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The lung tumor microenvironment, which is composed of heterogeneous cell populations,
plays an important role in the progression of lung cancer and is closely related to
therapeutic efficacy. Increasing evidence has shown that stromal components play a
key role in regulating tumor invasion, metastasis and drug resistance. Therefore, a better
understanding of stromal components in the tumor microenvironment is helpful for the
diagnosis and treatment of lung cancer. Rapid advances in technology have brought our
understanding of disease into the genetic era, and single-cell RNA sequencing has
enabled us to describe gene expression profiles with unprecedented resolution,
enabling quantitative analysis of gene expression at the single-cell level to reveal the
correlations among heterogeneity, signaling pathways, drug resistance and
microenvironment molding in lung cancer, which is important for the treatment of this
disease. In this paper, several common single-cell RNA sequencing methods and their
advantages and disadvantages are briefly introduced to provide a reference for selection
of suitable methods. Furthermore, we review the latest progress of single-cell RNA
sequencing in the study of stromal cells in the lung tumor microenvironment.
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INTRODUCTION

Tumors grow within a highly complex and dynamic local environment composed of immune cells,
stromal cells, endothelial cells (ECs), and other noncellular components, such as secreted cytokines
and extracellular matrix (1). This complex ecosystem is collectively termed the tumor
microenvironment (TME) (2). The interactions of cells in the microenvironment, not only
between tumor cells and stromal cells but also between stromal cells, results in a constantly
changing TME during tumor progression, resulting in a dynamic process that has an important role
in tumor development. Therefore, it is increasingly accepted that the TME can be a target for tumor
therapy (3, 4). Unlike tumor cells, stromal cells in the TME are genetically stable and promote tumor
growth through phenotypic changes, so they are potential therapeutic targets (5). Intriguingly,
despite the therapeutic importance of these cells, the in situ phenotype of stromal cells remains
elusive. Therefore, phenotypic analysis of stromal cells in the TME is highly desirable and will lead
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to a deeper understanding of the TME, which will help advance
the diagnosis and treatment of lung cancer.

Single-cell DNA sequencing can identify mutations
throughout the genome of a single cell but cannot detect
significant expression differences in heterogeneous cells in the
TME. Single-cell RNA sequencing (scRNA-seq) not only allows
us to detect cell-to-cell transcriptional heterogeneity at the single
nucleotide level but also identifies gene expression heterogeneity
between single cells, and it provides an unprecedented resolution
for the study of stromal cells that are composed of heterogeneous
and phenotypically different cell populations (6, 7). This
technique allows precise quantitative analysis of the gene
expression profiles of different kinds of stromal cells at the
single-cell level, thus revealing the complexity of the molecular
composition and the differences between them. This
information, however, most likely cannot be obtained in bulk
transcriptional sequencing due to the lack of sufficient resolution
(8). Here, we review the current common scRNA-seq methods
and their advantages and disadvantages as well as the latest
progress of scRNA-seq in the study of stromal cells.
A BRIEF OVERVIEW OF SCRNA-SEQ

Introduction to scRNA-Seq
ScRNA-seq is a leading technique for exploring the
transcriptome of individual cells in sequenced samples and is a
powerful tool for researching gene expression patterns. ScRNA-
seq technology generally has several workflows: sample
acquisition, cell dissociation, single cell capture, reverse
transcription, cDNA amplification, library preparation, and
sequencing and analysis (9).

Sample acquisition is the first step in scRNA-seq, and in
addition to surgically excised tissue and biopsy specimens,
embryos (10), human-derived tumor xenografts (11) and blood
cells, including stem cells and fully differentiated lymphocytes
(12, 13), can be used. Some recent studies have shown that the
scRNA-seq data obtained from cryopreserved solid tissue or
single-cell suspensions are equivalent to those obtained from
fresh tissue. After cryopreservation, the TME complexity of a
single-cell suspension and solid tissue is preserved, and in terms
of gene expression, cryopreserved cell suspensions show a high
correlation, indicating that cryopreservation has little effect on
the results of downstream analysis (such as biological pathway
enrichment) (14–16).

The next step is dissociation and capture of the target cells.
Cell dissociation is a critical step in sample preparation,
especially in dense tissues and three-dimensional organ
models, and it is usually performed under enzymatic
conditions with gentle mechanical agitation to facilitate cell
separation. Of note is the need to select the appropriate
protein hydrolase and to strictly control the digestion time.
Common single-cell isolation and capture techniques include
limiting dilution, micromanipulation, fluorescence-activated cell
sorting (FACS), laser capture microdissection (LCM), and
microfluidics. Limiting dilution, which uses pipette dilution to
Frontiers in Immunology | www.frontiersin.org 2
separate individual cells, is used sparingly because of its low
throughput and time-consuming protocol. Micromanipulation is
a classic method for extracting cells from early embryos or
uncultured microorganisms (17), in which individual cells are
manually selected under a microscope with a vitreous tube, and
can be used for sampling from a limited number of cells or fragile
cells, such as early embryos (18). Similarly, the method is low
throughput, time consuming and technically demanding and is
rarely used now. FACS is a common technique for isolating
single cells with a high purity. Cells are first labeled with
fluorescent monoclonal antibodies that can recognize specific
surface markers and are capable of sorting different groups.
FACS is also a preferred method when the target cells express
very low levels of markers, but it is difficult to isolate samples
with cell counts below 10,000 (19). LCM involves focusing a
laser beam on cells of interest under a microscope, attaching
these individual cells to a transparent membrane (20) and then
transferring the single cell on the membrane to a microcentrifuge
tube containing an appropriate buffer solution (21). This
technique provides spatial information about the target cells,
but the disadvantages are similar to those of FACS. Microfluidics
refers to a technique that uses microscale structures to precisely
control the supervolume of fluid and is currently a common
method for single-cell capture. For example, the Fluidigm C1
microfluidic robotic platform or droplet-based microfluidics
methods have been used to capture cells (22), and although
this method has high throughput and a low analytical cost, the
capture efficiency in viscous cells may be relatively low. A more
detailed description of the cell separation capture method was
recently described (23).

Many scRNA-seq methods have been developed, such as
Massively parallel RNA single-cell sequencing (MARS-seq),
Single-cell tagged reverse transcription sequencing (STRT-seq),
Switching mechanism at the end of the 5´-end of the RNA
transcript sequencing 2 (Smart-seq2), Massively parallel RNA
single-cell sequencing (CEL-seq), Indexing droplets (InDrop)
and droplet-based scRNA-seq (Drop-seq). These techniques
mainly differ in the method of amplifying mRNA transcripts.
Among them, Drop-seq has the lowest cost for analyzing a large
number of single cells, Smart-seq2 sequencing has the highest
sensitivity, and droplet-based 10× Genomics Chromium is the
most widely used commercial platform. However, it is still
necessary to choose the appropriate scRNA-seq method
according to the actual situation of the experiment. More
information on scRNA-seq has been summarized (Table 1)
and can provide us with a reference in the selection process. In
the subsequent steps of library construction and data analysis,
scRNA-seq is based on essentially the same principles and
processes as bulk sequencing. One of the more important
things is cellular annotation, which needs to be done by
integrating differentially expressed genes between clusters,
expression of classical marker genes and enrichment of the
reference gene set of immune cells in the literature. We
combined scRNAseq data from multiple datasets in LUAD
[GSE97168 (34), GSE131907 (35), GSE99254 (36)] to map the
expression levels of 224 cytokines in different cell types in TME
January 2022 | Volume 12 | Article 802080
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(Figure 1A), and specific expression patterns of several
representative cytokines in certain cell types were highlighted
(Figure 1B) for cell annotation. Analyzing scRNA-seq data is
challenging because it requires multidisciplinary knowledge.
Although more complex, this method can provide us with
higher resolution and a deeper understanding of the lung
cancer microenvironment.

ScRNA-Seq and Spatial Information
Both temporal and spatial heterogeneity are the result of tumor
progression (37). scRNA-seq, although able to identify cell
subpopulations within tissues, their spatial distribution cannot
be identified, nor can it capture local networks of intercellular
communication (38). In contrast, spatial transcriptome is able to
obtain different cell subpopulations and gene expression status in
different regions of the tissue. Therefore, many spatial
transcriptome technologies have been developed rapidly and
become a frontier hotspot in biotechnology research in recent
years. Currently, spatial transcriptome technologies are broadly
classified into 4 types: microdissection-based, in situ
hybridization (ISH), in situ sequencing (ISS), and microarray
technologies (39). While most existing technologies can resolve
to a few cells, single cell and subcellular resolution is being
developed (39), and the quest to achieve a balance of a broad
transcriptome, high resolution, and high gene detection efficiency
has become the direction of spatial transcriptome development.

Due to the loss of spatial information in scRNA-seq, if scRNA-
seq data can be matched one-by-one with information on their
spatial location in tissues, it will help to understand the structure of
cell type distribution and the putative mechanisms of intercellular
communication that constitute this structure. Therefore, it is a good
choice to integrate scRNA-seq data and spatial transcriptome data.
Currently, there are two main methods: Deconvolution and
Mapping (40). Deconvolution aims to separate discrete
subpopulations of cells from a mixture of mRNA transcripts from
Frontiers in Immunology | www.frontiersin.org 3
each capture site based on single-cell data (40). Mapping has two
facets: mapping of assigned scRNA-based cell subpopulations to
each cell on high-plex RNA imaging (HPRI) maps and mapping
eachscRNA-seqcell toa specificnicheorregionofa tissue (40).This
analysis can give a context for putative ligand-receptor interactions
obtained from the analysis of scRNA-seq data. More detailed
information about the integration of the two has been specified in
a recent paper (40), and this will be theway forward.Multi-regional
scRNA-seqhas also shown goodapplications in spatial information
of lung cancer (41–43). The further exploration of spatial
information of lung cancer gives us new insights into tumor
heterogeneity, tumor diagnosis and treatment.
PHENOTYPIC MOLDING OF STROMAL
CELLS IN THE LUNG CANCER TME
UNDER SCRNA-SEQ ANALYSIS

The TME, characterized by heterogeneity, plasticity and complex
cross-interactions, not only plays an important role in tumor
development but also has a far-reaching impact on therapeutic
effects (44). In addition to cancer cells in TME, tumor-associated
stromal cells, which are composed of infiltrating immune cells
(IICs), cancer-associated fibroblasts (CAFs) and ECs (Figure 2)
(4), are also an important part and a key contributor to the TME
(45). During tumor progression, the tumor cell “seeds” co-evolve
with the surroundingmicroenvironment “soil” (4), driving the TME
towards heterogeneity and immunosuppression. Heterogeneity is
defined by the density, location and organization of stromal cell
types and cytokines in the TME (46). Cancer cells can shape their
TME by secreting various cytokines, chemokines and other factors,
which leads to phenotypic changes in stromal cells in the TME (47)
that may underlie stromal cell heterogeneity. In turn, immune cells
produce an immune response against the tumor to shape the
TABLE 1 | Commonly used single-cell sequencing methods and their advantages and disadvantages.

Method Region Unique
molecular
identifier
(UMI)

Amplification Advantages Disadvantages Depth Reference

CEL-
seq

3’-end
only

Yes In vitro
transcription

Strand specificity (with more than 98% of exon reads
coming from the sense strand), high barcoding
efficiency (>96%), lower technical noise

The 3-bias and the low sensitivity for
poorly expressed transcripts, high
cost

10^4–
10^5

(24)

InDrop 3’-end
only

Yes In vitro
transcription

Sequence cells from heterogeneous populations
quickly, identifying rare cell types

The very low capture efficiency (only
7%)

10^4–
10^5

(25, 26)

Drop-
seq

3’-end
only

Yes Template
switching-
based PCR

Rapid, low cost and high capture efficiency Requires a cell suspension, only the
3’-most terminal fragments can be
used for sequencing

10^4–
10^5

(26, 27)

Smart-
seq2

Full-
length

No Template
switching-
based PCR

Entirely relies on off-the-shelf reagents, high
sensitivity

Samples can be pooled just prior to
sequencing, more labor-intensive

10^6 (28, 29)

MARS-
seq

3’-end
only

Yes In vitro
transcription

A dramatic increase in throughput and
reproducibility, increases the information content of
the sampled transcriptional states

Higher median dropout probability 10^4–
10^5

(30, 31)

STRT-
Seq

5’-end
only

Yes Template
switching-
based PCR

Counting the number of unique transcripts
expressed in each cell and tell them apart from PCR
duplicates

The impossibility of detecting SNPs or
splice variants located outside the 5’-
terminal portion of the transcript

10^4–
10^5

(32, 33)
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microenvironment. Similarly, stromal cells show heterogeneous
expression and play a decisive role in tumor survival and
progression by producing various growth factors, chemokines and
cytokines that promote extracellular matrix remodeling, cell
migration, neoangiogenesis and invasion in the TME (4), which
will ultimately produce an immunosuppressive TME that promotes
tumor growth and metastasis. Thus, the immunosuppressive TME
is largely attributable to factors released by tumor cells that directly
or indirectly bias the function and phenotype of IICs, CAFs, and
ECs. While analysis of the TME can reveal relevant induced factors
for protumor progression, and these factors are expected to
contribute to the development of new tumor treatment
strategies (48).

Although the lung cancer ecosystem is highly complex,
scRNA-seq technology has become a powerful tool for
dissecting the TME of lung cancer by characterizing various
cells, thus revealing their phenotypic changes and expression
differences in the TME (49). Recently, studies on scRNA-seq in
the TME of lung cancer have proliferated, and lung tumor cells
have been specifically described in several recent papers (50, 51).
However, the TME of stromal cells have not been described in
detail. Here, we discuss stromal cells from the TME with
measuring the transcriptome at the single-cell level provides an
unprecedented perspective on cellular structure, showing
phenotypic variations and functional differences in stromal
cells of the TME (52).

IICs
IICs, an important part of the TME, have been shown to contribute
to tumor progression and the immunotherapeutic response (53).
These cells can interact with tumor cells to influence tumor
progression and are a major target of current immunotherapies.
It is well known that IICs exhibit significant heterogeneity and
Frontiers in Immunology | www.frontiersin.org 4
differentiation to different phenotypes in the TME. In TME,
different subtypes of cells perform their own functions, which in
turn are closely related to the genes or pathways they express. Here
we provide functional association networks between signature
genes specific to stromal cells of TME in LAUD (Figure 3),
revealing the functional crosstalk between cells in the
microenvironment. Through scRNA-seq, we can understand the
single-cell characterization, the phenotypic diversity and
transcriptional dynamics of IICs (Figure 4), which is essential for
deciphering the mechanisms of immunotherapy, defining
predictive biomarkers and identifying new therapeutic targets.

