapeutic response during immunotherapy and drug 
resistance. The main findings in TIME heterogeneity and relevant markers or models for 
prognosis stratification and response prediction have been summarized. We hope that this 
review provides an overview of TIME status in LUAD and an inspiration for future development 
of strategies and biomarkers in LUAD treatment.

Keywords: heterogeneity, LUAD, lung adenocarcinoma, mutation, NSCLC, prognosis, RNA 
sequencing, single-cell transcription, tumor immune microenvironment

Received: 9 April 2023; revised manuscript accepted: 9 October 2023.

Correspondence to: 
Yuemin Li  
Department of Oncology, 
Chinese PLA General 
Hospital. No.8, Dongdajie, 
Fengtai District, Beijing 
100071, P.R. China 
liyuemin224@sina.com

Jianchun Huang 
Department of Thoracic 
Surgery, The First 
Affiliated Hospital 
of Kunming Medical 
University. No. 295, 
Xichang Road, Wuhua 
District, Kunming, Yunnan 
Province 650032, P.R. 
China 
289156248@qq.com

Lele Song
Department of Oncology, 
Chinese PLA General 
Hospital, Beijing, P.R. 
China

Yuan Gong
Department of 
Gastroenterology, The 
Second Medical Center of 
the Chinese PLA General 
Hospital, Beijing, P.R. 
China

Erpeng Wang
The Second School 
of Clinical Medicine, 
Southern Medical 
University, Guangzhou, 
Guangdong province, P.R. 
China

*These authors 
contributed equally

1210274 TAM0010.1177/17588359231210274Therapeutic Advances in Medical OncologyL Song, Y Gong
review-article20242024

Review

https://journals.sagepub.com/home/tam
https://uk.sagepub.com/en-gb/journals-permissions
https://uk.sagepub.com/en-gb/journals-permissions
mailto:liyuemin224@sina.com
mailto:289156248@qq.com


TherapeuTic advances in 
Medical Oncology Volume 16

2 journals.sagepub.com/home/tam

biological effects, including inhibition of immune 
cell function, induction of immune escape, and 
regulation of immune response, so that they can 
evade immune surveillance and attack. 
Meanwhile, immune cells will also be affected by 
the cancer microenvironment, leading to immune 
cell inhibition, inactivation, exhaustion, and even 
necrosis, so that they cannot effectively clear 
tumor cells.6,7 Therefore, an in-depth under-
standing of the characteristics and regulatory 
mechanisms of the LUAD immune microenvi-
ronment is of great significance for the develop-
ment of novel immunotherapy strategies.4 Recent 
studies have shown that the immune microenvi-
ronment plays a crucial role in tumor progression 
and can be a predictive indicator of cancer prog-
nosis and response to therapy.6,8–10

Single-cell sequencing is a new technique that 
allows researchers to analyze the genetic and 
molecular features of individual cells. Technically, 
high-throughput cell capture techniques, such as 
microfluidic, oil droplet wrapping, and barcode, 
have been used to isolate and label 500–10,000 
single cells at a time to obtain the 3′end transcrip-
tome information of each cell. It has the advan-
tages of high cell flux, low cost, and short capture 
cycle.9 This technology is mainly used for the 
identification of cell subtypes and markers and to 
realize the division of cell populations and the 
detection of gene expression differences between 
cell populations. In addition, this technology can 
also predict cell differentiation and disease devel-
opment trajectory, which is playing an increas-
ingly important role in the current fields of studies 
in disease mechanism, immunity, cancer thera-
peutic strategy, and tissue development.10 The 
single-cell RNA sequencing (scRNA-seq) has 
emerged as a powerful tool to characterize the 
heterogeneity of immune cells and tumor cells 
within LUAD. The technique allows for the anal-
ysis of gene expression profiles of individual cells, 
enabling researchers to identify rare cell popula-
tions and understand intercellular communica-
tion within the TIME, which may drive the 
development of new therapeutic strategies.11

In cancer treatment, chemotherapy, targeted 
therapy, and immunotherapy are important strat-
egies. However, it is still inevitable to develop 
drug resistance or poor therapeutic response dur-
ing treatment. Research suggests that tumor het-
erogeneity is an important reason for drug 
resistance. Single-cell sequencing technology can 
be used to reveal heterogeneity, analyze drug 

resistance mechanisms, screen potential benefi-
cial populations, explore new therapeutic targets, 
and establish effective combined therapeutic 
plans.12

