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Abstract: Single-cell sequencing (SCS) which has an unprecedentedly high resolution is an
advanced technique for cancer research. Lung cancer still has a high mortality and morbidity.
For further understanding the lung cancer, SCS is also been applied to lung cancer research
to investigate its heterogeneity, metastasis, drug resistance, tumor microenvironment and
many other issues. In this review, we summarized lung cancer research using SCS and their
research achievements.
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Introduction

As an individual cell is the most basic unit of life, single-cell molecular profiling
can make us know more about life in different states. Single-cell sequencing (SCS)
composed of single-cell isolation, nucleic acid amplification, sequencing and ana-
lysis (Figure 1) can conduct molecular profiling at single-cell resolution. Up to now,
many techniques (Table 1) and bioinformatic methods have been developed.
Through these techniques, researchers can detect single nucleotide variations
(SNVs), copy number variations (CNVs), gene expression alteration, etc., at sin-
gle-cell level.!

Tumor is still a non-negligible health issue. As a disease caused by genetic
abnormalities, knowing more about genetic changes at different levels will give us a
great insight into tumor and treatment strategies. We have got information about
gene mutations that exist in tumor and found therapeutic targets through bulk
sequencing. And some target therapies have worked effectively in cancer control.?
However, the material used in conventional bulk sequencing is a mixture of many
different cells, and data obtained are average consequence. While intratumoral
heterogeneity, a character of tumor, has been linked to drug resistance, and tumor
showing higher invasiveness in pathology will have higher heterogeneity.** Bulk
sequencing cannot deal with intratumoral heterogeneity well, which will cause
some rare information undetected. SCS can analyze the molecular profiling of
individual cells which makes it possible to obtain more precise information of
tumor.

Lung cancer is one of the tumors with high morbidity and mortality.” Although
at present many therapies including target therapies® and immune therapies® have
shown a promising anti-tumor effect, many problems still require further explora-
tion. Considering the high resolution of SCS, this method has been used in lung
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Figure | A brief schematic diagram of the process of single-cell sequencing.

cancer research. This review focuses on this technique
applied to lung cancer studies and their findings.

A Brief Overview of Single-Cell

Sequencing

Sample acquirement is the first step for SCS. The sample
can be surgically resected tissue, biopsy samples, tissue
from mouse model and circulating tumor cells. Fresh
tissue and rapidly frozen tissue are adaptive for SCS and
the sample needs to >100 mg. Recently, researchers devel-
oped a technique that could use formalin-fixed paraffin-
embedded (FFPE) samples to conduct whole-genome copy
number profiling.”

After the acquirement of samples, single-cell isolation
will be indispensable. At present, many single-cell isola-
tion techniques have been developed, such as micromani-
pulation, robotic micromanipulation, fluorescence-
activated cell sorting (FACS), laser capture microdissec-
tion (LCM), magnetic-activated cell sorting (MACS) and
microfluidics.® Micromanipulation is a useful method for
isolating cultured cells. For FACS, MACS and microflui-
dics, samples need to be minced into approximately
1 mm’, digested by multiple enzymes and filtered to
make cell suspension. Over 10,000 cells will be needed
in suspension for FACS, which makes it unsuitable for
isolating cells from suspension with a small population of
cells.® LCM does not need cell suspension preparation and
it can isolate cells directly from tissue slide visually. A
more detailed introduction about single-cell isolation tech-
niques has been well reviewed in the literature.’

For genome analysis, DNA amplification is necessary

because of scarce DNA in a single cell. Degenerative
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oligonucleotide PCR (DOP-PCR) can provide a highly uni-
form amplification but a low genome coverage, which makes
it suitable for CNV analysis but not for SNV detection.
Multiple displacement amplification (MDA), a method
using the polymerase with strand displacement activity and
high fidelity, can achieve high coverage of the genome, but it
will yield non-uniform amplification. Thus, it can be used in
SNV detection instead of CNV detection.' Nuc-seq, a mod-
ified MDA protocol, uses flow-sorting to select G2/M nuclei
for DNA amplification to reduce the false-positive rate and
allelic dropout.'® Micro-well displacement amplification sys-
tem (MIDAS) has an extremely small reaction volume than
MDA through which the concentration of primer can be
augmented and then eliminates non-uniform amplification.'
Multiple annealing and looping-based amplification cycles
(MALBAC), which combines quasi-linear pre-amplification
with strand displacement active polymerase, can achieve
93% genome coverage and the efficiency of SNV detection
can be 76% which makes it suitable for both CNV and SNV
detection. Meanwhile, its allelic drop rate is lower than 1%
and the false-positive rate is less than 4x107°.'" For latter
quantification, DNA microarrays and next-generation
sequencing (NGS) can be selected. Compared to the former
method, NGS can detect all types of abnormalities.