Phenotypic Molding of T Cells in the TME
of Lung Cancer
As a key component of adaptive immunity, T cells are a core of
immunotherapy. However, they develop different phenotypes after
chronic stimulation and interaction with tumor cells, forming
distinct subpopulations. The heterogeneity of T cells can be
revealed by scRNA-seq analysis. In the TME, scRNA-seq
revealed that T cells were clustered into multiple clusters,
containing several known types as well as multiple CD8+ T cell
and CD4+ T cell clusters, and also identified several previously
undescribed tumor-associated clusters in NSCLC (36, 54, 55).
These results indicate the widespread heterogeneity of tumor-
infiltrating T cells in NSCLC. There was also significant spatial
heterogeneity of T cells in the TME. Applying the activation status
of specific pathways or the relative abundance of specific immune
cell types to define hot and cold immune profiles, Jia et al. found
that eight genes associated with CD8+ T cell infiltration and
cytotoxicity were significantly more highly expressed in the hot
area than in the cold area (56). While the abundance of activated
CD4+ T cells was not statistically different in these two regions, but
the remaining 25 parameters representing immunogenicity were
A B

FIGURE 1 | (A) The cytokine expression across different cell types in TME of LUAD. Performed an integrative analysis using Seurat v3 in RStudio by combining the
scRNAseq data from multiple datasets in LUAD (GSE97168, GSE131907, GSE99254) and plotted the expression levels of 224 cytokines across different cell types
in TME. (B) Heatmap of canonical cell-type markers of different cell types in TME of LUAD. Using the same datasets and strategy employed in the above cytokine
analysis, generated a heatmap of canonical cell-type markers of stromal cells in TME of LUAD.
January 2022 | Volume 12 | Article 802080
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substantially inflamed in the hot area (56). The result suggests
multifocal heterogeneity of T cells in the TME, and hot areas may
have better immunotherapeutic effects. In addition, Li et al. found
extensive isoform switching during T cell clonal expansion (57),
suggesting that tumor-infiltrating T cells have strong phenotypic
heterogeneity, and isoform information should be considered as a
factor that may affect the efficacy of current immunotherapies.
However, although T cells have different states, it is a gradual,
rather than a discrete, state, as found in the pseudotime trajectory
analysis of T cells in the TME by scRNA-seq combined with T cell
expression patterns (58).

The phenotypic shaping of T cells causes changes in T cell
function, which may drive tumor immunity toward
immunosuppression. In early lung adenocarcinoma (LUAD), T
lymphocytes are one of the most abundant immune cells at the
primary tumor site identified by scRNA-seq (34, 43), and these cells
Frontiers in Immunology | www.frontiersin.org 5
are increased compared to those in normal lung tissue (43),
suggesting that adaptive immune responses are activated. However,
more evidence indicates T cell phenotypic changes toward
immunosuppression in the early LUAD microenvironment (59,
60). For example, regulatory T cells (Tregs) are enriched in primary
tumor tissue, and the proportion of CD8+ T cells is reduced (34),
while regulatory and depletion markers expressed by tumor-
infiltrating T cells, such as TIGIT, LAYN, and CTLA-4, are
significantly elevated in EGFR-mutated early LUAD (61). The
changes in cellular composition and gene expression phenotype of
T cells confirmed the direction of tumor immunity toward immune
suppression in LUAD. However, the suppressive tendency was not
limited to early lung cancer, and a significant increase in the
proportion of Tregs and exhausted CD8+ T cells was found during
LUAD progression and metastasis via scRNA-seq (43). Exhausted
CD8+ T cell clusters were specifically enriched in NSCLC, and the
FIGURE 2 | Characterization of the TME and development of IICs. The TME of lung cancer consists of multiple heterogeneous cell types, such as T cells,
tumorassociatedmacrophages (TAMs), an CAFs. The number and phenotype of IICs change in the TME, and differential expression occurs. These different types of
cells in the TME, along with lung cancer cells, drive the microenvironment toward immunosuppression.
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abundance of exhausted CD8+ T cells in tumors was positively
correlated with disease progression (62), suggesting that the
immunosuppressive tendency of tumor immunity persists and
gradually strengthens during lung cancer progression. However,
researchers notably found that all innate immune changes shown
in the advanced stage were present in early-stage lesions (34). This
finding suggests that dysfunction of innate immunity may play a
critical role in tumor development and that reinvigorating innate
immunity against tumors will be a potential strategy to block tumor
formation and progression.

Different tumor-infiltrating T cell clusters may have different
phenotypic and functional properties. Although the tumor-
infiltrating T cell clusters defined by scRNA-seq analysis vary
with tumor origin, type, and disease stage, several major tumor
CD4+ and CD8+ T cell populations with different phenotypes are
broadly consistent in the identification of different types of
NSCLC, including exhausted T cells, tissue-resident memory T
(TRM) cells, and Tregs. These populations have important roles
in antitumor immunity, and scRNA-seq technology has
facilitated a better understanding of these cells in the TME.
Frontiers in Immunology | www.frontiersin.org 6
Tregs
Tregs are a subpopulation of T cells that control autoimmune
responses in vivo. Tregs are involved in tumor immunity and can
be converted from CD4+ T cells. The proportion of CD4+ Tregs
is elevated in all types of cancer, and studies have shown that the
expansion of the Treg population in tumors is due to phenotypic
switching rather than increased proliferation of preexisting Tregs
(41, 63–65). CD4+ Tregs negatively regulate the immune
response against tumors, and an increased proportion implies
weakened antitumor immunity (66). Therefore, it is important to
apply scRNA-seq technology to research CD4+ Tregs in
the TME.

Classic CD4+ Tregs are characterized by the expression of the
transcription factor forkhead box protein P3 (FOXP3). However,
several recent studies have found that FOXP3- CD4+ T cells also
show suppressive immune responses in the TME (67, 68),
displaying similar functions as FOXP3+ CD4+ Tregs. In order
to find out the reason for it, application of the Chromium Single
Cell 3′ protocol to CD4+ T cell analysis identified EOMES+ CD4+

T cell subsets that play a suppressive role in FoxP3- CD4+ T cells
FIGURE 3 | Functional association networks of signature genes between different cell types of IICs in TME of LUAD. Using StringDB with protein-protein interaction
data showed functional association networks between signature genes specific to stromal cell of TME in LUAD.
January 2022 | Volume 12 | Article 802080
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in NSCLC (69), demonstrating the unique advantage of scRNA-
seq in finding specific small subsets.

ScRNA-seq analysis revealed that tumor-infiltrating Tregs
have altered phenotypes and shown significantly heterogeneous
compared to normal tissue. For example, scRNA-seq revealed
restricted overlap between CD4+EOMES+ T cells with clonal
expansion and the FOXP3+ Treg clonal subpopulation,
suggesting the emergence of two phenotypically distinct
subpopulations during phenotype shaping (69). Another study
also showed a characteristic bimodal distribution of TNFRSF9
(a Treg activation marker), demonstrating that at least two
subpopulations of Tregs exist (36). ScRNA-seq analysis
revealed that the transformation of CD4+ T cells into Tregs is
a continuous process associated with tumor cells. Through
Frontiers in Immunology | www.frontiersin.org 7
scRNA-seq, trajectory analysis in NSCLC showed a
developmental pathway from naive CD4+ T cells to Tregs and
identified a transitional phenotype, Th17-like cells, suggesting a
potential interconversion of Th17-like cells to Tregs (70). In
KRAS-mutated NSCLC, tumor-derived exosomes play a major
role in the transformation of CD4+ T cells into Tregs (63),
indicating that tumor cells can induce changes in immune cell
phenotype through exosomes.

Tregs in TME exhibit specific expression, which may be a
target for immunotherapy to reduce Tregs infiltration or inhibit
their immunosuppressive activity, which may indirectly enhance
anti-tumor T cell responses. ScRNA-seq revealed increased
expression of Foxp3, CTLA-4, PD-1, CD39, ICOS and CD38
in Tregs in LUAD (34, 41), IL32 also showed higher expression
FIGURE 4 | Dynamic changes and transcriptional characteristics of IICs in the TME. Tumor-infiltrating T cells undergo phenotypic transitions and functional state
shifts that drive the immunosuppressive microenvironment. Macrophages are predominantly differentiated from monocytes in the TME, and TME sculpts them into
animmunosuppressive phenotype, leading to accumulation of suppressive TAM and a tendency to differentiate toward M2. Single-cell interrogation helps identify
novel subpopulations of TAM in TME and reveals that TAM subtypes tend to co-express M1 and M2 features. B cells play an important role in antitumor immunity
and ICI therapy, but the B cells show heterogeneous subpopulations and reduced follicular B cell function in the TME. Two classical subgroups of DCs also show
heterogeneous expression in the TME, which suggests that DCs can induce immune tolerance in the microenvironment.
January 2022 | Volume 12 | Article 802080
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in Treg cells 65, and these altered expressions may underlie its
immunosuppressive effects. Infiltrating Tregs express specific
signaling molecules on their surface, such as interleukin-1
receptor 2, programmed death (PD)-1 ligand 1, PD-1 ligand 2
and CCR8 chemokines (71), which have not been described
previously, suggesting that tumor-infiltrating Tregs are highly
suppressive and can regulate several immune checkpoints. In
addition, interferon (IFN) pathway signaling was strongly shown
during the phenotypic switch from CD4+ naïve cells to Treg-like
cells, and upregulation of the expression of several IFN-
stimulated genes occurred (63), indicating that IFN signaling is
a driver of their phenotypic switch. These studies suggest that
the application of scRNA-seq to lung cancer research may
help us develop more meaningful new strategies in lung
cancer treatment.

Tregs are characteristically distributed spatially in LUAD.
Multi-region ScRNA-seq showed that LUAD tissues were
particularly enriched with FOXP3+ Tregs. the cellular signature
of Tregs became more pronounced with spatial proximity to
LUAD (41). Notably, the fraction of Tregs co-expressing CTLA-
4 and TIGIT immune checkpoints progressively increased along
the spectrum of distant normal sites to more adjacent (to the
tumor) regions up to the LUAD (41). In contrast, we noted a
decrease in cytotoxic CD4+ cytotoxic T cell characterized by high
expression of GZMA, GNLY or GZMA and GZMH, increasing
proximity to LUAD (41).

Exhausted T Cells
Cytotoxic CD8+ T lymphocytes are considered to be the major T
cell subtype that directly kills tumors. The cytotoxic CD8+ T cell
phenotype is altered in the TME and is mainly in a dysfunctional
and exhausted state. ScRNA-seq studies have shown a significant
increase in the proportion of exhausted CD8+ T cells during
LUAD progression and metastasis, while with increasing tumor
proximity, CD8+ T cells was shown a gradual decrease, which
were depleted in the LUAD (41, 43). It characterized by a lack of
classic effector cytokine secretion and cytolytic function, as well
as increased expression associated with T cell exhaustion, such as
HLA-DRA (36, 65, 72). The states from cytotoxic CD8+ T cells to
dysfunction and exhaustion exist in a continuum in NSCLC (73).
Analysis of CD8+ T cell trajectories in the TME confirmed that
the state of CD8+ T cells appears to be shaped by two distinct
processes, an intrinsic T cell developmental program and a
tumor-induced T cell depletion program (36). Therefore,
intratumoral cytotoxic CD8+ T cells are not composed of
discrete cell subtypes, but a continuum of cell states driven by
ongoing activation and differentiation in response to
TME stimuli.

Research on CD8+ T cells has focused on how to inhibit and
reverse the phenotypic shift from activation to exhaustion.
Therefore, the study of T cells in the pre-exhausted state via
scRNA-seq is important and may lead to the identification of key
factors that induce T cell exhaustion and optimize T cell-based
lung cancer therapy. The expression of transcription factor
NR4A1, which induces T cell exhaustion, was found to be
upregulated in the late exhausted state through scRNA-seq (74),
Frontiers in Immunology | www.frontiersin.org 8
implying that NR4A1 may promote T cell exhaustion. Under
chronic antigen exposure, the expression of Tcf7 is associated
with a sustained T cell response. The expression of Tcf7 in
dysfunctional CD4 T and CD8 T cells analyzed by scRNA-seq
and flow cytometry (75) showed that TCF7-expressing
early differentiated T cells sustain immunity. In addition,
dysfunctional T cells have distinct developmental and
regulatory programs. Hypofunctional intratumor effector T cells
are marked by the expression of the inhibitory coreceptors
TOX51 and CD39, and the expression of genes encoding
costimulatory and inhibitory receptors is inconsistent among
different dysfunctional subpopulations, implying that potential
immunotherapeutic targets are differentially regulated in different
dysfunctional subpopulations (75). There is also a relationship
between pre-exhausted T cells and prognosis. ScRNA-seq of T
cells isolated from tumors, adjacent normal tissue and peripheral
blood showed that the ratio of “pre-exhausted” T cells to
exhausted T cells was associated with a good prognosis in
LUAD. No such trend was observed in lung squamous cell
carcinoma (LUSC) (36). This finding suggests a potential
difference between lung cancer types, and the reason needs to
be further investigated.

In addition to understand T cells in a pre-exhausted state, the
study of phenotype conversion to exhausted T cells in the TME is
equally important. Through scRNA-seq, tumor-derived CD8+ T
cells exhibited specific expression in NSCLC. Lambrechts
observed that the cell proliferative capacity of tumor-derived T
cells was low, but a highly proliferative cluster and two clusters
with high allograft rejection activities were identified in CD8+ T
cells (54), which may be related to the fact that cells show higher
responsiveness to the new epitopes encoded by cancer cells.
These cells express higher levels of immune checkpoint
molecules, including the approved targets PDCD1 and CTLA-4
but also other targets currently in clinical trials (LAG3, TIGIT,
HAVCR2/TIM3, CD27 and TNFRSF9/CD137), and higher
cytotoxic activity was found to be inhibited by these factors
(54). In another study, exhausted CD8+ T cells in NSCLC were
enriched with co-suppressed immune checkpoints, including
CTLA-4 and TIGIT (70), and these molecules may be used as
targets for immune checkpoint inhibitor (ICI) therapy. Some of
them have already started to be used in clinical treatment with
good therapeutic results, such as CTLA-4 (76). In addition,
thymocyte selection-associated high mobility group box gene
(TOX) expression was upregulated along the pseudotime of
CD8+ T cell exhaustion by scRNA-seq, and TOX promotes
intratumoral CD8+ T cell exhaustion by upregulating the
expression of immune checkpoint (IC) molecules (74),
suggesting that TOX inhibition may impede T cell exhaustion
and improve the efficacy of ICIs. In LUAD, granzyme B
expression in CD8+ T cells was significantly reduced upon
stimulation (34), indicating that CD8+ T cell cytotoxicity was
impaired. The differential expression of impaired CD8+ T cell
toxicity is also related to the spatial, with CD8+ T cells exhibiting
significant and spatially-modulated reduction in cytotoxic
signature scores and decreased expression of major cytotoxic
genes, including reduced levels of NKG7 and GNLY expression
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via multi-region ScRNA-seq (41). Surprisingly, however,
exhausted CD8 T+ cells also express genes associated with
conventional CD8+ T cell effector function and sustained
proliferation, but at a lower level than fully activated effector
cells. suggesting that activation of exhausted CD8+ T cells may be
an option to inhibit tumor growth (41).