The scRNA sequencing techniques mainly 
involve the following advantages. First, it can pre-
cisely analyze the cell heterogeneity and provide 
the gene expression profile of a single cell, allow-
ing researchers to analyze the gene expression 
characteristics of each single cell and reveal the 
inter-cell heterogeneity, and to better understand 
the function and development process of cells. 
Second, it can help to discover new cell types and 
subpopulations with small differences, especially 
in complex tissue samples. Third, it has broad 
application areas, including cancer research, 
embryonic development research, immunology, 
and neuroscience, etc. Fourth, many analytical 
methods and tools have been developed, which 
can better reveal the hidden information from 
data. However, there are also some technical defi-
ciencies in scRNA sequencing. First, current data 
have a high noise level and high technical variabil-
ity, which may introduce false positive or false 
negative results. In addition, technical differences 
and batch effects can also influence the interpre-
tation and comparison of data. Second, compared 
to conventional high-throughput sequencing, the 
cost of single-cell sequencing is higher, mainly 
due to the complexity of processing individual 
cells and the high sequencing coverage depth 
required. Third, the experimental operation is 
complicated. It requires special experimental 
operation steps, such as cell capture, cleavage and 
extraction, etc., which has high technical require-
ments for experimental personnel. Fourth, the 
analysis of data is complex, requiring the use of 
special analysis tools and algorithms, such as 
alignment, de-batch effect, de-noise, cell cluster-
ing, and trajectory inference, etc., which requires 
high professional knowledge of data analysis.12

Many studies have used scRNA-seq to investigate 
the TIME of LUAD.12,13 These studies have 
identified various immune cell types, including T 
cells, B cells, natural killer cells, and myeloid-
derived suppressor cells (MDSCs), and some 
unique subsets of immune cells that are specifi-
cally associated with LUAD.14–16 These studies 
provided valuable insights into the complex inter-
actions between the immune system and LUAD 
and could potentially lead to the development of 
novel prognostic and therapeutic markers and 
strategies for the immunotherapy of LUAD.14–16 
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This review will focus on the components and 
dynamic status, especially the heterogeneity of 
LUAD TIME, and its indications for patient 
prognosis, therapeutic outcomes and resistance in 
immunotherapy.

The components of TIME and their roles in 
LUAD development
LUAD is a prevalent type of NSCLC that arises 
from glandular cells in the lungs. Despite recent 
advances in cancer treatment, LUAD remains 
challenging to manage, primarily due to its com-
plex immune microenvironment. TIME is a very 
complex and dynamic ecosystem, which is the 
‘soil’ for tumor survival. The cell components 
mainly include tumor cells, immune cells, and 
support cells. Under the influence of chemokines 
from tumor cells, fibroblasts, or inflammatory 
cells, immune cells in the blood circulation 
migrate to the tumor site through a transendothe-
lial process.12,17 Within the tumor tissue, immune 
cells locally proliferate, differentiate, function, 
die, and partially migrate back to the circulatory 
system. In these cells, cells associated with acute 

inflammation (including neutrophils, basophils, 
and eosinophils), cells associated with innate 
immunity [including macrophages, natural killer 
(NK) cells, and dendritic cells (DCs)], and cells 
derived from adaptive immune responses [includ-
ing cluster-of-differentiation (CD)8+T cells, 
Th1-/Th2 cells, and B cells] can be found12,17 
(Figure 1).

The main cellular components and their roles in 
TIME are illustrated in Figure 1. Tumor-
associated macrophages (TAM) are a relatively 
abundant subset of cells that outnumber other 
types of immune cells in many tumors. TAM has 
a highly plastic phenotype and function, with two 
major subtypes identified, including M1 TAM, 
which is induced by toll-like receptor ligands such 
as lipopolysaccharide and interferon gamma 
(IFN-γ), and preferentially expresses pro-inflam-
matory cytokines and inducible nitric oxide syn-
thase, and M2-type TAM, which is induced by 
interleukin (IL)−4 or IL-13, and expresses argin-
ase 1, CD206, CD163, IL-4R, transforming 
growth factor (TGF)−β1, and platelet-derived 
growth factor.18,19 Some studies have shown that 