For transcriptome analysis, many protocols have been
developed, such as single-cell tagged reverse transcription
(STRT), cell expression by linear amplification and sequen-
cing (CEL-seq), CEL-seq2, QuartzSeq, droplet-based RNA-
seq, Smart-seq, Smart-seq2 and massively parallel RNA
single-cell sequencing (MARS-seq).'” "> Comparing to
STRT, CEL-seq, which could achieve linear amplification,
had higher sensitivity and lower technical noise.'” Droplet-
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Table | Part of Methods Used in Single-Cell Sequencing
Method Characteristics Reference
Single-cell Micromanipulation Low cost and possible for observing cells; the throughput is low and need high skills [8,9]
isolation
Robotic micromanipulation High accuracy; high cost
Fluorescence-activated cell sorting Suitable for isolating large population of cells; not effective in isolating rare cells, high cost
(FACS)
Laser capture microdissection (LCM) | Suitable for isolating large population of cells; DNA/RNA may be damaged by UV, high cost
Magnetic-activated cell sorting Suitable for isolating large population of cells; only the surface molecule can be available for
(MACS) sorting, high cost
Microfluidics High throughput
Single-cell DOP-PCR Highly uniform amplification but low genome coverage (suitable for CNVs analysis but not [1,10,11]
DNA for SNVs detection)
amplification
Multiple displacement amplification High genome coverage but low uniformity of amplification (suitable for SNVs detection but
(MDA) not for CNVs analysis)
Micro-well displacement Alleviate non-uniform amplification through highly reducing reaction volume
amplification system (MIDAS)
Multiple annealing and looping based | High coverage of genome as well as highly uniform amplification (suitable for both CNV and
amplification cycles (MALBAC) SNV analysis)
Nuc-seq A method using G2/M nuclei for WGA to reduce allelic dropout and false positive rate
Single-cell Single-cell tagged reverse Obtain full-length transcript through template-switching; UMI is adapted [12-18]
RNA transcription (STRT)
amplification

Cell expression by linear
amplification and sequencing

Yield linear amplification; UMI is adapted

(CEL-seq)

QuartzSeq Using poly (A) tail for second-strand synthesis in reverse transcription

Smart-seq Obtain full-length transcript through template-switching and suitable for splicing variation
analysis

Smart-seq2 Obtain full-length transcript through template-switching and suitable for splicing variation

analysis

Massively parallel RNA single-cell
sequencing (MARS-seq)

Yield linear amplification; UMI is adapted

Fluidigm CI

A commercial automatic platform; microfluidic-based single cell isolation; cell lysis, reverse
transcription and cDNA amplification are finishing on the chip; up to 96 cells per chip

10xGenomics Chromium

A commercial automatic platform; droplet-based single cell isolation; microbeads are made of
hydrogel and can dissolve in droplet to release primers into droplet; cell lysis, primer
releasing, reverse transcription and template switching are fishing in droplet; about
100-80,000 cells per chip

Rhapsody Single-Cell Analysis System

A commercial platform; microwell-based single cell isolation; targeted RNA sequencing
(targeted panel and customized panel are both available); up to 20,000 cells per run

Abbreviations: CEL-seq, cell expression by linear amplification and sequencing; CNV, copy number variation; DOP-PCR, degenerative oligonucleotide PCR; FACS,
fluorescence-activated cell sorting; LCM, laser capture microdissection; MACS, magnetic-activated cell sorting; MALBAC, multiple annealing and looping based amplification
cycles; MARS-seq, massively parallel RNA single-cell sequencing; MDA, multiple displacement amplification; MIDAS, micro-well displacement amplification system; SNV,
single nucleotide variation; STRT, single-cell tagged reverse transcription; UMI, unique molecular identifier; UV, ultraviolet; WGA, whole genome amplification.

based RNA-seq includes Drop-seq, inDrop and 10x
10x
Genomics Chromium has the highest sensitivity, accuracy

Genomics Chromium. Among these systems,

and lowest technical noise, but its cost is also the highest.