TRMs
TRMs are memory CD4+ or CD8+ T cells retained in peripheral
tissues and patrol areas other than lymphoid organs to defend
against pathogenic infections (77). TRMs permanently reside in
tissues expressing CD69 and CD103 (78) and provide local
protective immune responses. In some solid tumors, TRMs may
play an important role in controlling tumor growth and limiting
cancer cell metastasis (79). High TRM infiltration is associated
with better survival in lung cancer patients (80).

Several scRNA-seq studies have shown that TRM

subpopulations are heterogeneous in NSCLC, exhibiting
different phenotypes and gene expression patterns (36, 81). For
example, scRNA-seq analysis of TRMs in lung cancer identified
five previously undescribed clusters of cells with different
phenotypes, and cells in different clusters have different gene
expression programs (81). TRM marker genes, such as CD69,
ITGAE (CD103), CXCR6 and ITGA1, are overexpressed in
tumor-associated T cells in general but show different
expression patterns in different subgroups (36).

PD-1 expression is considered a typical feature of exhaustion
(82), while some recent studies found that high PD-1 expression
reflects tissue residence rather than exhaustion (83, 84). ScRNA-
seq analysis of TRMs revealed that TRMs expressing PD-1 had
increased expression of the key effector cytokines IL-2, tumor
necrosis factor (TNF) and IFN-g, as well as increased expression
of the cytotoxic molecules granzyme A and granzyme B
compared to TRMs without PD-1 expression in NSCLC (81),
suggesting that PD-1 expression does not reflect exhaustion. PD-
1 expression levels were confirmed to be higher in lung cancer
and lung tissue TRMs than in non-TRMs at the protein level (83),
suggesting that the high expression of PD-1 may reflect
tissue residency.

ZNF683 encodes a transcription factor involved in TRM

generation and maintenance. Comprehensive analysis of T
cells in combination with scRNA-seq data showed that the
frequency of ZNF683+CD8+ TRM cells was significantly higher
in NSCLC tumors than in other tumors (36). Based on recent
scRNA-seq data and bulk RNA-seq data from TCGA, it was
found that the higher the ratio of TRM to exhausted T cell
signature gene expression, the higher the overall survival rate
of NSCLC patients was (81). These scRNA-seq studies indicate
an important role of TRMs in solid tumor control.

Phenotypic Shaping of B Cells in the TME
of Lung Cancer
As an important component of adaptive immunity, B cells
mediate antitumor immune responses in the TME. It has been
shown that the increase of B cells in TME contributes to the
establishment of Tertiary lymphatic structure (TLS), which
provides a harbor for lymphocyte maturation and immune
Frontiers in Immunology | www.frontiersin.org 9
activation (85). In TLS, T cells and B cells can undergo
synergistic maturation, activation and clonal expansion, and
thus B cells can promote responsiveness to immunotherapy for
lung cancer (85). Through scRNA-seq, B cells were found to be
highly enriched in both early- and late-stage NSCLC (41, 43, 54,
86), which indicates that the humoral immune response
is activated.

The heterogeneity of B cells has begun to be revealed by
several scRNA-seq studies. Lambrechts found that B cells were
clustered in multiple clusters via scRNA-seq, and the ratio of
different B cell subpopulations differed between tumor and
normal tissues in NSCLC (54). Kim found that different B cell
subtypes exhibited slightly different variable gene expre0. 3ssion
profiles (43), suggesting the generation and clonal proliferation
of tumor antigen-specific B cells. Both studies found reduced
follicular B cell function (43, 54). Tumor-associated follicular B
cells showed decreased oxidative phosphorylation, cell
proliferation, biomass production (pathways related to Myc,
mTOR and protein secretion) and reduced number of
transcripts compared to follicular B cells in normal lung tissue,
suggesting that follicular B cells become exhausted in the NSCLC
(54). In addition, expression profiling of plasma cells revealed
spatial differences in isotype-switching, such as increased
IGHA1/2 and decreased IGHG1/3 with increasing proximity to
LUAD (41).

CD20 and CD19 are the most commonly used markers of B
cells, and studies have found that CD20 B cells may inhibit the
growth and progression of tumor cells in the early stages of the
disease and are positively associated with a good prognosis in
NSCLC. ScRNA-seq study on NSCLC tumors and blood B cells
showed that B cells were divided into two major subtypes: B cell
cluster 1 expressed naive B cell markers (CD19, CD20, CD22,
CD83, and TCL1A), B cell cluster 2 expressed plasma B cell
markers (CD38, TNFRSF17, and IGHG1/IGHG4) (55), CD20-
expressing naïve B cells are predominantly located in TLS, with a
significantly lower proportion as the tumor progresses (55).
CD20 B cells can directly inhibit NSCLC growth with good
prognosis, and there is overexpression of secreted proteins, such
as VNN2, IFI30, PIK3AP1 and SERPINA9, but their related
functions need to be further explored (55). While in
subpopulations of plasma-like B cells, IGHG1 and IGHG4
genes, which encode IgG proteins, were highly expressed,
suggesting that the action of plasma-like B cells on tumor cells
may be related to the secretion of IgG proteins in NSCLC (55),
which may underlie the functional diversity of B cells, suggesting
that targeting a specific subpopulation rather than the complete
B cell population may be a future prospect.

Phenotypic Molding of Tumor-Infiltrating Myeloid
Cells (TIMs) in the TME of Lung Cancer
Composed of macrophages, dendritic cells (DCs) and
neutrophils, TIMs play a crucial role in tumor immunity (87).
The TME contains many kinds of immune cells and targeting
TIMs for immunotherapy in addition to T cells may be an
effective strategy. TIMs were among the most abundant immune
cells observed at the primary tumor site in LUAD via scRNA-seq,
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but in reduced abundance compared to normal lung tissue (43).
TIMs are very complex with multiple lineages, and each of these
lineages may further diversify into a spectrum of activation states
in the presence of external stimuli (11, 54, 61). Thus, there is
substantial phenotypic heterogeneity. Notably, metastatic lymph
nodes in LUAD contained a large number of myeloid cells
compared to normal lymph nodes, suggesting that bone
marrow infiltration is associated with metastasis (43).
However, it is not clear which subtype is specifically
associated with.

Tumor-Associated Macrophages(TAMs)
There are two sources of macrophages: monocyte-derived
macrophages (MDMs) and tissue-resident macrophages
(TRMs). Macrophages are cellular components of the innate
immune system and are present in almost all tissues. These cells
play an important role in tissue homeostasis, immune
monitoring and coordination of inflammation (88). TAMs
show extremely high plasticity in the TME and are one of the
major stromal cell types in the TME that promote tumor
progression. Studies based on scRNA-seq may provide
further insight.

ScRNA-seq analysis revealed the differentiation trajectory of
macrophages in the TME, demonstrating that macrophages have
significant heterogeneity and exhibit immunosuppressive activity
in TME of lung cancer. Through scRNA-seq, multiple distinct
phenotypic and expression characteristics of macrophage
subpopulations were identified from lung cancer lesion areas
compared to those from normal lung tissue in NSCLC (34, 86,
89), indicating extensive heterogeneity driven by both patient
and tissue specificity (54). Through scRNA-seq, MDMs were
found to be the main source of TAMs in primary lung tumors
and distant metastases in LUAD, and their proportion increased
significantly with tumor progression and metastasis (43, 89).
Monocytes in tumors were identified in three differentiation
tracks by applying the Monocle2 track analysis method.
Monocytes can differentiate into inflammatory macrophages
(M1 macrophages), monocyte-derived DCs (CD1c+ or CD141+

DCs) with antitumor immune functions, or alternatively
activated macrophages (M2 macrophages) (86). It is suggested
that macrophages distributed in the microenvironment are
heterogeneous cell populations in different states, which may
be responsible for their significant heterogeneity. In addition,
scRNA-seq revealed the characteristics of macrophages in terms
of spatial distribution. M2-like TAM is enriched in hypoxic and
necrotic TME regions with limited antigen presentation capacity
and abundant secretion of protumor factors (90). M2-like
macrophages(CD163+) and monocytes were gradually depleted
with increasing tumor proximity, whereas M2-like macrophages
(TREM2+) proliferating myeloid subsets were steadily enriched
in the tumors (41). In addition, the spatial distribution of
PD-L1+ macrophages were analyzed in combination with
scRNA-seq data, and they were found to accumulate in tight
clusters at the tumor invasive margin (43). PD-L1+ macrophages
can promote tumor progression, and anti-PD-L1 therapy was
found to inhibit therapeutic growth by increasing macrophage
Frontiers in Immunology | www.frontiersin.org 10
phagocytosis (91). Spatial distribution of PD-L1+ macrophages
suggest their possible association with tumor aggressiveness.

ScRNA-seq revealed that TAMs had a significantly different
transcriptional profile compared to normal tissue-derived
macrophages, exhibiting immunosuppressive activity. Paired
mass cytometry (CyTOF) analysis of scRNA-seq data from
early LUAD showed that TAMs expressed higher levels of the
immunomodulatory transcription factor PPARg, CD64, CD14
and CD11c and lower levels of CD86 and CD206. TAMs
also expressed more IL-6 than intrapulmonary macrophages
(34), and IL-6 is reported to have a potential effect on
tumor aggressiveness (92). These results emphasize the
immunosuppressive role of macrophages in early LUAD
lesions. TAMs were also found higher expression levels of
triggering receptor expressed on myeloid cells-2 (TREM2),
tetraspanin CD81, macrophage receptor with collagenous
structure (MARCO), and apolipoprotein E (APOE) in early
LUAD (34). Based on the TCGA database, a significant
survival disadvantage was observed in patients with a high
percentage of these expression profiles. APOE was reported to
promote tumor cell growth and aggressiveness (93), and was also
found high expression in TAMs in another scRNA-seq study of
early LUAD (61, 65). SPP1 and CCL2 were found high
expression in LUAD through scRNA-seq (65), and they are
also reported to promote tumor metastasis (94). It suggests that
TAMs can promote lung cancer progression through inhibiting
tumor immunity and promoting of tumor growth and invasion.
Among the subtypes of TAMs, M2 macrophages were found
high expression of SELENOP, whereas M1 macrophages
expressed high levels of pro-inflammatory chemokines, such as
CXCL9 and CXCL10, pro-inflammatory cytokine IL1B, and M1
macrophages were also found to be associated with other
myeloid cell types such as plasmacytoid DCs in LUAD via
scRNA-seq (95).

Although monocyte macrophages have mult ip le
differentiation trajectories, TAMs transcriptional features
indicate that polarization toward M2 is the main pathway of
monocyte macrophage differentiation, and M1 was significantly
associated with prognosis. Based on trajectory analysis of early
NSCLC scRNA-seq data, the expression of known differentiation
markers associated with macrophage M2 polarization (MRC1/
CD206, MSR1/CD204, PPARG and TREM2) was upregulated,
while the expression of proinflammatory cytokines (CXCL2 and
IL1B) and transcription factors (JunB and NFKBIA) was
downregulated in the transition state (86). Genes with
downregulated expression are repressed for the differentiation
of monocytes to the M2 phenotype, and their low expression
indicates a tendency to differentiate toward M2 macrophages
(86). Single-cell regulatory network inference and clustering
(SIENIC) was applied to show that the expression of genes
regulated by the IRF2, IRF7, IRF9 and STAT2 transcription
factors was upregulated in TAM subpopulations, while the levels
of genes regulated by Fos/Jun and IRF8 expression were
decreased (54). Fos/Jun enhances the inflammatory response of
macrophages, while IRF8 facilitates M1 polarization (96, 97).
These results also support M2 polarization of TAMs and indicate
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the general presence of M2 macrophages in early lung cancer.
However, in another study, TAMs were found to be moderately
polarized, and macrophages in both tumor and normal lung
tissues did not exhibit specific M1 or M2 features through
scRNA-seq in early LUAD, suggesting no significant M1 and
M2 polarization (61). The reasons for this finding need
further investigation.

Although most studies on TAMs suggest that TAMs exist as
distinct subpopulations and show M2 polarization, scRNA-seq
revealed that M1- and M2-associated genes can be highly
expressed in the same single cell in early NSCLC, which
reflects the plasticity of TAMs, suggesting that M1-like and
M2-like functional signatures are not exclusive (98). This study
also found no significant difference in the intensity of M2-like
signaling in tumors regardless of survival outcome, which further
raises doubts about the dogma of an immune suppressive role of
M2 macrophages (98). Notably, although M2 did not show a
suppressive role, M1 (hot), defined by the top 25th percentile of
the M1 marker gene CXCL9’s expression level, was shown to be
highly associated with good prognosis, and studies have shown
that M1 (hot) TAMs aggregate antitumor TRMs via CXCL9
expression (98). Overall, scRNA-seq revealed that TAM M2
polarization in the TME appears to be the main pathway for
myeloid reprogramming (86), and M1 (hot) is associated with a
better prognosis in NSCLC.

TRMs, a subgroup of macrophages that permanently reside in
lung tissue, are key cellular components of the immune system in
tissues with substantial heterogeneity, having an important role
in tissue homeostasis and control of inflammation (99). TRMs
were recently shown to provide a protumorigenic niche for early
NSCLC cells (34, 89). Marıá et al., using scRNA-seq, found that
TRMs drive tissue remodeling programs and tumor cell invasion
in early tumor stages. The number of TRMs was significantly
reduced compared to that of normal lung tissue with tumor
progression in the TME, whereas MDMs predominated in
advanced tumors, suggesting that TRMs redistribute in the
TME during tumor growth (89). Moreover, the exhaustion of
TRMs impaired the ability of early tumor cells to survive and
grow, while an increased number of CD4+ and CD8+ effector T
cells, as well as a decrease in PD-1 expression, were found in
TRM exhausted lesions (89). These results suggest a protumor
role of TRMs in early-stage tumors. In addition, a specific
interaction between TRMs and cancer cells in the ovarian
cancer microenvironment has been found to promote
metastatic spread of ovarian cancer (100). Interacting
molecular pathways may represent new therapeutic targets for
the treatment of invasive metastatic disease.