Figure 1. Illustration of cellular components and their roles in TIME. Cells with potential anti-tumor activity 
or pro-inflammatory activity (active TIME) include but are not limited to CD8+ T cells, dendritic cells, M1-
like macrophage, helper 1 T cell (Th1), active T cells, natural killer T cells, and natural killer cells. Cells with 
potential immune suppressive or pro-tumor activity (suppressive TIME) include but are not limited to M2-like 
macrophage, MDSC, inactive T cells, regulatory T cell (Treg), and helper 17 T cell (Th17).
MDSC, myeloid-derived suppressor cell; TIME, Tumor immune microenvironment.
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M1 TAM can enhance anti-tumor Th1 response 
and antagonize the inhibitory activity of regulatory 
immune cells, whereas M2-type TAM mainly 
plays a role in promoting angiogenesis, tumor 
growth and metastasis.18,19 NK cells are cytotoxic 
effector lymphocytes in the innate immune system 
and their primary function is to help control infec-
tions and tumors. The two main mechanisms by 
which NK cells recognize tumor cells are that they 
can recognize cells with downregulated expression 
of major histocompatibility complex class I 
(MHC-I) molecules, which is a phenomenon of 
immune tolerance shown in multiple cancer types, 
or bind to stress-inducing ligands expressed on 
tumor cells, such as major histocompatibility 
complex class I polypeptide-related sequence A 
(MICA) or MICB.20,21 The primary function of 
dendritic cells (DCs) is to act as a bridge between 
innate and adaptive immune responses. 
Physiologically, DCs engulf and process non-
autoantigens. When they receive activation sig-
nals, they move to secondary lymphoid structures 
in the lymph nodes, where they activate primary B 
or T cells. DC phenotypes are quite plastic; in 
that, they can produce a variety of pro-inflamma-
tory or immunosuppressive cytokines and express 
a range of activating or inhibiting receptors, 
depending on their environment.22,23 Tertiary 
lymphatic structure (TLS) is a highly organized 
lymphoid aggregate that develops in an inflamma-
tory pathological state. In cancer, TLS usually 
occurs in the infiltrating margins and/or interstit-
ium of the tumor, similar to other chronic infec-
tious or autoimmune diseases.24,25

CD4+ T helper cells can be divided into several 
subtypes, including Th1, Th2, Th17, follicular 
helper T cell (Tfh), and regulatory T cell (Treg). 
Each subgroup plays a specific role in the anti-
tumor immune response. Th1-directed responses 
inhibit tumor growth and are generally associ-
ated with favorable clinical outcomes. In fact, 
Th1 cells enhance the anti-tumor function of 
cytotoxic T cells in situ by producing several 
cytokines, including IL-2 and IFN-γ. Tfh cells 
interact with B cells in TLS to help produce 
antibodies.26,27 The role of other tumor-infiltrat-
ing CD4+ T-cell subsets (Th2, Th17, and Treg) 
is not well-understood, but is often associated 
with poor prognosis in different tumors.28,29 
Many studies have shown that Tregs in tumors 
inhibit anti-tumor immune responses through 
two main mechanisms, including the production 
of inhibitory cytokines (such as IL-10, TGF-β, 

IL-35) and the inhibition of the development 
and maturity of DCs.30,31 In contrast, CD8+ T 
cells play very important roles in anti-tumor 
immune responses because they are responsible 
for recognizing and eliminating tumor cells. Due 
to genomic instability, tumor cells often express 
mutant proteins on their surface. Many of these 
are neoantigens that induce tumor-specific 
immune responses.32–34 Activated CD8+ T cells 
are responsible for tumor cell recognition and 
lysis, the mechanisms of which have been 
described in detail, involving the release of cyto-
toxic particles. Interestingly, in most tumors, 
invasive cytotoxic T cells express inhibitory 
receptors (e.g. programed death-1 (PD-1), Tim-
3, and Lag-3) whose function in physiological 
situations is to suppress the immune response 
when bound to their ligands.32–34 In fact, many 
tumor cells can take advantage of this inhibitory 
mechanism and express multiple ligands (e.g. 
PD-L1, PD-L2) to help them escape T-cell 
attacks.32–34 In tumor and other inflammatory 
conditions, B cells enhance T-cell response by 
producing antibodies, stimulant cytokines, and 
chemokines, acting as local antigen-presenting 
cells, and organizing the formation of TLS that 
sustain immune response, which makes B cells 
generally anti-tumor.35,36