Thus, choosing 10x Genomics Chromium is safe for most
applications but when the sample size is really large Drop-
seq may be more cost-efficient, while if a custom protocol is

wanted inDrop may be better.'* Different scRNA-seq
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methods have their own characteristics and can be preferable
under specific circumstances. Drop-seq would be better
when transcriptome of a large population of cells with low
sequencing depth was needed. SCRB-seq and MARS-seq
would be preferable when the sample size was small and
Smart-seq2 would be preferable in analyzing splice
variation.'”> Nowadays, many commercial automatic plat-
forms based on microfluidic, droplet or microwell have
been established. Fluidigm C1, a representative platform
based on microfluidic, isolates single cell with integrated
fluidic circuits.'® One of its limitations was that the cell
isolated might have a size bias because of its fixed size
range of capture site for a certain chip."” 10x Genomics
Chromium is a commercial platform based on droplet and
has been discussed formerly. As for the microwell-based
platform, Rhapsody Single-cell Analysis System has been
commercial, and it is designed for targeted RNA sequencing,
which makes it more sensitive for rare information.'® More
platforms for SCS have been more detailed summarized.'®

Uncovering the Heterogeneity of
Lung Cancer Through SCS

Intratumoral heterogeneity has been found in many
cancers. It correlates with clinical and pathological
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characteristics and is an important factor that drives
drug resistance.***

Significant intratumoral heterogeneity also exists in lung
cancer.” High resolution of SCS makes it more effective to
assess heterogeneity and detect scarce clone (Figure 2), thus
SCS has been used in further research of this field (Table 2).
In the mouse lung squamous cell carcinoma (LUSC) model,
it was demonstrated different cancer cells harbor different
non-silent somatic mutations of cancer genes.'® In the lung
adenocarcinoma (LUAD) patient-derived xenograft (PDX)
model, researchers found a heterogeneous expression pat-
tern of cancer-specific SNVs including KRASC'?P2°
Another study found heterogeneously expressed 64 genes
among single cells from the LUAD PDX model and this
heterogeneity was also detected in bulk sequencing. Patients
with upregulated G64 expression would have a poor
prognosis.>' But how different expression of G64 influences
the biological behavior of individual cells still needs eluci-
date, which may be important for finding new therapeutic
targets. Recently, Ma et al showed heterogeneous expres-
sion of antigen-presenting genes and neoantigens among
individual cells,”” which gave us more information about
tumor antigenicity and suggested that cancer vaccine tar-
geted multiple neoantigens might have a better effect on

Mutation A V
——>» Mutation B Y/

Mutation C X

—
Mutation AV
— — MutationB
MutationC V

g

@ CloneA @ CloneB ' Clone C \ Detected X Not detected

Figure 2 With the single-cell resolution of the technique, single-cell sequencing can assess heterogeneity better and be more sensitive for detecting rare mutations than
conventional bulk sequencing. And these scarce mutations may be related to carcinogenesis, proliferative, and primary or acquired drug resistance.
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Table 2 SCS in Lung Cancer Heterogeneity, Metastasis and Metabolic
Pathological Sample Single Cell Molecular Amplification Analyses Reference
Type Isolation Level Method
LUSC Carcinogen- Fluidigm ClI RNA SMARTer Ultra Low Heterogeneity and evolution of [19]
induced RNA kit LUSC; identified a “G80 module”
mouse had differential expression
model
LUAD PDXs Fluidigm CI RNA SMART-seq Heterogeneity of LUAD; [20]
combining the expression of
KRAS®'?P with the expression of
selected 69 genes to subgroup
cancer cells; the heterogeneity and
drug resistance
LUAD PDXs Fluidigm CI RNA SMART-seq Intratumoral and intertumoral [21]
heterogeneity of LUAD and the
correlation with prognosis
LUAD PDXs and Fluidigm CI RNA SMART-seq Heterogeneity of immune related [22]
cell lines genes and neoantigens expression
of LUAD
NSCLC Tumor FACS RNA SMART-seq2 Identified the heterogeneity of [23]
tissue of oncogenic driver within the tumor
patients and the tumor evolution during
target therapy
SCLC Tumor Not available in DNA Not available in Heterogeneity of CNV patterns in [24]
tissue of the literature literature primary and different metastatic
patient lesions
LUAD Genetically FACS, DNA, RNA SMART-seq2, Identified a cluster of cells with [25]
engineered 10xGenomics 10xGenomics, single- high plasticity and potential to
mouse cell ATAC-seq transform to cells at different state
model
NSCLC PDX FACS RNA EpiStem RNA-Amp™ Validated a single-cell RNA [27]
kit amplification protocol; identified
expressed differentially in
metastasis-associated cancer
initiating cells
LUAD PDXs Fluidigm CI RNA SMART-seq Found a hybrid metabolic [28]
phenotype in LUAD
LUAD Malignant Micromanipulation | DNA, RNA | REPLI-g Single Cell kit Analyzed CNV patterns and [29]
cells in (WGA) SMART-seq v4 differentially express genes in
patients’ Ultra Low RNA kit individual malignant cells with
pleural (transcriptome different metabolic phenotype
effusion amplification)

Abbreviations: CNV, copy number variation; FACS, fluorescence-activated cell sorting; LUSC, lung squamous cell carcinoma; LUAD, lung adenocarcinoma; NSCLC, non-
small cell lung cancer; PDX, patient-derived xenograft; SCLC, small cell lung cancer; WGA, whole-genome amplification.