DCs
DCs excel in antigen presentation so that T and B cells can be
activated and play a key role in the induction of anti-tumor T cell
immunity. Bone marrow DCs in humans are defined by CD141
and CD1C expression as two “traditional” or “classical” subsets
of DCs (101). ScRNA-seq analysis has shown that DCs are
phenotypically remodeled and exhibit heterogeneity and a
dysfunctional state in the TME, with a possible tendency
toward immunosuppression (34, 43). ScRNA-seq analysis
Frontiers in Immunology | www.frontiersin.org 11
revealed that tumor-infiltrating DCs can be divided into
multiple heterogeneous DC subgroups (11, 34, 65). One cluster
with high expression of CD207, CLEC9A and XCR1 levels may
represent CD141+ DC, which are associated with the formation
of TLS (102) and were significantly lower in LUAD tissue than in
normal lung (34, 65). This may be related to its immune
tolerance. Another cluster expressed higher levels of CD1c,
CX3CR1, and IRF4, possibly representing CD1C+ DC.
Compared to CD141+ DC, CD1C+ DC expressed higher levels
of CCL22 and CCL17 (34), which is reported to be the
chemokine that recruits Tregs. Therefore, it is speculated that
CD1C+ DCs may create an immunosuppressive TME by
recruiting Tregs. Notably, although DCs have antitumor
effects, a type of plasmacytoid DC (pDC), which exhibit an
immunosuppressive phenotype, was identified in the TME (11,
34, 65, 103). They are enriched in tumor tissue and metastatic
lymph nodes (43). These cells can create an immunosuppressive
microenvironment, which may lead to a decrease in the efficiency
of tumor antigen presentation. Multiregion scRNA-seq analysis
revealed that spatial field patterns were evident in DC subsets. In
the pDC subpopulation, the spatial enrichment of FOS, FOSB
and JUN was increasingly distant from the tumor (41), indicating
its pro-tumor effect.

Neutrophils
Neutrophils are the first line of defense for our immune system
and circulate in the peripheral blood. Neutrophils have
chemotactic, phagocytic and bactericidal properties. Studies
have shown that neutrophils play an important role by
interacting with tumors and immune cells in tumor
progression (104). Although there are few scRNA-seq studies
on neutrophils, the available findings show that neutrophils are
significantly heterogeneous and that the number of cells
decreases with tumor progression in NSCLC. ScRNA-seq
clustered neutrophils into five subpopulations in NSCLC,
forming a continuous state of differentiation with different
subpopulations between patients, and neutrophils derived from
blood and tumors differ significantly in gene expression (11). In
early LUAD, neutrophils are equally abundant in tumor lesions
(34). Neutrophil depletion in advanced LUADmay be associated
with the slow growth of advanced tumors (70), supporting a
protumor role at the late stage (104). However, while most
studies have demonstrated the protumor effects of neutrophil,
some studies have shown that the direct cytotoxicity of
neutrophil can inhibit tumor progression and metastasis (105,
106). For example, circulating neutrophils inhibit T cell
proliferation by releasing different molecules. Reactive oxygen
species (ROS) and arginase 1 are two of the most widespread
inhibitory factors of neutrophil origin (107, 108). To explain this,
it has been proposed that the pro- and antitumor effects of
neutrophils may be closely related to tumor stage, with
antitumor effects in early stages and pro-tumor effects in late
stages (109). Combined with scRNA-seq studies of the
microenvironment, we hypothesize that neutrophils have an
anti-tumor effect in the early stages and may develop into a
heterogeneous subpopulation of cells with pro-tumor effects in
the late stages due to phenotypic remodeling influenced by the
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immune microenvironment. However, whether this is the case
remains to be further investigated.

Phenotypic Shaping of Natural Killer (NK) Cells in the
TME of Lung Cancer
NK cells are innate lymphocytes. Its activation is driven by a
balance between activating and inhibiting signals and can
perform cytotoxic functions in the absence of the major
histocompatibility complex (MHC). Therefore, NK cells are a
promising tool in cancer immunotherapy. NK cells in the TME
of lung cancer are heterogeneous, and their functions are
impaired. The proportion of NK cells was found to be reduced
through scRNA-seq (41, 43, 86), and with increasing tumor
proximity, it was shown a gradual decrease in NK cells, of which
were depleted in the LUADs (41, 65). It was the least abundant
immune cell lineage in early LUAD lesions. The subset of NK
cells expressing CD16 in tumors was significantly reduced (34),
indicating that NK cell cytotoxicity is reduced. Researches have
shown that the immunosuppressive effects of TME contribute
directly to the decrease in NK cell viability. multiple factors in
TME converge to regulate NK cell metabolism, such as IL-6, IL-
10, transforming growth factor beta (TGF-b), and they alter the
balance between NK cell activation and inhibitory signaling,
which is a decisive step in NK cell activation, leading to a
decrease in their viability (110). Therefore, remodeling the
TME to reinvigorate NK cells may be one of the strategies for
the treatment of NSCLC. It was found that HIF-1a (hypoxia
inducible factor 1 subunit alpha) deficient tumor-infiltrating NK
cells have significant antitumor activity (111). Analysis of HIF-
1a deficient tumor-infiltrating NK cells in NSCLC through
scRNA-seq revealed the presence of an activated NK
subpopulation characterized by IkBz (inhibitor of nuclear
factor kappa B zeta) expression, upregulation of NF-kB
(nuclear factor kappa B) activity and high functional capacity
(112). And the potent antitumor activity and control of tumor
Frontiers in Immunology | www.frontiersin.org 12
progression by HIF-1a deficient NK cells depends on IL-18 from
bone marrow cells in the TME (112). These results suggest that a
combined approach of IL-18 supply with NK-specific HIF-1a
targeting is expected to improve the therapeutic strategy for NK
cell-sensitive solid tumors. There was No PD-1 signaling
detected in NK cells, but the TIM-3 level is higher via scRNA-
seq (113). In advanced NSCLC, NK cells are divided into two
subgroups. Among them, CD16+ subgroups show upregulated
expression of transcription factors involved in the cytotoxic
function of lymphocytes, while CD16- subgroups highly
express tissue resident markers (70), which indicates that NK
cells may promote antitumor functions in advanced NSCLC.

CAFs
CAFs are common stromal cell types that can secrete a variety of
provascular factors in the TME. Fibroblasts are heterogeneous in
NSCLC (Figure 5A). The cluster of fibroblasts was found to be
divided into seven known cell types by scRNA-seq in NSCLC
(43, 54), with COL13A1+ and COL14A1+ fibroblasts being the
major fibroblast types in early NSCLC tissues (43). Moreover,
myofibroblasts were found to replace fibroblasts in the TME (43,
95), which may promote extensive tissue reconstruction (114),
angiogenesis (115), and tumor progression (116). Myofibroblasts
were characterized by expression of both fibroblastic marker
genes, such as PDGFRA and LUM, and smooth muscle
marker genes, such as MYLK and ACTA2 (95). And high
expression of genes related to myogenesis (MEF2C, MYH11 or
ITGA7), the Notch pathway and angiogenesis were found in the
highest ACTA2 expression clusters, indicating that these cells
were activated (54).

Studies have shown that fibroblasts in the microenvironment
can regulate extracellular matrix synthesis and remodeling and
angiogenesis, which can promote tumor progression or
immunosuppression. Each of the fibroblast types expresses
unique collagen and other extracellular matrix molecules (54).
FIGURE 5 | (A) Characterization of CAFs in the TME. CAFs are heterogeneous. Myofibroblasts were found to replace fibroblasts in the TME, which have a
protumorigenic effect, with high expression of genes related to myogenesis, the Notch pathway and angiogenesis, and PDGF signaling is activated in the TME, which
may be associated with the promotion of angiogenesis. (B) Characterization of ECs in the TME. The EC phenotype changes in the TME and appears significantly
heterogeneous, which leads to tumor immunity toward immunosuppression. There is a strong activation of VEGF and Notch signaling that regulates EC development
in NSCLC and downregulated expression of genes involved in immune activation and immune cell homing in tumor ECs, thus contributing to tumor immunetolerance.
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Fibroblasts in normal tissues express high elastin and low levels
of certain collagens (collagen types I, III, V and VIII) but not
others (e.g., collagen type VI) (54), while subpopulations of
myofibroblasts exclusively existing in tumor tissues exhibit
high expression of collagens such as COL3A1, COL5A1,
COL5A2 and COL6A3, other matrix proteins and matrix
degrading enzymes (95), suggesting roles in extracellular
matrix remodeling. Via scRNA-seq, Myofibroblasts in tumor
tissue also exhibit high activity of transforming growth factor
beta (TGF-b) and JAK/STAT signaling as well as hypoxia-
induced pathways (54, 95). PDGF signaling was found to be
activated between tumors and CAFs in advanced LUAD (70).
Though scRNA-seq, a CAF subpopulation characterized by high
expression of genes encoding extracellular matrix proteins is
revealed to drive immunotherapy resistance through cellular
crosstalk increasing protein levels of PD-L1 and CTLA-4 in
Treg cells (117). These expressions are associated with
angiogenesis and extracellular matrix biosynthesis and
remodeling. The results of studies focusing on CAFs suggest
that CAFs may influence tumor development by regulating
angiogenesis and extracellular matrix synthesis and remodeling,
suggesting that CAFs are an emerging target of antitumor.

ECs
ECs, also known as angiogenic cells, are involved in forming the
lining of blood vessels and constitute a selective barrier between
blood and tissue. ECs play an important role in tumor growth,
infiltration, and metastasis (118). Therefore, high infiltration of
ECs in tumors is often associated with poor prognosis.

ECs show significant heterogeneity in TME (Figure 5B).
Through scRNA-seq, ECs clustered into multiple heterogeneous
subgroups in NSCLC (43, 54), and tumor-specific subpopulations
were also identified in addition to the presence of normal tissue
subpopulations. For example, a type I (H3) and type II (H4)
alveolar capillary EC phenotype was detected, as well as two new
capillary phenotypes possibly induced by tumor cytokines in
NSCLC (119). Interestingly, in contrast to the extensive
phenotypic heterogeneity of vascular ECs, the gene expression
profiles of tumor-infiltrating lymphatic vessel ECs and peritumor
lymphatic vessel ECs were highly similar, and no subpopulation
of lymphatic vessel ECs was detected (119). Capillary ECs in
tumors express higher levels of genes involved in MHC II-
mediated antigen presentation than other phenotypes, but the
costimulatory molecules CD80 and CD86 were not detected
(120), suggesting a function as semiprofessional antigen-
presenting cells.

Through scRNA-seq, strong activation of angiogenic signals
was detected in ECs. Wu found activation of the CXCL12-
CXCR4 pathway between tumors and sprouting ECs and
strong VEGF signaling interactions between tumors and
various types of ECs (70), Kim identified a tumor-derived EC
group by scRNA-seq, present in lung and brain metastasis
samples, and it displayed strong activation of VEGF and Notch
signaling (43), which regulates the development and cell fate
determination of ECs (121). In LUAD, angiogenic markers, such
as VWA1, HSPG2 and INSR, are highly expressed in tumor
endothelial cells consisting of two plasmacytic clusters (95).
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These findings suggest upregulation of gene expression
associated with EC generation in the TME, supporting
therapeutic strategies targeting the antiangiogenic pathway in
lung cancer and brain metastases. Myc targets were the most
enriched signals in tumor-associated ECs, and total read counts
in tumor EC clusters were two- to fourfold higher than those in
normal EC clusters, indicating that the tumor EC transcription
rate is increased (54, 65). This result may be related to Myc
enrichment in tumors, as Myc can upregulate transcription
(122), identifying a potential vulnerability of tumor ECs to
Myc inhibition. However, angiogenic signaling in ECs is
decreased in ground glass nodular LUAD (123), which may be
related to their inactive state.

Echoing the strong activation of angiogenic signaling, scRNA-
seq showed that ECs may suppress the immune response in
NSCLC. For example, through scRNA-seq, the expression of
genes involved in immune activation and immune cell homing
was found to be downregulated in NSCLC, and the expression of
genes involved in antigen presentation and chemotaxis was
decreased, suggesting that tumor ECs are remodeled to decrease
their antigen presentation and immune cell homing activities, thus
contributing to tumor immune tolerance (43, 54). Another study
identified MLX and MAF as candidate transcription factors for
differential gene expression in lymphatic ECs in NSCLC by
applying SIENIC, while the expression of Fos/Jun and ELF3 was
downregulated, which seemed to be associated with tumor-specific
EC phenotype, indicating that Fos/Jun loss underlies the reduced
immune stimulatory phenotype of tumor ECs (54). These suggest
that promotion of angiogenesis and suppression of antitumor
immunity are twomechanisms by which ECs promote lung cancer
cell growth.
DISCUSSION AND CONCLUSIONS

Over the past period of time, there has been a tremendous shift in
the understanding of tumors from being viewed as homogeneous
entities to understanding the TME as a heterogeneous ecosystem
with single-cell resolution. The use of scRNA-seq which provides
high-resolution insights into the intra-tumor heterogeneity and
transcriptional activity of cells in the TME reveals that the TME
can be regarded as a harbor for tumor promotion and immune
suppression. In this review, we depict the microenvironmental
profile of lung cancer obtained from scRNA-seq technology,
focusing on the phenotypic shaping of stromal cells in the TME.
In general, compared to normal lung tissue, tumor lesion sites are
enriched with Tregs, depleted CD8+ T cells, B cells especially
plasma cells, M2 macrophages, pDCs and depleted of NK cells,
and blast B cells. We also discuss the characteristics of various
types of stromal cells in the TME based on scRNA-seq data, the
heterogeneous expression profile and the mechanisms involved
in immunosuppression. These differences may act synergistically
to promote an immunosuppressive TME, thereby promoting
tumor progression and tolerance to antitumor immunity.