The above cells play important roles in the devel-
opment of LUAD. The cells that promote 
LUAD mainly include B cells, Treg cells, and 
TAM (M2 type) cells. The B cells that produce 
IL-10 have tumor-promoting activity and immu-
nosuppressive characteristics.19,20 Treg cells pro-
mote tumor growth by inhibiting anti-tumor 
responses.13,14 TAM (M2 type) contributes to 
tumor growth, immune suppression, and cancer 
cell invasion.4,5 The cells that inhibit LUAD 
mainly include CD8+ T cells, DC cells, TAM 
(M1), and NK cells. CD8+T cells exert direct 
cytotoxic effects on cancer cells by secreting 
granzymes and perforin.10–12 DC cells capture 
tumor antigens, and type I DC initiates CD8+ 
T cell response, whereas type II DC is responsi-
ble for initiating CD4+ T-cell response.6,7 TAM 
(M1 type) promotes inflammation and secretes 
tumor necrosis factor (TNF)-α and nitric oxide 
to kill tumor cells and further activates T-cell-
mediated immune responses.4,5 NK cells exhibit 
cytotoxic activity against infected and mutated 
cells, secreting cytokines and chemokines such 
as tumor necrosis factor α, IFN- γ, and interact 
with other immune cells.8,9
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The heterogeneity of TIME in LUAD
Heterogeneity is one of the main characteristics of 
cancer. During the development of cancer, multi-
ple patterns of evolution exist in cell division and 
proliferation, and the daughter cells show various 
alterations in epigenetics, genetics, transcriptom-
ics, and proteomics, resulting in distinct charac-
teristics in tumor growth rate, invasion ability, 
sensitivity to drugs, and prognosis.37 The hetero-
geneity of cancer has been widely investigated in 
terms of genetic alterations. In LUAD, diverse 
intratumor heterogeneity and intertumor hetero-
geneity have been revealed, resulting in distinct 
outcomes in surgical, targeted, and immunother-
apy.38 In the era of immunotherapy, stratification 
of patients by genetic alterations is not sufficient 
to instruct the establishment of therapeutic strate-
gies, as the huge discrepancy in prognosis and 
therapeutic efficacy cannot be explained by 
genetic alterations. TIME has attracted attention 
from both researchers and clinicians as it has pro-
vided a promising tool for effective stratification 
besides genetic alterations. The scRNA-seq facili-
tates the study of TIME heterogeneity.39

During tumorigenesis and subsequent metastasis, 
malignant cells become gradually diversified, and 
tumors may be infiltrated by a variety of immune-
related components, including various immune 
cells, cytokine/chemokine environments, cyto-
toxic activity, or immunosuppressive factors.39 
The TIME is composed of all these components 
and is common in almost all solid tumors. It var-
ies spatially or temporally, and its dynamic 
changes can be observed with tumor develop-
ment, metastasis, and therapeutic interventions. 
The heterogeneity of antitumor immunity is 
closely related to disease progression and thera-
peutic responsiveness, especially in the field of 
immunotherapy.39

Diverse tumor and immune cell types and corre-
sponding markers have been revealed in the study 
of TIME in LUAD. The main findings from 
studies on TIME heterogeneity are summarized 
in Table 1.40–50 Early reports focused on the het-
erogeneity of key pathways or immune-related 
molecules. For example, genes of the γ-interferon 
(IFN-γ) signaling pathway, especially major his-
tocompatibility complex (MHC) class II mole-
cules, such as human leukocyte antigen (HLA), 
were found to be heterogeneously expressed and 
coregulated with other genes in single cancer cells 
across different LUAD nodules.40 Most later 

studies focused more on the heterogeneity of 
diverse cell types and markers. The heterogeneity 
and evolution of LUAD were defined by compre-
hensive profiling of cell types within the tumor in 
one representative study.41 Many cells in the 
LUAD tissue, including epithelial cells, endothe-
lial cells, cancer cells, and club cells have been 
revealed, and many immune cells, including mac-
rophages, mast cells, T cells, B cells, NK cells, 
plasma cells, and dendritic cells have also been 
found. Different nodules exhibited a distinct ratio 
of cell components and expression profiles, repre-
senting the alterations of immunity and pathways. 
The trajectory analysis of multiple nodules helped 
to determine the stage and progression of the 
tumor, exhibiting characteristic trajectory of 
development across different cancer nodules.41 
Another study further investigated intratumor 
heterogeneity and found that tumor cells within 
early-stage LUAD had heterogeneous gene 
expression signatures by looking at the differen-
tial expression profile from functional enrichment 
analysis.42 In addition to tumor cells, immune 
cells within tumors also exhibited substantial het-
erogeneity. It was reported that 27 cell subtypes 
of T cells, B cells, fibroblasts, and myeloid cells 
were present in LUAD, and different CD4+ and 
CD8+ T-cell clusters exhibited differences in 
pathway activities.43 Similarly, 15 main types of 
cells and 57 cell subgroups were identified from 
the multiple LUAD scRNA-seq datasets in 
LUAD, and a series of potential biomarkers were 
revealed in M2b, exhausted CD8+ T, endothe-
lial cells, fibroblast in TIME.48