cancer suppression. The alterations of driver genes were
heterogeneous within non-small cell lung cancer (NSCLC)
which might explain the incomplete response of target

therapy.”® In small cell lung cancer (SCLC), CNV patterns

of single cells from primary and different metastatic lesions

also exhibit heterogeneity.**
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Investigation of Lung Cancer

Evolution and Metastasis

Although significant heterogeneity of somatic mutation
was detected among individual cells, Xiong et al also
found all 28 single cells from one mouse LUSC model
harbored the same mutation, /IGFBP7%** which indicated
these cells were from a common ancestor and it might be
This study indicated
IGFBP7 might be a new target for target therapy, but it

an important driver mutation.'’

still needed further investigation. In another study, high
plastic cells with the potential of evolving to robust cell
states were identified and marked by TIGIT. These cells
might contribute to the heterogeneity of advanced
LUAD.** Metastasis, an important part of cancer progres-
sion, has not been fully understood. In SCLC, researchers
found liver metastatic cells had a distinct CNV pattern,
and the heterogeneity of CNV in the liver metastatic lesion
was the lowest among all metastatic lesions.>* It suggested
these cells tended to metastasize to the liver, but the
mechanism was unknown yet. And further comprehensive
studies should investigate whether the presence of the
CNV pattern in tumor tissue can be an indicator to predict
the tendency of liver metastasis in SCLC patients. It has
been thought that a rare population of cells exists in cancer
to initiate metastasis.”® However, these cells are scarce in
tumor tissue. Taking advantage of high resolution, SCS
could do well in analyzing these cells. Rothwell et al
found metastasis-associated cancer-initiating cells in
NSCLC PDX model and single-cell transcriptional profil-
ing of these cells found increased expression of genes
were related to ribosomal processing, cytoskeleton, glu-
tathione transferase and stemness.”’ This study demon-
strated the existence of metastatic initiating cells and
delineated the gene expression of these cells and their

potential drug resistance.

We can also use SCS to get more information about
lung cancer evolution including evolution during treat-
ment. Through scRNA-seq, Maynard et al showed us the
plasticity of the transcriptome during target therapy of
NSCLC and transcriptional signature at different states of
treatment. This gave insight into tumor changes during
treatment and provided potentially targetable pathways to
promote current therapy.”

SCS in Research on Lung Cancer

Metabolism

Abnormal metabolism is a hallmark of cancer. SCS could
be combined with other techniques to analyze cell meta-
bolism and show molecular profiling in cells with different
metabolic phenotypes (Table 2). Yu et al tested the expres-
sion of downstream targets of AMPK and HIF-1 in single
cells through SCS, thus further demonstrated glycolysis
and oxidative respiration could exist in a cancer cell
simultaneously.”® In malignant pleural effusion (MPE),
tumor cells exhibiting oxidative phosphorylation pheno-
type upregulated expression of genes enriched in
E-Cadherin and integrin signaling. While cells with gly-
colytic phenotype upregulated expression of genes related
to epithelial-mesenchymal transition (EMT) and they had
higher expression of program cell death ligand. And
patients with a larger proportion of glycolytic phenotypic
cells in MPE would show poor prognosis.*’

SCS in Investigating the

Microenvironment of Lung Cancer
Tumor cells are surrounded by stroma, which has a cellular
part and a non-cellular part. These compartments consist of a
complex tumor microenvironment (TME) and interact with
cancer cells.>® SCS can provide a more detailed profile of
cancer TME (Figure 3), which will be powerful and neces-
sary in lung cancer TME investigation (Table 3).
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Figure 3 Single-cell sequencing makes it accessible to analyze every single cell in the TME and it can delineate different cell types in the TME more minutely. It can even

provide detailed information on subgroups of a group of cells in the TME.
Abbreviation: Treg, regulatory T cell.
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Table 3 SCS in Lung Cancer TME Analysis
Pathological Sample Single Cell Molecular | Amplification Analyses Reference
Type Isolation Level
NSCLC Tumor and non- 10xGenomics RNA 10xGenomics Landscape of stroma and immune [31]
malignant tissue from 5 cells of NSCLC
patients
LUAD Primary, metastasis 10xGenomics RNA 10xGenomics | Landscape of stroma and immune [32]
tumor tissue and non- cells of primary lesion, metastatic
malignant tissue from 44 lymph node and metastatic lesion
patients
LUAD Tumor, non-malignant FACS RNA MARS-seq Immune cells especially innate [33]
tissue from a stage | immune cells and their molecular
LUAD patient profiling in early stage LUAD
NSCLC Tumor and non- 10xGenomics RNA 10xGenomics | The intercellular interactions that [37]
malignant tissue from 4 involved in monocyte-to-M2
patients macrophage reprogramming
NSCLC Tumor tissue from 7 InDrop RNA InDrop Landscape of tumor myeloid cells [38]
patients and mouse lung scRNA-seq scRNA-seq and comparison of tumor myeloid
adenocarcinoma model platform platform cells between human and mouse
NSCLC Tumor tissue from 14 FACS RNA Smart-seq2 Heterogeneity of T cells in TME [40]
patients and their characteristics
NSCLC Tumor and non- Fluidigm CI RNA SMARTer Ultra | Transcriptome of Tregs, Thl and [42]
malignant tissue from |5 Low RNA kit Th17 cells in stroma of NSCLC
patients