How to reverse immunosuppression is an urgent problem
facing lung cancer treatment. The current study concluded that
immunosuppression may be the result of a dual effect of extrinsic
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factors - an increase in the number of immunosuppressive cells
such as Tregs and MDSCs and intrinsic factors, including the
selection of antigen-deficient tumor variants that limit the
antitumor immune response (124). Thus, suppression of
immunosuppressive cells and establishment of antitumor
immune surveillance may show better results. For example,
one study reversed the immunosuppressive TME by promoting
the polarization of macrophages from the M2 to the M1 through
nanoparticles, showing better therapeutic results (125, 126).
Although some progress has been made in reversing
immunosuppression, the TME is far more complex than we
realized, and targeting multiple rather than just one target in the
TME may be the future trend in reversing immunosuppression.
Microenvironmental heterogeneity promotes tumor evolution
and is a key determinant of tumor biology, therapeutic
response, and patient survival (127). Therefore, it is critical to
comprehensively characterize the phenotypes and interactions of
the various cell types present in tumors. Analyzing the TME,
specifically sequencing spatially or temporally distinct tumor
regions has begun to reveal a dazzling degree of diversity within
tumors. Thus, quantitative measurements of heterogeneity are
important for our understanding of microenvironmental
heterogeneity to guide the treatment of lung cancer. Recently,
techniques have been developed to quantitatively measure the
heterogeneity of the solid TME along three spatial dimensions,
called the tumor ecosystem diversity index (EDI) and the
Shannon diversity index was used to quantify the number of
cell types in the microenvironment, and unsupervised Gaussian
mixture clustering was used to examine global differences in
cell diversity between regions to calculate the EDI score (128).
It has been initiated in grade 3 breast cancer and high
microenvironmental diversity was found to be associated with
poor prognosis, independent of tumor size or genomic
characteristics (128).

Distant metastasis is a major cause of death from lung cancer,
but specific aspects of metastatic lung cancer and its associated
microenvironments remain poorly understood. Analysis of early
and metastatic lung cancer by scRNA-seq, Treg cells and
exhausted CD8+ T cells persisted in both early and metastatic
samples, providing a suppressive mechanism of anti-tumor
immunity during tumor progression and metastasis (43). B
cells were increased in both samples, and lymph node
metastases were enriched in germinal center B cells, indicating
activation of humoral immune responses (43). Anti-
inflammatory macrophages were identified in metastatic lymph
nodes, with a subpopulation expressing macrophage
inflammatory factors (MIF, CXCL3, and CCL20. and MIF-
expressing macrophages also expressed IL1B and TNF at levels
comparable to those of pro-inflammatory monocytes, suggesting
a unique macrophage profile in metastatic lymph nodes (43).
These results suggest that metastatic stage cells are present in
varying degrees in almost all primary tumors. In another scRNA-
seq of brain metastases and cerebrospinal fluid (CSF), a cluster of
cells with elevated cell cycle characteristics in T cells and TAMs
was identified, indicating their active proliferation (129). The rest
of the assays yielded similar results, suggesting that analysis of
Frontiers in Immunology | www.frontiersin.org 14
CSF can provide critical information about brain TME in a
relatively non-invasive manner, avoiding intracranial surgery.
Notably, the ratio of CD8/CD4+ T cells was significantly higher
in the tumors compared to the cerebrospinal fluid (129).

As a newly developed potential technology, the application
of scRNA-seq will help us to develop more meaningful new
strategies in the diagnosis and treatment of lung cancer. In
studying cancer cells, in addition to revealing their
heterogeneity, the application of scRNA-seq can help to
identify molecular drivers of tumor development. For example,
in a study of 28 cells from a mouse model via scRNA-seq, Xiong
et al. found that these cells all contained the same IGFBP7R45P

mutation, suggesting that these cells may have come from a
common ancestor, which also suggests that the IGFBP7R45P

mutation may be an important driver mutation in lung cancer
progression (130). In addition, scRNA-seq also can use to find
more meaningful targets for treatment. Park et al. analyzed
scRNA-seq data from in vitro and in vivo and found that
TERT and MET were strongly expressed in lung cancer cells
(131), suggesting that these two genes could serve as promising
cancer biomarkers. Moreover, scRNA-seq also provide new
insights into drug resistance of tumor therapy. Kim et al.
performed scRNA-seq studies on cells isolated from xenograft
tumors from patients with LUAD and found that subpopulations
of tumor cells containing KRASG12D mutations may play an
important role in antitumor therapy resistance (132). Similarly,
scRNA-seq can be used for analysis in tumor metastasis. In a
scRNA-seq study focusing on circulating tumor cells isolated
from the CSF of lung cancer patients, high expression of two
markers, CEACAM6 and SCGB3A2, was shown (133),
suggesting that the expression of these two proteins may be
associated with the metastasis of lung cancer.

Several recent studies have shown that scRNA-seq can also be
used for prognostic prediction of lung cancer. Multiple ligand-
receptor pairs were identified and analyzed based on differential
expression of scRNA-seq database in LUAD, and ITGB4,
CXCR5 and MET were found to significantly affect the
accuracy of prognostic judgments in the prediction model
(134). In addition, the construction of a risk score model using
the gene co-expression network detected by scRNA-seq can also
be used as a tool to predict patient prognosis, and activation of
the T cell suppressor p53 signaling pathway and regulatory T
cells was found in the high-risk Score subtype, which may
contribute to the poorer prognosis of this subtype (135). Some
studies explored the relationship between tumor cell stemness
index and stemness-related genes and patient prognosis through
scRNA-seq and found that mRNA stemness index was higher
compared with normal lung tissue in LUAD, and advanced
patients exhibited higher mRNAsi and poorer overall survival
(136, 137). Therefore, scRNA-seq can be used to predict the
prognosis of lung cancer patients by further analysis and study of
differentially expressed proteins and genes, etc. Of course, the
progress is not limited to these. For example, scRNA-seq
revealed that LUSC has higher inter- and intra-tumoral
heterogeneity than LUAD (70), while solid LUAD has greater
heterogeneity than ground glass nodular LUAD (123).
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These findings confirm that scRNA-seq is a powerful tool to
resolve the complexity of lung cancer and its microenvironment.
However, scRNA-seq still has some limitations. First, the cost of
scRNA-seq is expensive. Although the cost has decreased
substantially with the development of emerging technologies,
its expense still hinders its large-scale application. Moreover,
there are still some problems in linking transcript data
differences to cell type and function. It is unclear to what
extent the transcript differences obtained by scRNA-seq reflect
actual cell types and functions. In addition, most scRNA-seq
methods are restricted to detecting mRNAs with poly(A) tails
[poly(A) + RNAs] only, while mRNAs without poly(A) tails,
such as circRNAs and microRNAs, also have an important role,
but scRNA-seq technology for these molecules is still insufficient.
Although it has limitations, scRNA-seq will hopefully escape
these limitations and be increasingly used in the future with time
and technological advances.
Frontiers in Immunology | www.frontiersin.org 15
AUTHOR CONTRIBUTIONS

ZJH, SCY and YXY wrote the manuscript. ZJH and SCY wrote
the first draft of the manuscript. YXY revised the manuscript and
edited. TY edited the manuscript. All authors contributed to the
article and approved the submitted version.

FUNDING

This work was supported by grants from the academic leader
projects of economic and social development in Northwest
Liaoning province (No. 10159-1002-2).

ACKNOWLEDGMENTS

We thank Professor Fei Teng for assistance with the
bioinformatic analysis and valuable discussion.
REFERENCES

1. Belli C, Trapani D, Viale G, D’Amico P, Duso BA, Della Vigna P, et al.
Targeting the Microenvironment in Solid Tumors. Cancer Treat Rev (2018)
65:22–32. doi: 10.1016/j.ctrv.2018.02.004

2. Guo T, Li W, Cai X. Applications of Single-Cell Omics to Dissect Tumor
Microenvironment. Front Genet (2020) 11548719:548719. doi: 10.3389/
fgene.2020.548719

3. Jin MZ, Jin WL. The Updated Landscape of Tumor Microenvironment and
Drug Repurposing. Signal Transduct Target Ther (2020) 5(1):166.
doi: 10.1038/s41392-020-00280-x

4. Hanahan D, Coussens LM. Accessories to the Crime: Functions of Cells
Recruited to the Tumor Microenvironment. Cancer Cell (2012) 21(3):309–
22. doi: 10.1016/j.ccr.2012.02.022

5. Quail DF, Joyce JA. Microenvironmental Regulation of Tumor Progression
and Metastasis. Nat Med (2013) 19(11):1423–37. doi: 10.1038/nm.3394

6. Yip SH, Sham PC, Wang J. Evaluation of Tools for Highly Variable Gene
Discovery From Single-Cell RNA-Seq Data. Brief Bioinform (2019) 20
(4):1583–89. doi: 10.1093/bib/bby011

7. Olsen TK, Baryawno N. Introduction to Single-Cell RNA Sequencing. Curr
Protoc Mol Biol (2018) 122(1):e57. doi: 10.1002/cpmb.57

8. Wang Y, Mashock M, Tong Z, Mu X, Chen H, Zhou X, et al. Changing
Technologies of RNA Sequencing and Their Applications in Clinical
Oncology. Front Oncol (2020) 10:447. doi: 10.3389/fonc.2020.00447

9. Haque A, Engel J, Teichmann SA, Lonnberg T. A Practical Guide to Single-
Cell RNA-Sequencing for Biomedical Research and Clinical Applications.
Genome Med (2017) 9(1):75. doi: 10.1186/s13073-017-0467-4

10. Yan L, Yang M, Guo H, Yang L, Wu J, Li R, et al. Single-Cell RNA-Seq
Profiling of Human Preimplantation Embryos and Embryonic Stem Cells.
Nat Struct Mol Biol (2013) 20(9):1131–9. doi: 10.1038/nsmb.2660

11. Zilionis R, Engblom C, Pfirschke C, Savova V, Zemmour D, Saatcioglu HD,
et al. Single-Cell Transcriptomics of Human and Mouse Lung Cancers
Reveals Conserved Myeloid Populations Across Individuals and Species.
Immunity (2019) 50(5):1317–34.e10. doi: 10.1016/j.immuni.2019.03.009

12. Kolodziejczyk AA, Kim JK, Tsang JC, Ilicic T, Henriksson J, Natarajan KN,
et al. Single Cell RNA-Sequencing of Pluripotent States Unlocks Modular
Transcriptional Variation. Cell Stem Cell (2015) 17(4):471–85. doi: 10.1016/
j.stem.2015.09.011

13. Gaublomme JT, Yosef N, Lee Y, Gertner RS, Yang LV, Wu C, et al. Single-
Cell Genomics Unveils Critical Regulators of Th17 Cell Pathogenicity. Cell
(2015) 163(6):1400–12. doi: 10.1016/j.cell.2015.11.009

14. Guillaumet-Adkins A, Rodriguez-Esteban G, Mereu E, Mendez-Lago M,
Jaitin DA, Villanueva A, et al. Single-Cell Transcriptome Conservation in
Cryopreserved Cells and Tissues. Genome Biol (2017) 18(1):45. doi: 10.1186/
s13059-017-1171-9
15. Wu SZ, Roden DL, Al-Eryani G, Bartonicek N, Harvey K, Cazet AS, et al.
Cryopreservation of Human Cancers Conserves Tumour Heterogeneity for
Single-Cell Multi-Omics Analysis. Genome Med (2021) 13(1):81.
doi: 10.1186/s13073-021-00885-z

16. Madissoon E, Wilbrey-Clark A, Miragaia RJ, Saeb-Parsy K, Mahbubani KT,
Georgakopoulos N, et al. scRNA-Seq Assessment of the Human Lung,
Spleen, and Esophagus Tissue Stability After Cold Preservation. Genome
Biol (2019) 21(1):1. doi: 10.1186/s13059-019-1906-x

17. Brehm-Stecher BF, Johnson EA. Single-Cell Microbiology: Tools,
Technologies, and Applications. Microbiol Mol Biol Rev (2004) 68(3):538–
59. doi: 10.1128/MMBR.68.3.538-559.2004

18. Guo F, Li L, Li J, Wu X, Hu B, Zhu P, et al. Single-Cell Multi-Omics
Sequencing of Mouse Early Embryos and Embryonic Stem Cells. Cell Res
(2017) 27(8):967–88. doi: 10.1038/cr.2017.82

19. Gross A, Schoendube J, Zimmermann S, Steeb M, Zengerle R, Koltay P.
Technologies for Single-Cell Isolation. Int J Mol Sci (2015) 16(8):16897–919.
doi: 10.3390/ijms160816897

20. Kamme F, Salunga R, Yu J, Tran DT, Zhu J, Luo L, et al. Single-Cell
Microarray Analysis in Hippocampus CA1: Demonstration and Validation
of Cellular Heterogeneity. J Neurosci (2003) 23(9):3607–15. doi: 10.1523/
JNEUROSCI.23-09-03607.2003

21. Frumkin D, Wasserstrom A, Itzkovitz S, Harmelin A, Rechavi G, Shapiro E.
Amplification of Multiple Genomic Loci From Single Cells Isolated by Laser
Micro-Dissection of Tissues. BMC Biotechnol (2008) 8:17. doi: 10.1186/
1472-6750-8-17

22. Kolodziejczyk AA, Kim JK, Svensson V, Marioni JC, Teichmann SA. The
Technology and Biology of Single-Cell RNA Sequencing.Mol Cell (2015) 58
(4):610–20. doi: 10.1016/j.molcel.2015.04.005

23. Saliba AE, Westermann AJ, Gorski SA, Vogel J. Single-Cell RNA-Seq:
Advances and Future Challenges. Nucleic Acids Res (2014) 42(14):8845–
60. doi: 10.1093/nar/gku555

24. Hashimshony T, Wagner F, Sher N, Yanai I. CEL-Seq: Single-Cell RNA-Seq
by Multiplexed Linear Amplification. Cell Rep (2012) 2(3):666–73.
doi: 10.1016/j.celrep.2012.08.003

25. Klein AM, Mazutis L, Akartuna I, Tallapragada N, Veres A, Li V, et al.
Droplet Barcoding for Single-Cell Transcriptomics Applied to Embryonic
Stem Cells. Cell (2015) 161(5):1187–201. doi: 10.1016/j.cell.2015.04.044

26. Picelli S. Single-Cell RNA-Sequencing: The Future of Genome Biology Is
Now. RNA Biol (2017) 14(5):637–50. doi: 10.1080/15476286.2016.1201618

27. Macosko EZ, Basu A, Satija R, Nemesh J, Shekhar K, GoldmanM, et al. Highly
Parallel Genome-Wide Expression Profiling of Individual Cells Using
Nanoliter Droplets. Cell (2015) 161(5):1202–14. doi: 10.1016/j.cell.2015.05.002