The scRNA techniques helped to investigate the 
mechanism of LUAD development in terms of 
heterogeneity. One study found that the tran-
scriptome features of cancer samples were sig-
nificantly different from matched para-cancer 
samples. Cells from adjacent normal samples 
clustered more closely with those of the LUADs 
than with more distant normal tissues. In cancer 
samples, the proportion of B cells increased and 
the abundance levels of NK cells decreased. 
These findings reveal spatial heterogeneity in the 
transcriptomic characteristics of the TIME in 
early LUADs.51 The study also found spatial het-
erogeneity (only mutations in tumor samples) 
and intratumoral heterogeneity in KRAS muta-
tions and cell lineage features. Similarly, spatial 
heterogeneity of lymph cells, including subtypes 
of CD4+ and CD8+ T cells, was also revealed. 
This was also supported by the findings that the 
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closer to the tumor area, the less proportion were 
found for the M2-like macrophages C5, mono-
cytes (classical and non-classical) and mast cells, 
which were depleted in the tumor area, while 
M2-like macrophages C1, proliferating myeloid 
cells and cDC2 cells were enriched in the 
tumor.51

In another study, the authors delineated the 
dynamic evolution from preneoplasia to invasive 
LUAD by integrating scRNA sequencing and 
spatial transcriptomics.52 It was found that the 
UBE2C+ cancer cell subpopulation increased 
during LUAD invasion and was significantly ele-
vated in invasive LUAD, where it was spatially 
distributed in the peripheral cancer area of inva-
sive LUAD and represented a more malignant 
phenotype. In addition, analysis of the TME cell 
subpopulation revealed a sustained decrease in 
mast cells, monocytes, and lymph endothelial 
cells involved in the entire course of LUAD inva-
sion, accompanied by a significant increase in NK 
cells and MALT B cells during the early stages of 
invasive LUAD, and the increase of Tregs and 
secretory B cells in late invasive LUAD.52

The molecular and cellular reprograming in meta-
static LUAD was also investigated by scRNA 
sequencing.53 The majority of T cells and myeloid 
cells were found in the primary lesion. Compared 
with normal tissue, T cells and B cells were 
enriched in early lesions, whereas NK cells and 
myeloid cells were reduced in late lesions. 
Compared with normal lymph nodes, there were 
more myeloid cells in metastatic lymph nodes, 
indicating that the process of metastasis was 
accompanied by more myeloid cell infiltration. 
The brain metastatic samples contained immune 
cells (T cells, B cells, NK cells), oligodendrocytes, 
and myeloid cells (microglia), of which oligoden-
drocytes were only present in brain metastasis. 
Furthermore, many angiogenic genes were upreg-
ulated, whereas many genes related to immune 
activity were downregulated in tumor tissues and 
brain metastases. Myofibroblasts originated only 
from tumor tissues (including primary and meta-
static sites), which can promote tissue remodeling, 
angiogenesis, and tumor progression.53

Temporal and spatial heterogeneity has been 
widely reported in studies of LUAD TIME. The 
heterogeneity is composed of immune cells, 
tumor cells, and molecular alterations and is 
characterized by distinct components at various 

stages of tumor development. Heterogeneity may 
influence therapeutic response and prognosis and 
could be a potential target of therapy that is worth 
future investigation.

The prognostic TIME markers for LUAD
The prognostic factors of LUAD in immunother-
apy have been widely studied at multiple levels. 
Gender, Eastern Cooperative Oncology Group 
Performance Status (ECOG-PS), body mass 
index, metastatic status, combined drug use, 
blood neutrophil-to-lymphocyte ratio, blood lac-
tate dehydrogenase level, blood C-reactive 
protein(CRP) level, PD-L1 expression level, vas-
cular endothelial growth factor(VEGF) status, 
tumor mutational burden (TMB), the status of 
driver mutations and large fragment alterations, 
and circulating tumor DNA (ctDNA) status have 
all been suggested as prognostic factors for the 
immunotherapy of LUAD.54