Abbreviations: FACS, fluorescence-activated cell sorting; LUAD, lung adenocarcinoma; NSCLC, non-small cell lung cancer; Thl, type | helper T cell; Th17, type 17 helper

T cell; TME, tumor microenvironment.

Lambrechts et al found pathways related to nucleo-
tide metabolism, oxidative phosphorylation and glyco-
lysis were upregulated in tumor endothelial cells.
However, genes involved in antigen presentation, che-
motaxis and immune cell homing were downregulated.-
*! Downregulation of immune-related pathways was
also confirmed in another study.32 These suggested
tumor endothelial cells potentially gave tumor vessels
the ability to prevent immune cell infiltration and it
might be one reason for the generation of immune-
desert tumor. More studies would be indispensable to
investigate whether we could find methods to modulate
these cells to enhance immune cell infiltration.
Fibroblast is also an important part of TME which
can influence cancer progression and prognosis of
patients.’® Heterogeneity of fibroblasts also existed in
NSCLC. Each subpopulation might have specialized

functions in TME and myofibroblasts were found to

Tumor-infiltrating immune cell is a compartment of
TME and the progression of immune therapy depends on
further understanding of these cells. Researchers had
shown that not only in the advanced stage but also in the
early stage LUAD lesion, nature killer (NK) cell infiltra-
tion was lower than that in normal tissue and the cytotoxic
function of infiltrated NK cells was reduced,32’33 which
indicated dysfunction of NK cells occurred at an early
stage and reinvigorating NK cells might be a strategy for
early LUAD treatment. Combining mass cytometry by
time-of-flight (CyTOF) and scRNA-seq,
found that infiltration of CD14" monocyte was comparable

researchers

between tumor and normal tissue but monocyte expressed

fewer proinflammatory cytokines in tumor site.’
Macrophages had two subsets and M2 macrophage
secreted anti-inflammatory cytokines to facilitate tissue
repair and sustain homeostasis. Tumor-associated macro-

phages (TAMs) showed M2 phenotype and limited tumor

replace  fibroblasts in TME  during tumor elimination.>* SCS showed that genes regulated by IRF2,
progression.3 1,32 IRF7, IRF9 and STAT2 transcription factors were
OncoTargets and Therapy 2021:14 submit your manuscript 1901
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upregulated while genes regulated by IRF8 and Fos/Jun
transcription factors were downregulated in TAMs.*!
Another research confirmed the higher level of PPAR-y,
triggering receptor expressed on myeloid cells-2 (TREM?2)
in TAMs than in macrophages from normal tissue.>®
Recently, researchers demonstrated TREM2 as a vital
molecule for the suppressive function of tumor-infiltrating
myeloid cells, and combining a blockade of TREM2 with
anti-PD-1 therapy could enhance treatment efficacy.’”°
The cellular and molecular interaction involved in repro-
gramming of monocyte to M2 macrophage has been
revealed, which could give us more potential targets to
modulate the TAM formation.>’ Moreover, even in macro-
phage with M2 phenotype, the heterogeneity also exists.*®
Whether these different subtypes of macrophages have
distinct functions in TME still need further elucidation.
Neutrophil is also a vital compartment in TME, and
scRNA-seq has demonstrated that most neutrophils in
TME of NSCLC would progress to pro-tumoral neutro-
phils gradually, but a distinct subtype with low abundance
still maintained anti-tumor potential.*® Further investiga-
tions of how TME and tumor cells force neutrophils to
become pro-tumoral and how the rare subtype is main-
tained are necessary, which will lead us to develop thera-
pies to elicit neutrophils’ function and against the
transformation of neutrophils. scRNA-seq also suggested
the antigen presentation mediated by CD141" dendritic
cell (DC) was dysregulated in TME.*® Except for that,
plasmacytoid DCs was identified in NSCLC tissues and
might contribute to the formation of immunosuppressive
TME.?>*?% Researchers also pointed out that all innate
immune changes shown in the advanced stage had pre-
sented in early-stage lesion.®® This finding suggests that
dysfunction of innate immunity may play a critical role in
tumor development and reinvigorate the innate immunity
against tumor will be a potential way to block tumor
formation and progression.