28. Picelli S, Bjorklund AK, Faridani OR, Sagasser S, Winberg G, Sandberg R.
Smart-Seq2 for Sensitive Full-Length Transcriptome Profiling in Single
Cells. Nat Methods (2013) 10(11):1096–8. doi: 10.1038/nmeth.2639
January 2022 | Volume 12 | Article 802080

https://doi.org/10.1016/j.ctrv.2018.02.004
https://doi.org/10.3389/fgene.2020.548719
https://doi.org/10.3389/fgene.2020.548719
https://doi.org/10.1038/s41392-020-00280-x
https://doi.org/10.1016/j.ccr.2012.02.022
https://doi.org/10.1038/nm.3394
https://doi.org/10.1093/bib/bby011
https://doi.org/10.1002/cpmb.57
https://doi.org/10.3389/fonc.2020.00447
https://doi.org/10.1186/s13073-017-0467-4
https://doi.org/10.1038/nsmb.2660
https://doi.org/10.1016/j.immuni.2019.03.009
https://doi.org/10.1016/j.stem.2015.09.011
https://doi.org/10.1016/j.stem.2015.09.011
https://doi.org/10.1016/j.cell.2015.11.009
https://doi.org/10.1186/s13059-017-1171-9
https://doi.org/10.1186/s13059-017-1171-9
https://doi.org/10.1186/s13073-021-00885-z
https://doi.org/10.1186/s13059-019-1906-x
https://doi.org/10.1128/MMBR.68.3.538-559.2004
https://doi.org/10.1038/cr.2017.82
https://doi.org/10.3390/ijms160816897
https://doi.org/10.1523/JNEUROSCI.23-09-03607.2003
https://doi.org/10.1523/JNEUROSCI.23-09-03607.2003
https://doi.org/10.1186/1472-6750-8-17
https://doi.org/10.1186/1472-6750-8-17
https://doi.org/10.1016/j.molcel.2015.04.005
https://doi.org/10.1093/nar/gku555
https://doi.org/10.1016/j.celrep.2012.08.003
https://doi.org/10.1016/j.cell.2015.04.044
https://doi.org/10.1080/15476286.2016.1201618
https://doi.org/10.1016/j.cell.2015.05.002
https://doi.org/10.1038/nmeth.2639
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zhang et al. Characteristics of Lung Tumor Microenvironment
29. Picelli S, Bjorklund AK, Reinius B, Sagasser S, Winberg G, Sandberg R. Tn5
Transposase and Tagmentation Procedures for Massively Scaled Sequencing
Projects. Genome Res (2014) 24(12):2033–40. doi: 10.1101/gr.177881.114

30. Jaitin DA, Kenigsberg E, Keren-Shaul H, Elefant N, Paul F, Zaretsky I, et al.
Massively Parallel Single-Cell RNA-Seq for Marker-Free Decomposition of
Tissues Into Cell Types. Science (2014) 343(6172):776–79. doi: 10.1126/
science.1247651

31. Ziegenhain C, Vieth B, Parekh S, Reinius B, Guillaumet-Adkins A, Smets M,
et al. Comparative Analysis of Single-Cell RNA Sequencing Methods. Mol
Cell (2017) 65(4):631–43 e4. doi: 10.1016/j.molcel.2017.01.023

32. Islam S, Zeisel A, Joost S, La Manno G, Zajac P, Kasper M, et al. Quantitative
Single-Cell RNA-Seq With Unique Molecular Identifiers. Nat Methods
(2014) 11(2):163–6. doi: 10.1038/nmeth.2772

33. Islam S, Kjallquist U, Moliner A, Zajac P, Fan JB, Lonnerberg P, et al.
Characterization of the Single-Cell Transcriptional Landscape by Highly
Multiplex RNA-Seq. Genome Res (2011) 21(7):1160–7. doi: 10.1101/gr.
110882.110

34. Lavin Y, Kobayashi S, Leader A, Amir ED, Elefant N, Bigenwald C, et al.
Innate Immune Landscape in Early Lung Adenocarcinoma by Paired Single-
Cell Analyses. Cell (2017) 169(4):750–65.e17. doi: 10.1016/j.cell.2017.04.014

35. Liu Y, Ye G, Huang L, Zhang C, Sheng Y, Wu B, et al. Single-Cell
Transcriptome Analysis Demonstrates Inter-Patient and Intra-Tumor
Heterogeneity in Primary and Metastatic Lung Adenocarcinoma. Aging
(Albany NY) (2020) 12(21):21559–81. doi: 10.18632/aging.103945

36. Guo X, Zhang Y, Zheng L, Zheng C, Song J, Zhang Q, et al. Global
Characterization of T Cells in Non-Small-Cell Lung Cancer by Single-Cell
Sequencing. Nat Med (2018) 24(7):978–85. doi: 10.1038/s41591-018-0045-3

37. Dagogo-Jack I, Shaw AT. Tumour Heterogeneity and Resistance to Cancer
Therapies. Nat Rev Clin Oncol (2018) 15(2):81–94. doi: 10.1038/nrclinonc.
2017.166

38. Papalexi E, Satija R. Single-Cell RNA Sequencing to Explore Immune Cell
Heterogeneity. Nat Rev Immunol (2018) 18(1):35–45. doi: 10.1038/
nri.2017.76

39. Liao J, Lu X, Shao X, Zhu L, Fan X. Uncovering an Organ’s Molecular
Architecture at Single-Cell Resolution by Spatially Resolved
Transcriptomics. Trends Biotechnol (2021) 39(1):43–58. doi: 10.1016/
j.tibtech.2020.05.006

40. Longo SK, Guo MG, Ji AL, Khavari PA. Integrating Single-Cell and Spatial
Transcriptomics to Elucidate Intercellular Tissue Dynamics. Nat Rev Genet
(2021) 22(10):627–44. doi: 10.1038/s41576-021-00370-8

41. Sinjab A, Han G, Treekitkarnmongkol W, Hara K, Brennan PM, Dang M,
et al. Resolving the Spatial and Cellular Architecture of Lung
Adenocarcinoma by Multiregion Single-Cell Sequencing. Cancer Discov
(2021) 11(10):2506–23. doi: 10.1158/2159-8290.CD-20-1285

42. Wang Y, Li X, Peng S, Hu H, Wang Y, Shao M, et al. Single-Cell Analysis
Reveals Spatial Heterogeneity of Immune Cells in Lung Adenocarcinoma.
Front Cell Dev Biol (2021) 9638374:638374. doi: 10.3389/fcell.2021.638374

43. Kim N, Kim HK, Lee K, Hong Y, Cho JH, Choi JW, et al. Single-Cell RNA
Sequencing Demonstrates the Molecular and Cellular Reprogramming of
Metastatic Lung Adenocarcinoma. Nat Commun (2020) 11(1):2285.
doi: 10.1038/s41467-020-16164-1

44. Wu T, Dai Y. Tumor Microenvironment and Therapeutic Response. Cancer
Lett (2017) 387:61–8. doi: 10.1016/j.canlet.2016.01.043

45. Bussard KM, Mutkus L, Stumpf K, Gomez-Manzano C, Marini FC. Tumor-
Associated Stromal Cells as Key Contributors to the Tumor
Microenvironment. Breast Cancer Res (2016) 18(1):84. doi: 10.1186/
s13058-016-0740-2

46. Bremnes RM, Busund LT, Kilvaer TL, Andersen S, Richardsen E, Paulsen
EE, et al. The Role of Tumor-Infiltrating Lymphocytes in Development,
Progression, and Prognosis of Non-Small Cell Lung Cancer. J Thorac Oncol
(2016) 11(6):789–800. doi: 10.1016/j.jtho.2016.01.015

47. Hinshaw DC, Shevde LA. The Tumor Microenvironment Innately
Modulates Cancer Progression. Cancer Res (2019) 79(18):4557–66.
doi: 10.1158/0008-5472.CAN-18-3962

48. Binnewies M, Roberts EW, Kersten K, Chan V, Fearon DF, Merad M, et al.
Understanding the Tumor Immune Microenvironment (TIME) for Effective
Therapy. Nat Med (2018) 24(5):541–50. doi: 10.1038/s41591-018-0014-x
Frontiers in Immunology | www.frontiersin.org 16
49. Ren X, Kang B, Zhang Z. Understanding Tumor Ecosystems by Single-Cell
Sequencing: Promises and Limitations. Genome Biol (2018) 19(1):211.
doi: 10.1186/s13059-018-1593-z

50. Wang H, Meng D, Guo H, Sun C, Chen P, Jiang M, et al. Single-Cell
Sequencing, an Advanced Technology in Lung Cancer Research. Onco
Targets Ther (2021) 14:1895–909. doi: 10.2147/OTT.S295102

51. Zhang YJ, Wang D, Peng M, Tang L, Ouyang JW, Xiong F, et al. Single-Cell
RNA Sequencing in Cancer Research. J Exp Clin Cancer Res (2021) 40(1):
ARTN 81. doi: 10.1186/s13046-021-01874-1

52. Yuan X, Wang JX, Huang YX, Shangguan DG, Zhang P. Single-Cell Profiling
to Explore Immunological Heterogeneity of Tumor Microenvironment in
Breast Cancer. Front Immunol (2021) 12:643692. doi: 10.3389/fimmu.2021.
643692

53. Balkwill FR, Capasso M, Hagemann T. The Tumor Microenvironment at a
Glance. J Cell Sci (2012) 125(Pt 23):5591–6. doi: 10.1242/jcs.116392

54. Lambrechts D, Wauters E, Boeckx B, Aibar S, Nittner D, Burton O, et al.
Phenotype Molding of Stromal Cells in the Lung Tumor Microenvironment.
Nat Med (2018) 24(8):1277–89. doi: 10.1038/s41591-018-0096-5

55. Chen J, Tan Y, Sun F, Hou L, Zhang C, Ge T, et al. Single-Cell Transcriptome
and Antigen-Immunoglobin Analysis Reveals the Diversity of B Cells in
Non-Small Cell Lung Cancer. Genome Biol (2020) 21(1):152. doi: 10.1186/
s13059-020-02064-6

56. Jia Q, WuW,Wang Y, Alexander PB, Sun C, Gong Z, et al. Local Mutational
Diversity Drives Intratumoral Immune Heterogeneity in Non-Small Cell
Lung Cancer. Nat Commun (2018) 9(1):5361. doi: 10.1038/s41467-018-
07767-w

57. Li J, Comeau HY, Zhang Z, Ren X. Landscape of Transcript Isoforms in
Single T Cells Infiltrating in Non-Small-Cell Lung Cancer. J Genet Genomics
(2020) 47(7):373–88. doi: 10.1016/j.jgg.2020.06.006

58. Zhang F, Bai H, Gao R, Fei K, Duan J, Zhang Z, et al. Dynamics of Peripheral
T Cell Clones During PD-1 Blockade in Non-Small Cell Lung Cancer.
Cancer Immunol Immunother (2020) 69(12):2599–611. doi: 10.1007/s00262-
020-02642-4

59. Zhang C, Zhang J, Xu FP, Wang YG, Xie Z, Su J, et al. Genomic Landscape
and Immune Microenvironment Features of Preinvasive and Early Invasive
Lung Adenocarcinoma. J Thorac Oncol (2019) 14(11):1912–23. doi: 10.1016/
j.jtho.2019.07.031

60. O’Brien SM, Klampatsa A, Thompson JC, Martinez MC, Hwang WT, Rao
AS, et al. Function of Human Tumor-Infiltrating Lymphocytes in Early-
Stage Non-Small Cell Lung Cancer. Cancer Immunol Res (2019) 7(6):896–
909. doi: 10.1158/2326-6066.CIR-18-0713

61. He D, Wang D, Lu P, Yang N, Xue Z, Zhu X, et al. Single-Cell RNA
Sequencing Reveals Heterogeneous Tumor and Immune Cell Populations in
Early-Stage Lung Adenocarcinomas Harboring EGFR Mutations. Oncogene
(2021) 40(2):355–68. doi: 10.1038/s41388-020-01528-0

62. Brummelman J, Mazza EMC, Alvisi G, Colombo FS, Grilli A, Mikulak J,
et al. High-Dimensional Single Cell Analysis Identifies Stem-Like Cytotoxic
CD8(+) T Cells Infiltrating Human Tumors. J Exp Med (2018) 215
(10):2520–35. doi: 10.1084/jem.20180684

63. Kalvala A, Wallet P, Yang L, Wang C, Li H, Nam A, et al. Phenotypic
Switching of Naive T Cells to Immune-Suppressive Treg-Like Cells by
Mutant KRAS. J Clin Med (2019) 8(10):1726. doi: 10.3390/jcm8101726

64. Nishikawa H, Sakaguchi S. Regulatory T Cells in Cancer Immunotherapy.
Curr Opin Immunol (2014) 27:1–7. doi: 10.1016/j.coi.2013.12.005

65. Wang Z, Li Z, Zhou K, Wang C, Jiang L, Zhang L, et al. Deciphering Cell
Lineage Specification of Human Lung Adenocarcinoma With Single-Cell
RNA Sequencing. Nat Commun (2021) 12(1):6500. doi: 10.1038/s41467-
021-26770-2

66. Wang RF. CD8(+) Regulatory T Cells, Their Suppressive Mechanisms, and
Regulation in Cancer. Hum Immunol (2008) 69(11):811–14. doi: 10.1016/
j.humimm.2008.08.276

67. Zhang P, Lee JS, Gartlan KH, Schuster IS, Comerford I, Varelias A, et al.
Eomesodermin Promotes the Development of Type 1 Regulatory T (TR1)
Cells. Sci Immunol (2017) 2(10):eaah7152. doi: 10.1126/sciimmunol.
aah7152