The prognosis of LUAD in immunotherapy is also 
the focus of many studies investigating TIME. 
Markers related to TIME have been comprehen-
sively studied, and several types of markers have 
been discovered, including differentially expressed 
genes (DEGs) or specific cell markers, risk score 
from the combination of multiple factors and cell 
property (cell components or cell subtype ratio) 
related markers. The prognostic markers and the 
indications for prognosis in these studies are sum-
marized in Table 2.36,44,45,47–49,55–89 DEGs and 
their combined prognostic model were the most 
common types of prognostic markers in these 
studies. For example, one study identified nine 
cancer-specific DEGs (CBFA2T3, CR2, SEL1L3, 
TM6SF1, TSPAN32, ITGA6, MAPK11, 
RASA3, and TLR6) and established a prognostic 
risk model in combination with clinical factors.62 
The risk model was validated in tumor and nor-
mal tissues by RNA-sequencing and scRNA-seq 
and revealed that high-risk patients were associ-
ated with poor prognosis, including advanced 
stages and low survival rates.62 Another similar 
study identified eight independent prognostic 
genes. CCL20 mutational status was also found to 
affect the prognosis and differentiation of LUAD 
and led to a poor histologic grade of tumor cells. A 
combined risk score involving the eight independ-
ent prognostic genes, clinicopathological informa-
tion, and CCL20 mutation status was established 
as a nomogram with good predictive performance 
and high accuracy.45
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Specific cell markers were also suggested to be prog-
nostic in TIME. One study suggested that tumor-
associated regulatory T cell expression of 
immunoglobulin-like receptor 2 (LAIR2) was prog-
nostic in LUAD. The study found that LAIR2 was 
preferentially produced by activated CD4+ T cells 
and enhanced in vitro tumor invasion into collagen. 
A CD4+ LAIR2+ Treg gene signature was prog-
nostically significant in the The Cancer Genome 
Atlas (TCGA) dataset.67 Another study reported 
that patients with low gene transcription of CXC 
ligand (CXCL) 7 and high expression of CXCL 17 
had a better prognosis in LUAD. Immune cell infil-
tration, specifically B-cell infiltration was signifi-
cantly correlated with LUAD microenvironment 
mediated by cysteine(C)-non cysteine(X)-
cysteine(C)  (CXC) chemokines.68 In addition, Arf-
GAP with coiled-coil ankyrin (ANK) repeat and 
PH domain-containing protein 1 (ACAP1) expres-
sion appeared to be positively associated with the 
infiltrating level of immune cells in TIME and the 
expression of immune checkpoint molecules.76 
ACAP1 was highly correlated with T-cell activation 
and immune response. Since overexpression of 
ACAP1 was found to cause attenuation in cell pro-
liferation, migration, invasion, and promoted apop-
tosis, low ACAP1 expression was suggested to be 
correlated with unsatisfactory OS and disease-spe-
cific survival in LUAD patients.76

Immune cell properties were also found to be cor-
related with LUAD prognosis. One study reported 
that heterogeneous carcinoma cell transcriptomes 
reflecting two distinct microenvironmental pat-
terns, namely N3MC pattern (normal-like myofi-
broblasts, non-inflammatory monocyte-derived 
macrophages, NK cells, myeloid dendritic cells, 
and conventional T cells) and CP2E pattern 
(cancer-associated myofibroblasts, proinflamma-
tory monocyte-derived macrophages, plasmacy-
toid dendritic cells, and exhausted CD8+ T 
cells). It was found that the immune-activated 
CP2E microenvironment was prognostically 
unfavorable, whereas the inert N3MC microenvi-
ronment was associated with a favorable progno-
sis.63 Another study pointed out that CD8+ T 
cells infiltrating the TIME of LUAD are critical 
for establishing antitumor immunity because the 
cell differentiation trajectory showed the presence 
of abundant transition-state CD8+ T cells during 
the differentiation of naive-like CD8+ T cells 
into cytotoxic CD8+ T cells and exhausted 
CD8+ T cells. The higher the proportion of the 
exhausted CD8+ T lymphocyte (ETL) subset, 
the shorter the OS of LUAD patients.47

The prognosis of LUAD patients can be pre-
dicted by a series of TIME markers, including 
DEGs, specific cell markers, risk score models, 
and cell components or subtypes. It appeared 
from the above reports that the subtypes, compo-
sition of immune cells and molecular alterations 
in cancer tissue reflected the cancer progression. 
These components may be new biomarkers for 
LUAD prognosis.