Adaptive immune cell, a non-negligible part of TME,
can interact with tumor cells to impact their progression
and they are major targets for immune therapies presently.®
But there still exist some problems, such as the exact
mechanism of therapies, more appropriate markers for
patient selection. SCS is an advanced technique to explain
unsolved problems and find new immune therapies
through uncovering the composition of tumor-infiltrating
lymphocytes (TILs) and their molecular profiling more
clearly. In hepatocellular carcinoma, significant infiltration
of regulatory T cells (Tregs) in TME and new markers for

exhausted CD8'T cells were found. LAYN encoded layilin,
a cell surface protein, especially expressed on Tregs and
exhausted CD8'T cells. It also had been confirmed Tregs
with LAYN expression were those with higher repression
and stability. Meanwhile, LAYN exclusively expressed on
LAG-3" CD8'T cells which indicated LAYN might be a
marker of a unique subset of CD8'T cells.** Exhausted
CDS8'T cells with LAYN expression were also detected in
NSCLC.* It is necessary for analyzing the function of
LAYN in TILs to investigate whether it could be a new
target for NSCLC immune therapy. Guo et al showed the
complexity of CD8'T cells in NSCLC through scRNA-
seq. They found two clusters of pre-exhausted CD8'T cells
correlating with the prognosis of patients.** Another
research also demonstrated that most CD8'T cells in
TME had downregulated proliferation pathways. But two
subpopulations of CD8'T cells had a highly proliferative
and cytotoxic activity with high expression of immune
checkpoints as well.>' It would be necessary to explore
whether the proportion of these pre-exhausted cells could
be an appropriate marker for selecting patients to use
immune checkpoint blockades (ICBs). A study found
some potential novel checkpoints, such as APOBEC3G
which could regulate cytotoxic lymphocytes to adapt to
hypoxia.*’*' In TME, Tregs will suppress anti-tumor
immunity and they have been found enriched in tumor
tissue.>> Moreover, researchers found the expression of
45 genes that were related to receptors of Tregs, signaling
and enzyme activity, transcription factors, and cytokines
was upregulated in Tregs that infiltrated in colorectal can-
cer and NSCLC. Some were also demonstrated at the
protein level. And this expression pattern was consistent
in primary and metastasis lesions.*” These upregulated
molecules might be targets for immune therapy to prevent
Tregs infiltrating or repress their immunosuppression
activity. Recently, it was demonstrated that B cells also
play an important role in anti-tumor immunity.*> scRNA-
seq revealed that heterogencous B cells were enriched in
lung tumors. The proportion of different B cell subpopula-
tion was different between tumor tissue and matched nor-
mal tissue.’> Meanwhile, the function of follicular B cells
was also found to decrease in tumor.*' But the influence of
this phenomenon is unclear. Although analysis of TME of
SCLC was also intriguing, because of difficulty in sample
acquisition, related research was limited. Analyzing the
peripheral blood by SCS may be an alternative way to
indirectly indicate the immune alterations in SCLC.
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Although SCS is a powerful technique for analyzing
TME, spatial information is sacrificed during sample pre-
paration. When we are desire to obtain spatial information,
other methods should be used. Monkman et al used Digital
Spatial Profiling (DSP) system and found CD3, CD34 and
ICOS expression in tumor regions were associated with
better OS of NSCLC patients.** Zugazagoitia et al used
the same system and found CD4 and CD56 expression in
the immune compartment were positively correlated with
the efficacy of PD-1 blockade, while CD127 and VISTA
expression in the tumor compartment was negatively cor-
related with the efficacy of PD-1 blockade.*’ Liu et al used
quantitative immunofluorescence and found macrophages
were the predominant cells with PD-L1 expression in the
stromal compartment instead of CD8" or CD56" cells. PD-
L1°CD68" macrophage was positively correlated with the
outcome of PD-(L) 1 monotherapy.46 Recently, spatial
transcriptome has been developed and it has been com-
bined with SCS which dramatically improves the resolu-
tion of spatial analysis of TME of cancer.*” Combining
spatial transcriptome and SCS can give us more precise
information of individual cells at a different location in
TME of lung cancer.