68. Gruarin P, Maglie S, De Simone M, Haringer B, Vasco C, Ranzani V, et al.
Eomesodermin Controls a Unique Differentiation Program in Human IL-10
January 2022 | Volume 12 | Article 802080

https://doi.org/10.1101/gr.177881.114
https://doi.org/10.1126/science.1247651
https://doi.org/10.1126/science.1247651
https://doi.org/10.1016/j.molcel.2017.01.023
https://doi.org/10.1038/nmeth.2772
https://doi.org/10.1101/gr.110882.110
https://doi.org/10.1101/gr.110882.110
https://doi.org/10.1016/j.cell.2017.04.014
https://doi.org/10.18632/aging.103945
https://doi.org/10.1038/s41591-018-0045-3
https://doi.org/10.1038/nrclinonc.2017.166
https://doi.org/10.1038/nrclinonc.2017.166
https://doi.org/10.1038/nri.2017.76
https://doi.org/10.1038/nri.2017.76
https://doi.org/10.1016/j.tibtech.2020.05.006
https://doi.org/10.1016/j.tibtech.2020.05.006
https://doi.org/10.1038/s41576-021-00370-8
https://doi.org/10.1158/2159-8290.CD-20-1285
https://doi.org/10.3389/fcell.2021.638374
https://doi.org/10.1038/s41467-020-16164-1
https://doi.org/10.1016/j.canlet.2016.01.043
https://doi.org/10.1186/s13058-016-0740-2
https://doi.org/10.1186/s13058-016-0740-2
https://doi.org/10.1016/j.jtho.2016.01.015
https://doi.org/10.1158/0008-5472.CAN-18-3962
https://doi.org/10.1038/s41591-018-0014-x
https://doi.org/10.1186/s13059-018-1593-z
https://doi.org/10.2147/OTT.S295102
https://doi.org/10.1186/s13046-021-01874-1
https://doi.org/10.3389/fimmu.2021.643692
https://doi.org/10.3389/fimmu.2021.643692
https://doi.org/10.1242/jcs.116392
https://doi.org/10.1038/s41591-018-0096-5
https://doi.org/10.1186/s13059-020-02064-6
https://doi.org/10.1186/s13059-020-02064-6
https://doi.org/10.1038/s41467-018-07767-w
https://doi.org/10.1038/s41467-018-07767-w
https://doi.org/10.1016/j.jgg.2020.06.006
https://doi.org/10.1007/s00262-020-02642-4
https://doi.org/10.1007/s00262-020-02642-4
https://doi.org/10.1016/j.jtho.2019.07.031
https://doi.org/10.1016/j.jtho.2019.07.031
https://doi.org/10.1158/2326-6066.CIR-18-0713
https://doi.org/10.1038/s41388-020-01528-0
https://doi.org/10.1084/jem.20180684
https://doi.org/10.3390/jcm8101726
https://doi.org/10.1016/j.coi.2013.12.005
https://doi.org/10.1038/s41467-021-26770-2
https://doi.org/10.1038/s41467-021-26770-2
https://doi.org/10.1016/j.humimm.2008.08.276
https://doi.org/10.1016/j.humimm.2008.08.276
https://doi.org/10.1126/sciimmunol.aah7152
https://doi.org/10.1126/sciimmunol.aah7152
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zhang et al. Characteristics of Lung Tumor Microenvironment
and IFN-Gamma Coproducing Regulatory T Cells. Eur J Immunol (2019) 49
(1):96–111. doi: 10.1002/eji.201847722

69. Bonnal RJP, Rossetti G, Lugli E, De Simone M, Gruarin P, Brummelman J,
et al. Clonally Expanded EOMES(+) Tr1-Like Cells in Primary and
Metastatic Tumors Are Associated With Disease Progression. Nat
Immunol (2021) 22(6):735–45. doi: 10.1038/s41590-021-00930-4

70. Wu F, Fan J, He Y, Xiong A, Yu J, Li Y, et al. Single-Cell Profiling of Tumor
Heterogeneity and the Microenvironment in Advanced Non-Small Cell Lung
Cancer. Nat Commun (2021) 12(1):2540. doi: 10.1038/s41467-021-22801-0

71. De Simone M, Arrigoni A, Rossetti G, Gruarin P, Ranzani V, Politano C,
et al. Transcriptional Landscape of Human Tissue Lymphocytes Unveils
Uniqueness of Tumor-Infiltrating T Regulatory Cells. Immunity (2016) 45
(5):1135–47. doi: 10.1016/j.immuni.2016.10.021

72. Li HJ, van der Leun AM, Yofe I, Lubling Y, Gelbard-Solodkin D, van Akkooi
ACJ, et al. Dysfunctional CD8 T Cells Form a Proliferative, Dynamically
Regulated Compartment Within Human Melanoma. Cell (2019) 176
(4):775–+. doi: 10.1016/j.cell.2018.11.043

73. Yost KE, Satpathy AT, Wells DK, Qi Y, Wang C, Kageyama R, et al. Clonal
Replacement of Tumor-Specific T Cells Following PD-1 Blockade. Nat Med
(2019) 25(8):1251–59. doi: 10.1038/s41591-019-0522-3

74. Kim K, Park S, Park SY, Kim G, Park SM, Cho JW, et al. Single-Cell
Transcriptome Analysis Reveals TOX as a Promoting Factor for T Cell
Exhaustion and a Predictor for Anti-PD-1 Responses in Human Cancer.
Genome Med (2020) 12(1):22s. doi: 10.1186/s13073-020-00722-9

75. Ghorani E, Reading JL, Henry JY, de Massy MR, Rosenthal R, Turati V, et al.
The T Cell Differentiation Landscape Is Shaped by Tumour Mutations in
Lung Cancer. Nat Cancer (2020) 1(5):546–61. doi: 10.1038/s43018-020-
0066-y

76. Jain P, Jain C, Velcheti V. Role of Immune-Checkpoint Inhibitors in Lung
Cancer. Ther Adv Respir Dis (2018) 12:1753465817750075. doi: 10.1177/
1753465817750075

77. Gebhardt T, Wakim LM, Eidsmo L, Reading PC, Heath WR, Carbone FR.
Memory T Cells in Nonlymphoid Tissue That Provide Enhanced Local
Immunity During Infection With Herpes Simplex Virus. Nat Immunol
(2009) 10(5):524–30. doi: 10.1038/ni.1718

78. Kumar BV, Ma W, Miron M, Granot T, Guyer RS, Carpenter DJ, et al.
Human Tissue-Resident Memory T Cells Are Defined by Core
Transcriptional and Functional Signatures in Lymphoid and Mucosal
Sites. Cell Rep (2017) 20(12):2921–34. doi: 10.1016/j.celrep.2017.08.078

79. Mami-Chouaib F, Blanc C, Corgnac S, Hans S, Malenica I, Granier C, et al.
Resident Memory T Cells, Critical Components in Tumor Immunology.
J Immunother Cancer (2018) 6(1):87. doi: 10.1186/s40425-018-0399-6

80. Dumauthioz N, Labiano S, Romero P. Tumor Resident Memory T Cells:
New Players in Immune Surveillance and Therapy. Front Immunol (2018)
9:2076. doi: 10.3389/fimmu.2018.02076

81. Clarke J, Panwar B, Madrigal A, Singh D, Gujar R, Wood O, et al. Single-Cell
Transcriptomic Analysis of Tissue-Resident Memory T Cells in Human
Lung Cancer. J Exp Med (2019) 216(9):2128–49. doi: 10.1084/jem.20190249

82. Pardoll DM. The Blockade of Immune Checkpoints in Cancer
Immunotherapy. Nat Rev Cancer (2012) 12(4):252–64. doi: 10.1038/
nrc3239

83. Shwetank, Abdelsamed HA, Frost EL, Schmitz HM, Mockus TE,
Youngblood BA, et al. Maintenance of PD-1 on Brain-Resident Memory
CD8 T Cells Is Antigen Independent. Immunol Cell Biol (2017) 95(10):953–
59. doi: 10.1038/icb.2017.62

84. Prasad S, Hu S, Sheng WS, Chauhan P, Singh A, Lokensgard JR. The PD-1:
PD-L1 Pathway Promotes Development of Brain-Resident Memory T Cells
Following Acute Viral Encephalitis. J Neuroinflamm (2017) 14(1):82.
doi: 10.1186/s12974-017-0860-3

85. Germain C, Gnjatic S, Tamzalit F, Knockaert S, Remark R, Goc J, et al.
Presence of B Cells in Tertiary Lymphoid Structures Is Associated With a
Protective Immunity in Patients With Lung Cancer. Am J Respir Crit Care
Med (2014) 189(7):832–44. doi: 10.1164/rccm.201309-1611OC

86. Song Q, Hawkins GA, Wudel L, Chou PC, Forbes E, Pullikuth AK, et al.
Dissecting Intratumoral Myeloid Cell Plasticity by Single Cell RNA-Seq.
Cancer Med (2019) 8(6):3072–85. doi: 10.1002/cam4.2113

87. Engblom C, Pfirschke C, Pittet MJ. The Role of Myeloid Cells in Cancer
Therapies. Nat Rev Cancer (2016) 16(7):447–62. doi: 10.1038/nrc.2016.54
Frontiers in Immunology | www.frontiersin.org 17
88. Ginhoux F, Guilliams M. Tissue-Resident Macrophage Ontogeny and
Homeostasis. Immunity (2016) 44(3):439–49. doi: 10.1016/j.immuni.2016.02.024

89. Casanova-Acebes M, Dalla E, Leader AM, LeBerichel J, Nikolic J, Morales
BM, et al. Tissue-Resident Macrophages Provide a Pro-Tumorigenic Niche
to Early NSCLC Cells. Nature (2021) 595(7868):578–84. doi: 10.1038/
s41586-021-03651-8

90. Wenes M, Shang M, Di Matteo M, Goveia J, Martin-Perez R, Serneels J, et al.
Macrophage Metabolism Controls Tumor Blood Vessel Morphogenesis and
Metastasis. Cell Metab (2016) 24(5):701–15. doi: 10.1016/j.cmet.2016.09.008

91. Gordon SR, Maute RL, Dulken BW, Hutter G, George BM, McCracken MN,
et al. PD-1 Expression by Tumour-Associated Macrophages Inhibits
Phagocytosis and Tumour Immunity. Nature (2017) 545(7655):495–99.
doi: 10.1038/nature22396

92. Chang Q, Bournazou E, Sansone P, Berishaj M, Gao SP, Daly L, et al. The IL-
6/JAK/Stat3 Feed-Forward Loop Drives Tumorigenesis and Metastasis.
Neoplasia (2013) 15(7):848–62. doi: 10.1593/neo.13706

93. Zheng P, Luo Q, Wang W, Li J, Wang T, Wang P, et al. Tumor-Associated
Macrophages-Derived Exosomes Promote the Migration of Gastric Cancer
Cells by Transfer of Functional Apolipoprotein E. Cell Death Dis (2018) 9
(4):434. doi: 10.1038/s41419-018-0465-5

94. Giopanou I, Lilis I, Papaleonidopoulos V, Agalioti T, Kanellakis NI,
Spiropoulou N, et al. Tumor-Derived Osteopontin Isoforms Cooperate
With TRP53 and CCL2 to Promote Lung Metastasis. Oncoimmunology
(2017) 6(1):e1256528. doi: 10.1080/2162402X.2016.1256528

95. Bischoff P, Trinks A, Obermayer B, Pett JP, Wiederspahn J, Uhlitz F, et al.
Single-Cell RNA Sequencing Reveals Distinct Tumor Microenvironmental
Patterns in Lung Adenocarcinoma. Oncogene (2021) 40(50):6748–58.
doi: 10.1038/s41388-021-02054-3

96. Gunthner R, Anders HJ. Interferon-Regulatory Factors Determine Macrophage
Phenotype Polarization. Mediators Inflamm (2013) 2013:731023. doi: 10.1155/
2013/731023

97. Medzhitov R, Horng T. Transcriptional Control of the Inflammatory
Response. Nat Rev Immunol (2009) 9(10):692–703. doi: 10.1038/nri2634

98. Garrido-Martin EM, Mellows TWP, Clarke J, Ganesan AP, Wood O, Cazaly
A, et al. M1(hot) Tumor-Associated Macrophages Boost Tissue-Resident
Memory T Cells Infiltration and Survival in Human Lung Cancer.
J Immunother Cancer (2020) 8(2):e000778. doi: 10.1136/jitc-2020-000778

99. Davies LC, Taylor PR. Tissue-Resident Macrophages: Then and Now.
Immunology (2015) 144(4):541–8. doi: 10.1111/imm.12451

100. Etzerodt A, Moulin M, Doktor TK, Delfini M, Mossadegh-Keller N, Bajenoff
M, et al. Tissue-Resident Macrophages in Omentum Promote Metastatic
Spread of Ovarian Cancer. J Exp Med (2020) 217(4):e20191869. doi: 10.1084/
jem.20191869

101. Collin M, Bigley V. Human Dendritic Cell Subsets: An Update. Immunology
(2018) 154(1):3–20. doi: 10.1111/imm.12888

102. ZhangWH,WangWQ, Han X, Gao HL, Xu SS, Li S, et al. Infiltrating Pattern
and Prognostic Value of Tertiary Lymphoid Structures in Resected Non-
Functional Pancreatic Neuroendocrine Tumors. J Immunother Cancer
(2020) 8(2):e001188. doi: 10.1136/jitc-2020-001188

103. Demoulin S, Herfs M, Delvenne P, Hubert P. Tumor Microenvironment
Converts Plasmacytoid Dendritic Cells Into Immunosuppressive/
Tolerogenic Cells: Insight Into the Molecular Mechanisms. J Leukocyte
Biol (2013) 93(3):343–52. doi: 10.1189/jlb.0812397

104. Mollinedo F. Neutrophil Degranulation, Plasticity, and Cancer Metastasis.
Trends Immunol (2019) 40(3):228–42. doi: 10.1016/j.it.2019.01.006

105. Granot Z, Henke E, Comen EA, King TA, Norton L, Benezra R. Tumor
Entrained Neutrophils Inhibit Seeding in the Premetastatic Lung. Cancer Cell
(2011) 20(3):300–14. doi: 10.1016/j.ccr.2011.08.012

106. Gerrard TL, Cohen DJ, Kaplan AM. Human Neutrophil-Mediated
Cytotoxicity to Tumor Cells. J Natl Cancer Inst (1981) 66(3):483–8.