The TIME markers for LUAD therapeutic 
response
Many biomarkers have been investigated and 
suggested as indicators for therapeutic response 
in immunotherapy. The state of PD-L1 expres-
sion and the status of TMB were suggested as 
predictive biomarkers. The status of HLA/MHC 
expression was suggested as a marker of antigen 
presentation. The status of the oncogenic driver 
genes (e.g. EGFR, ALK, KRAS, MET) and co-
mutations (e.g. STK11, KEAP1, SMARCA4) 
was also suggested to stratify the patient 
response.90

The markers related to the TIME were also 
suggested to stratify the patient response in 
immunotherapy. There are three types of mark-
ers on response stratification, including DEGs 
or specific cell markers, risk scores from com-
bined multiple markers, and cell property mark-
ers. The studies on therapeutic response  
and details of the markers are summarized  
in Table 3.40,44,57,61,64,69,75,76,78,81,82,86,88,89,91–99 
Several DEGs have been found to predict 
patient response. In one study, four immune-
related genes, including PTPRC, CCR2, 
SLAMF1, and HLA-DQA2 were identified as 
the signature for better outcomes. The four-
gene signature was suggested to be used for out-
come prediction in LUAD patients. The risk 
score was calculated by combining their expres-
sion levels and coefficients. Further analyses 
revealed that patients who had a higher risk 
score were also accompanied by a lower immune 
infiltration level and a worse response.81 
Similarly, a risk model consisting of nine gene 
signatures (CASZ1, CCDC85B, CCL20, 
MAPK1IP1L, MYO6, RHOQ, ST13, TLE1, 
TMEM11) based on T-cell marker genes was 
established. High-risk groups presented discrimi-
native immune-cell infiltrations and immune-
suppressive states. The authors suggested that  
the treatment outcomes can be accurately pre-
dicted by the risk model.86 In another study,  
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15 N7-methylguanosine (m7G)-related genes 
(CYFIP1, DCP2, DIF3D, EIF4E, EIF4G3, 
EIF4E2, LARP1, METTL1, NCBP1, NCBP2, 
NUDT3, NUDT4, NUDT11, SNUPN, 
WDR4,) were found to be highly expressed in 
tumor samples. m7G cluster-B was shown to 
have a lower immune infiltration level and pre-
dicted poor responses to immunotherapy. 
NUDT4 and WDR4 were identified as inde-
pendent risk factors.88

Specific immune cell properties and cell markers 
in TIME were also shown to predict the treat-
ment response. One study suggested that the 
T-cell receptor (TCR) clonotypes of the cerebro-
spinal fluid, specifically CD8+ T-cell infiltration, 
can provide a non-invasive alternative to predict 
the response to immune checkpoint inhibitors in 
LUAD patients with brain metastasis.97 Another 
study confirmed the colocalization of ligand–
receptor interaction CTGF:LRP6 among malig-
nant cell subtypes as an indicator predicted to be 
associated with LUAD progression.99 SLC7A5 
high-expression was shown to be involved in the 
activation of multiple oncogenic pathways, 
including mTORC1, cell cycle, DNA damage 
repair, response to reactive oxygen, angiogenesis, 
epithelial–mesenchymal transition, and various 
growth factors. Its high expression was found to 
be an indicator of poor immunotherapy efficacy 
and was an independent prognostic factor. High 
SLC7A5 expression also indicated higher sensi-
tivity to inhibitors of the mTORC1 pathway, cell 
cycle, and angiogenesis.78

It can be summarized that DEGs, specific cell 
markers, risk score models, and cell property 
markers are potential indicators for therapeutic 
response. These reported markers mostly focus 
on the response to immunotherapy. More investi-
gations on TIME-related markers are needed in 
other therapies, including surgery, chemotherapy, 
radiotherapy, targeted therapy, etc.

The TIME-related drug resistance
The resistance to immunotherapy in LUAD has 
been investigated, and specific genetic alterations 
have been suggested as biomarkers for poor 
response to immunotherapy. EGFR mutations 
were suggested as biomarkers of poor response to 
single-agent immune checkpoint inhibitors 
(ICIs), and combined strategies may be needed 
for patients with EGFR mutations.100,101 
Co-mutations of KRAS and STK11 in LUAD 

were associated with an inactive immune micro-
environment, mechanistically led to the poor out-
comes of KRAS/STK11-mutated patients 
receiving single-agent immunotherapy, with a rel-
evant proportion of primary resistance.102,103 
There were also reports on the poor effectiveness 
of ICIs in LUAD with ALK rearrangement.100,101 
Meanwhile, hyperprogressive disease (HPD) 
after immunotherapy in LUAD has also been 
reported. Biomarkers linked to HPD in LUAD 
included MDM2/4 amplification, EGFR muta-
tions, and BRCA2 mutations.104