Research on Lung Cancer
Treatment with SCS

Target therapy is an important and widely used treatment for
lung cancer,” but the drug resistance will be inevitable.*® SCS
can analyze molecular characteristics of individual cells
which will help explore drug resistance mechanisms and
understand the evolution during therapy. In different cell
lines, researchers found that compared to vandetanib sensi-
tive cells, resistant cells had distinct expression pattern.*’
Kim et al found that cells survived after docetaxel, phospha-
tidylinositide 3 kinase (PI3K) inhibitors or selumetinib treat-
ment were cells with low-risk score, decreased total KRAS
expression, downregulated RAS-MAPK pathway activation,
downregulated cell cycle pathway and upregulated ion chan-
nel transport. And these cells could convert to high-risk score
phenotype with the recovered signature of KRAS overex-
pression and MAKP pathway activation after withdrawing
selumetinib.?® This research demonstrated cells in tumor had
different sensitivity to therapies. The proportion of different
cell groups may be a marker for evaluating the efficacy of the
therapy for individual patient, and dynamic changes of the
proportion may predict the occurrence of resistance. The
distinct molecular phenotype might be used to infer

mechanisms of drug resistance and find combination thera-
pies. However, it was still not clear that drug-resistant cells
existed at first or were generated during the evolution of
cancer. Data obtained from an osimertinib resistant patient
suggested that MET amplification might be a reason for
osimertinib resistance, and the existence of a rare clone
with KR4S’ would be a potential reason for osimertinib
and c-MET inhibitor resistance.* It also confirmed that SCS
could be a powerful technique for detecting scarce clone. By
applying scRNA-seq on samples during different states of
target therapy, Maynard et al found that plasminogen activa-
tion pathway-related genes and some gap-junction genes
were overexpressed in samples from progressive disease.”
This indicates that these may have a relationship with resis-
tance to target therapy. To our limited knowledge, studies
using SCS in finding novel resistant mechanisms of target
therapies are still limited. As SCS has a high resolution, it
will show us a more detailed mutation profile of patients and
the evolution during therapies, which may give more basis
for combination therapies and treatment after disease pro-
gression. And with the SCS technique progressing and more
widely applying, more resistant mechanisms will be deci-
phered for precision medicine.

There are also some unsolved problems in immune
therapy and SCS has been used in the relative fields.
Yost et al found in basal or squamous cell carcinoma
patients who had used anti-PD-1 agents, expanded clones
were derived from novel clonotypes and pre-existing
exhausted T cells did not proliferate or turn to non-
exhausted phenotype.®' Miller et al found pre-exhausted
CDS'T cells exhibited as Slamf6 Tim . Compared to
terminally exhausted T cells, they had different expression
states and were maintained by different epigenetic states.
Furthermore, these were the cells that reacted to anti-PD-1
therapy.>* Slamf6, a cell surface molecule, had the poten-
tial ability to count the pre-exhausted T cells in TME and
be a biomarker for predicting patients’ response to anti-
PD-1 therapy. Other studies found memory-precursor-like
T cells instead of terminally exhausted T cells were the
target for ICB. And Tcfl would be important for main-
taining this subpopulation and impact efficacy of ICB.>*>*
In NSCLC, CXCR5"CD8'T cells with an intermediate
expression of PD-1 and TIGIT had both memory-precur-
sor features and cytotoxic potential.>> Thus, these cells
might be the target of anti-PD-1 therapy. Thommen et al
showed CDS8'T cells with highly PD-1 expression in
NSCLC had upregulated expression and secretion of che-
moattractant CXCL13 that could bind to chemokine
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receptor CXCRS to attract B cells, CD4" follicular helper
T cells which might be related to the generation of tertiary
lymphoid structures and showed a predictive value for
better response to anti-PD-1 therapy.’® Thus, considering
CDS'T as a fully dysfunctional cell simply according to
high PD-1 expression may be not precise. Another study
also demonstrated this by identifying a new subset of
tissue-resident memory T cells (Try) characterized as
high PD-1 and TIM-3 expression and cytotoxic feature
simultaneously and these Try; cells enriched in patients
who responded to PD-1 blockade.”” Changes of T cell in
peripheral blood during anti-PD-1 therapy also have been
detected through SCS. In NSCLC patients, Ki-67 PD-1-
"CDS8'T cells would increase in peripheral blood after anti-
PD-1 therapy and these cells were tumor-specific.’®
Another study suggested that a reduced abundance of
PD-1"CD4 T in peripheral blood might be a predictor of
acquired resistance to anti-PD-1 therapy.””® These studies
indicate that using SCS to investigate cellular and mole-
cular changes of immune cells in peripheral blood during
ICB treatment may also lead us to know mechanisms of
drug resistance and monitor it. Moreover, as ICBs are
administered systemically, knowing the systemic changes
of immune cells may also make us understand and monitor
the occurrence of immune-related adverse effects.