107. Rodriguez PC, Ernstoff MS, Hernandez C, Atkins M, Zabaleta J, Sierra R,
et al. Arginase I-Producing Myeloid-Derived Suppressor Cells in Renal Cell
Carcinoma Are a Subpopulation of Activated Granulocytes. Cancer Res
(2009) 69(4):1553–60. doi: 10.1158/0008-5472.CAN-08-1921

108. Brandau S, Trellakis S, Bruderek K, Schmaltz D, Steller G, Elian M, et al.
Myeloid-Derived Suppressor Cells in the Peripheral Blood of Cancer Patients
Contain a Subset of Immature Neutrophils With Impaired Migratory
Properties. J Leukoc Biol (2011) 89(2):311–7. doi: 10.1189/jlb.0310162
January 2022 | Volume 12 | Article 802080

https://doi.org/10.1002/eji.201847722
https://doi.org/10.1038/s41590-021-00930-4
https://doi.org/10.1038/s41467-021-22801-0
https://doi.org/10.1016/j.immuni.2016.10.021
https://doi.org/10.1016/j.cell.2018.11.043
https://doi.org/10.1038/s41591-019-0522-3
https://doi.org/10.1186/s13073-020-00722-9
https://doi.org/10.1038/s43018-020-0066-y
https://doi.org/10.1038/s43018-020-0066-y
https://doi.org/10.1177/1753465817750075
https://doi.org/10.1177/1753465817750075
https://doi.org/10.1038/ni.1718
https://doi.org/10.1016/j.celrep.2017.08.078
https://doi.org/10.1186/s40425-018-0399-6
https://doi.org/10.3389/fimmu.2018.02076
https://doi.org/10.1084/jem.20190249
https://doi.org/10.1038/nrc3239
https://doi.org/10.1038/nrc3239
https://doi.org/10.1038/icb.2017.62
https://doi.org/10.1186/s12974-017-0860-3
https://doi.org/10.1164/rccm.201309-1611OC
https://doi.org/10.1002/cam4.2113
https://doi.org/10.1038/nrc.2016.54
https://doi.org/10.1016/j.immuni.2016.02.024
https://doi.org/10.1038/s41586-021-03651-8
https://doi.org/10.1038/s41586-021-03651-8
https://doi.org/10.1016/j.cmet.2016.09.008
https://doi.org/10.1038/nature22396
https://doi.org/10.1593/neo.13706
https://doi.org/10.1038/s41419-018-0465-5
https://doi.org/10.1080/2162402X.2016.1256528
https://doi.org/10.1038/s41388-021-02054-3
https://doi.org/10.1155/2013/731023
https://doi.org/10.1155/2013/731023
https://doi.org/10.1038/nri2634
https://doi.org/10.1136/jitc-2020-000778
https://doi.org/10.1111/imm.12451
https://doi.org/10.1084/jem.20191869
https://doi.org/10.1084/jem.20191869
https://doi.org/10.1111/imm.12888
https://doi.org/10.1136/jitc-2020-001188
https://doi.org/10.1189/jlb.0812397
https://doi.org/10.1016/j.it.2019.01.006
https://doi.org/10.1016/j.ccr.2011.08.012
https://doi.org/10.1158/0008-5472.CAN-08-1921
https://doi.org/10.1189/jlb.0310162
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zhang et al. Characteristics of Lung Tumor Microenvironment
109. Lecot P, Sarabi M, Pereira Abrantes M, Mussard J, Koenderman L, Caux C,
et al. Neutrophil Heterogeneity in Cancer: From Biology to Therapies. Front
Immunol (2019) 10:2155. doi: 10.3389/fimmu.2019.02155

110. Terren I, Orrantia A, Vitalle J, Zenarruzabeitia O, Borrego NK F. Cell
Metabolism and Tumor Microenvironment. Front Immunol (2019) 10:2278.
doi: 10.3389/fimmu.2019.02278

111. Krzywinska E, Kantari-Mimoun C, Kerdiles Y, Sobecki M, Isagawa T,
Gotthardt D, et al. Loss of HIF-1alpha in Natural Killer Cells Inhibits
Tumour Growth by Stimulating Non-Productive Angiogenesis. Nat
Commun (2017) 8(1):1597. doi: 10.1038/s41467-017-01599-w

112. Ni J, Wang X, Stojanovic A, Zhang Q, Wincher M, Buhler L, et al. Single-Cell
RNA Sequencing of Tumor-Infiltrating NK Cells Reveals That Inhibition of
Transcription Factor HIF-1alpha Unleashes NK Cell Activity. Immunity
(2020) 52(6):1075–87.e8. doi: 10.1016/j.immuni.2020.05.001

113. Datar I, SanmamedMF, Wang J, Henick BS, Choi J, Badri T, et al. Expression
Analysis and Significance of PD-1, LAG-3, and TIM-3 in Human Non-Small
Cell Lung Cancer Using Spatially Resolved and Multiparametric Single-Cell
Analysis. Clin Cancer Res (2019) 25(15):4663–73. doi: 10.1158/1078-
0432.CCR-18-4142

114. Hinz B, Phan SH, Thannickal VJ, Prunotto M, Desmouliere A, Varga J, et al.
Recent Developments in Myofibroblast Biology: Paradigms for Connective
Tissue Remodeling. Am J Pathol (2012) 180(4):1340–55. doi: 10.1016/
j.ajpath.2012.02.004

115. Vong S, Kalluri R. The Role of Stromal Myofibroblast and Extracellular
Matrix in Tumor Angiogenesis. Genes Cancer (2011) 2(12):1139–45.
doi: 10.1177/1947601911423940

116. Otranto M, Sarrazy V, Bonte F, Hinz B, Gabbiani G, Desmouliere A. The
Role of the Myofibroblast in Tumor Stroma Remodeling. Cell Adh Migr
(2012) 6(3):203–19. doi: 10.4161/cam.20377

117. Kieffer Y, Hocine HR, Gentric G, Pelon F, Bernard C, Bourachot B, et al.
Single-Cell Analysis Reveals Fibroblast Clusters Linked to Immunotherapy
Resistance in Cancer. Cancer Discov (2020) 10(9):1330–51. doi: 10.1158/
2159-8290.CD-19-1384

118. Folkman J. Tumor Angiogenesis: Therapeutic Implications. N Engl J Med
(1971) 285(21):1182–6. doi: 10.1056/NEJM197111182852108

119. Goveia J, Rohlenova K, Taverna F, Treps L, Conradi LC, Pircher A, et al. An
Integrated Gene Expression Landscape Profiling Approach to Identify Lung
Tumor Endothelial Cell Heterogeneity and Angiogenic Candidates. Cancer
Cell (2020) 37(1):21–36.e13. doi: 10.1016/j.ccell.2019.12.001

120. Raemer PC, Haemmerling S, Giese T, Canaday DH, Katus HA, Dengler TJ,
et al. Endothelial Progenitor Cells Possess Monocyte-Like Antigen-
Presenting and T-Cell-Co-Stimulatory Capacity. Transplantation (2009) 87
(3):340–9. doi: 10.1097/TP.0b013e3181957308

121. Hellstrom M, Phng LK, Gerhardt H. VEGF and Notch Signaling: The Yin
and Yang of Angiogenic Sprouting. Cell Adh Migr (2007) 1(3):133–6.
doi: 10.4161/cam.1.3.4978

122. Lin CY, Loven J, Rahl PB, Paranal RM, Burge CB, Bradner JE, et al.
Transcriptional Amplification in Tumor Cells With Elevated C-Myc. Cell
(2012) 151(1):56–67. doi: 10.1016/j.cell.2012.08.026

123. Lu T, Yang X, Shi Y, Zhao M, Bi G, Liang J, et al. Single-Cell Transcriptome
Atlas of Lung Adenocarcinoma Featured With Ground Glass Nodules. Cell
Discov (2020) 6:69. doi: 10.1038/s41421-020-00200-x

124. Shimizu K, Iyoda T, Okada M, Yamasaki S, Fujii SI. Immune Suppression
and Reversal of the Suppressive Tumor Microenvironment. Int Immunol
(2018) 30(10):445–54. doi: 10.1093/intimm/dxy042

125. Qi FL, Wang MF, Li BZ, Lu ZF, Nie GJ, Li SP. Reversal of the
Immunosuppressive Tumor Microenvironment by Nanoparticle-Based
Activation of Immune-Associated Cells. Acta Pharmacol Sin (2020) 41
(7):895–901. doi: 10.1038/s41401-020-0423-5

126. Zhou W, Zhou Y, Chen X, Ning T, Chen H, Guo Q, et al. Pancreatic Cancer-
Targeting Exosomes for Enhancing Immunotherapy and Reprogramming
Frontiers in Immunology | www.frontiersin.org 18
Tumor Microenvironment. Biomaterials (2021) 268:120546. doi: 10.1016/
j.biomaterials.2020.120546

127. Burrell RA, McGranahan N, Bartek J, Swanton C. The Causes and
Consequences of Genetic Heterogeneity in Cancer Evolution. Nature
(2013) 501(7467):338–45. doi: 10.1038/nature12625

128. Natrajan R, Sailem H, Mardakheh FK, Arias Garcia M, Tape CJ, Dowsett M,
et al. Microenvironmental Heterogeneity Parallels Breast Cancer
Progression: A Histology-Genomic Integration Analysis. PloS Med (2016)
13(2):e1001961. doi: 10.1371/journal.pmed.1001961

129. Rubio-Perez C, Planas-Rigol E, Trincado JL, Bonfill-Teixidor E, Arias A,
Marchese D, et al. Immune Cell Profiling of the Cerebrospinal Fluid Enables
the Characterization of the Brain Metastasis Microenvironment. Nat
Commun (2021) 12(1):1503. doi: 10.1038/s41467-021-21789-x

130. Xiong D, Pan J, Yin Y, Jiang H, Szabo E, Lubet RA, et al. Novel Mutational
Landscapes and Expression Signatures of Lung Squamous Cell Carcinoma.
Oncotarget (2018) 9(7):7424–41. doi: 10.18632/oncotarget.23716

131. Park SM, Wong DJ, Ooi CC, Kurtz DM, Vermesh O, Aalipour A, et al.
Molecular Profiling of Single Circulating Tumor Cells From Lung Cancer
Patients. Proc Natl Acad Sci USA (2016) 113(52):E8379–E86. doi: 10.1073/
pnas.1608461113

132. Kim KT, Lee HW, Lee HO, Kim SC, Seo YJ, Chung W, et al. Single-Cell
mRNA Sequencing Identifies Subclonal Heterogeneity in Anti-Cancer Drug
Responses of Lung Adenocarcinoma Cells. Genome Biol (2015) 16:127.
doi: 10.1186/s13059-015-0692-3

133. Ruan H, Zhou Y, Shen J, Zhai Y, Xu Y, Pi L, et al. Circulating Tumor Cell
Characterization of Lung Cancer Brain Metastases in the Cerebrospinal Fluid
Through Single-Cell Transcriptome Analysis. Clin Transl Med (2020) 10(8):
e246. doi: 10.1002/ctm2.246

134. Chen Z, Yang X, Bi G, Liang J, Hu Z, Zhao M, et al. Ligand-Receptor
Interaction Atlas Within and Between Tumor Cells and T Cells in Lung
Adenocarcinoma. Int J Biol Sci (2020) 16(12):2205–19. doi: 10.7150/
ijbs.42080

135. Wu Q, Wang L, Wei H, Li B, Yang J, Wang Z, et al. Integration of Multiple
Key Molecules in Lung Adenocarcinoma Identifies Prognostic and
Immunotherapeutic Relevant Gene Signatures. Int Immunopharmacol
(2020) 83:106477. doi: 10.1016/j.intimp.2020.106477

136. Zhao M, Chen Z, Zheng Y, Liang J, Hu Z, Bian Y, et al. Identification of
Cancer Stem Cell-Related Biomarkers in Lung Adenocarcinoma by Stemness
Index and Weighted Correlation Network Analysis. J Cancer Res Clin Oncol
(2020) 146(6):1463–72. doi: 10.1007/s00432-020-03194-x

137. Zeng H, Ji J, Song X, Huang Y, Li H, Huang J, et al. Stemness Related Genes
Revealed by Network Analysis Associated With Tumor Immune
Microenvironment and the Clinical Outcome in Lung Adenocarcinoma.
Front Genet (2020) 11549213:549213. doi: 10.3389/fgene.2020.549213

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhang, Song, Tian and Yang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
January 2022 | Volume 12 | Article 802080

https://doi.org/10.3389/fimmu.2019.02155
https://doi.org/10.3389/fimmu.2019.02278
https://doi.org/10.1038/s41467-017-01599-w
https://doi.org/10.1016/j.immuni.2020.05.001
https://doi.org/10.1158/1078-0432.CCR-18-4142
https://doi.org/10.1158/1078-0432.CCR-18-4142
https://doi.org/10.1016/j.ajpath.2012.02.004
https://doi.org/10.1016/j.ajpath.2012.02.004
https://doi.org/10.1177/1947601911423940
https://doi.org/10.4161/cam.20377
https://doi.org/10.1158/2159-8290.CD-19-1384
https://doi.org/10.1158/2159-8290.CD-19-1384
https://doi.org/10.1056/NEJM197111182852108
https://doi.org/10.1016/j.ccell.2019.12.001
https://doi.org/10.1097/TP.0b013e3181957308
https://doi.org/10.4161/cam.1.3.4978
https://doi.org/10.1016/j.cell.2012.08.026
https://doi.org/10.1038/s41421-020-00200-x
https://doi.org/10.1093/intimm/dxy042
https://doi.org/10.1038/s41401-020-0423-5
https://doi.org/10.1016/j.biomaterials.2020.120546
https://doi.org/10.1016/j.biomaterials.2020.120546
https://doi.org/10.1038/nature12625
https://doi.org/10.1371/journal.pmed.1001961
https://doi.org/10.1038/s41467-021-21789-x
https://doi.org/10.18632/oncotarget.23716
https://doi.org/10.1073/pnas.1608461113
https://doi.org/10.1073/pnas.1608461113
https://doi.org/10.1186/s13059-015-0692-3
https://doi.org/10.1002/ctm2.246
https://doi.org/10.7150/ijbs.42080
https://doi.org/10.7150/ijbs.42080
https://doi.org/10.1016/j.intimp.2020.106477
https://doi.org/10.1007/s00432-020-03194-x
https://doi.org/10.3389/fgene.2020.549213
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Single-Cell RNA Sequencing in Lung Cancer: Revealing Phenotype Shaping of Stromal Cells in the Microenvironment
	Introduction
	A Brief Overview of scRNA-Seq
	Introduction to scRNA-Seq
	ScRNA-Seq and Spatial Information

	Phenotypic Molding of Stromal Cells in the Lung Cancer TME Under scRNA-Seq Analysis
	IICs
	Phenotypic Molding of T Cells in the TME of Lung Cancer
	Tregs
	Exhausted T Cells
	TRMs

	Phenotypic Shaping of B Cells in the TME of Lung Cancer
	Phenotypic Molding of Tumor-Infiltrating Myeloid Cells (TIMs) in the TME of Lung Cancer
	Tumor-Associated Macrophages(TAMs)
	DCs
	Neutrophils

	Phenotypic Shaping of Natural Killer (NK) Cells in the TME of Lung Cancer

	CAFs
	ECs

	Discussion and Conclusions
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