The TIME-related drug resistance may involve 
the dysregulation of anti-tumor activity of Treg 
cells, exhausted T cells, dendritic cells, MDSCs, 
and macrophages.104 Expanded or activated Treg 
cells may have strong immune suppression, thus 
hampering the functions of effector T cells, includ-
ing CD4+ T and CD8+ T cells.105,106 T-cell 
exhaustion refers to the progressive decline in 
T-cell function or dysfunction due to continuous 
stimulation of TCR under continuous antigen 
exposure. T-cell exhaustion ranges from highly 
proliferative T cells with stem-like properties to T 
cells that have completely lost effector function 
and the ability to replicate. Exhausted T cells are 
characterized by reduced cytokine production and 
inhibited expression of receptors such as PD-1, 
CTLA4, and LAG3 (lymphocyte activation gene 
3 protein), TIGIT [T-cell immunoreceptor with 
immunoglobulin and immunoreceptor tyrosine-
based inhibitory motif (ITIM) domains] and 
TIM3 (T-cell immunoglobulin and mucin 
domain-containing protein 3).104 Dendritic cells 
are a type of antigen-presenting cells that uptake 
tumor antigens and play a crucial role in generat-
ing the anti-tumor response by T cells. PD-1 on T 
cells, PD-L1 on DC cells and activation of TGF-β 
in DCs all contribute to the inhibition of DC 
activity.107–109 MDSCs are a group of immuno-
suppressive cells, which may be involved in regu-
lating immune responses. MDSCs may contribute 
to tumor angiogenesis, metastasis, and progno-
sis.110 The roles of MDSCs in LUAD immuno-
therapy are still not clear, but they might be related 
to impaired activity of effector T cells, inducing 
Treg cell expansion, NK cell function reduction, 
and cytokine secretion.111 Macrophages have also 
been reported to participate in the response to 
immunotherapy. M2 TAMs were suggested to be 
associated with pro-tumorigenic properties, and 
their presence was correlated with a poor progno-
sis in various tumors.112 In contrast, M1 mac-
rophages were suggested to promote anti-tumor 
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immunity. It was suggested that tumor growth 
might be inhibited by the depletion of M2 TAMs 
in LUAD.104,113 The spatiotemporal evolution of 
TAMs was shown to be associated with LUAD 
progression and tumor response to immunother-
apy. It was also found that PD-1 was expressed in 
a highly plastic tumor-promoting subtype of 
TAMs that develops during tumor progression, 
and protected tumor cells.114

Apart from immune cells, other biomarkers were 
also suggested to influence drug resistance. 
Heterogeneous expression and coregulation with 
other genes were found in IFN-γ signaling path-
way genes in LUAD, and the downregulation of 
these genes might correspond to an acquired 
resistance phenotype.40 Another study established 
a model containing 23 circadian-related genes, 
and used it in predicting the immunotherapeutic 
outcomes in independent cohorts.115 In addition, 
patients with high expression of JAG1 were found 
to correlate with immunosuppressive phenotype, 
leading to immunotherapy resistance.116

Both molecular alterations and TIME-related 
immune cell components and activities were found 
to be markers for drug resistance. They may help to 
predict resistance before any therapy is imple-
mented, and regulation of key components may also 
potentially help to overcome resistance. Markers on 
resistance also need to be developed in other thera-
peutic strategies, apart from immunotherapy.

Conclusion
The TIME of LUAD is composed of tumor cells, 
immune cells, support cells, and regulatory fac-
tors with great heterogeneity. Immune cells 
include those associated with acute inflammation, 
innate immunity, and adaptive immune responses. 
These cells can be divided by their roles into 
immune active cells, such as CD8+ T, Th1, NK, 
DC, M1 TAM cells, and immune suppressive 
cells, such as M2 TAM, MDSC, Treg, Th17, 
and exhausted T cells. The dynamic status of 
these cells, and their interaction with other com-
ponents in TIME, influence the immune response 
to surgery, chemotherapy, radiotherapy, targeted 
therapy, and immunotherapy and mediate the 
resistance to immunotherapy. Many prognostic 
and response models composed of DEGs or spe-
cific cell markers, risk scores and cell property 
markers have been summarized in this review. 
These past findings should be translated into 
future actionable strategies based on consensus 

on markers or models in TIME for clinical prac-
tice. Future studies may focus on the clinical vali-
dation of markers or models in prospective 
cohorts.
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