SCS for Studying Lung Cancer
Circulating Tumor Cells (CTCs)

It had been confirmed patient-derived CTCs were tumori-
genic, and tumor generated from CTCs would preserve
most morphological and genetic characteristics as primary
tumor.®® They were thought of being involved in metasta-
sis and as a potential marker for drug responses.®’*?
Pulmonary venous CTCs were also associated with dis-
ease-free survival of patients after surgery.®>** SCS also
has been applied to lung cancer CTC investigation
(Table 4) in different aspects (Figure 4).

Park et al observed heterogeneous expression of vimentin
and aldehyde dehydrogenase gene in CTCs from NSCLC
patients and EGFR mutation was also detected.”” But the
relationship between the heterogeneity and outcome of
patients had not been elucidated. In a LUAD patient, most
somatic mutations which had been related to cancer could be
detected in primary/metastasis lesion and CTCs simulta-
neously. But phosphatidylinositol 3-kinase catalytic subunit
o (PIK3CA), TP53 and RBI mutations were only found in
CTCs and liver metastatic lesion at which phenotypic

transition from LUAD to SCLC occurred.®® Moreover, 7P53
and RBI/ mutations were correlated with the generation of
SCLC.®” This result confirmed that CTCs could show the
molecular characteristics of primary and metastatic lesions
simultaneously. Phylogenetic analysis in another study sug-
gested pulmonary venous CTCs and relapse lesion were close
with each other but were distinct from the primary lesion. This
finding further demonstrated the pre-existed CTCs before
surgery was responsible for relapse.”® It also indicated we
might use CTCs to partly represent the mutational character-
istics of metastatic lesions when the sample obtained from the
metastatic lesion was difficult. Moreover, finding out muta-
tions only exist in CTCs and metastatic lesion might help us
uncover mechanisms of metastasis. CNV patterns of CTCs
were demonstrated to be reproducible and stable during treat-
ment. And CTCs’ CNV patterns were similar among patients
with the same pathological type, while would be different
among patients with different pathological types.®® The for-
mation of specific CNV patterns could be caused by intrinsic
features of different pathological types and selection pressure
in peripheral blood, but exact mechanisms remained unclear.
Further investigation could lead us to understand how specific
CNV patterns influence CTCs’ presence and survival. For
clinical application, monitoring CNV patterns of CTCs
might be a non-invasive method for detecting the pathological
transition in LUAD patients. Drug resistance research also can
be conducted in CTCs. In CTCs from crizotinib-resistant
patients, mutations in downstream or parallel pathways
which were defined as “off-target” mechanisms were detected.
While in lorlatinib-resistant patients, “on-target” mechanisms
instead of “off-target” mechanisms, such as ALKS1202R/F1147C
and ALKC2O2RTISIM 6mpound mutations, were detected in
CTCs. And some mutations even had not been detected in
bulk sequencing of single-site tumor biopsy sample.®® This
study suggested that the resistant mechanisms of different
ALK inhibitors were not the same. Through single CTCs
sequencing, we would dig out information that was missed
in bulk sequencing and find treatment targets after progression.
For detecting EGFR T790M mutation, single CTCs sequen-
cing would achieve a 70% detection rate.”” Recently, micro-
well array-based integrated platform had been established to
detect EGFR mutation rapidly at a low cost.> In an analysis
of CTCs from SCLC patients, Su et al grouped 10 CNV
locations as a classifier, and SCLC patients with a low score
would have a better outcome from etoposide plus platinum
chemotherapy. Highly reproducible CNV was also confirmed
in this study but heterogeneity was observed in some certain
regions.”' Another classifier composed of 16 CNV regions
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Table 4 Study on Lung Cancer Circulating Tumor Cells (CTCs) with SCS
Pathological | Patients CTC Enrichment CTC Amplification Analyses Reference
Type Isolation Method
LUAD | CellSearch DEPArray Amplil WGA Kit Comparing CNV and somatic [63]
mutations among primary lesion,
pulmonary venous CTCs and relapse
lesion
LUAD I CellSearch Manually MALBAC SNVs/INDELs profiling in CTCs, [66]
CNYV patterns of CTCs among
different patients and their changes
during therapy
NSCLC 17 CellSearch/ISET- DEPArray Amplil WGA Kit Detect mutations in CTCs from [68]
filtration system/ system/ crizotinib or lorlatinib resistant
RosetteSep Human LMD/ patients
CD45 Depletion FACS
Cocktail
NSCLC 35 MagSifter Nanowell RT-PCR A novel integrated nanowell platform [65]
array for CTC analysis, heterogeneity in
CTGCs, EGFR mutation in CTCs
Lung cancer Cell Micro-well array Micro- RT-PCR A novel integrated micro-well based [70]
lines/6 well array platform for EGFR mutation
patients detection
NSCLC 40 HeCTC-Chip HeCTC- Molecular Detection of EGFR mutation in CTCs [691
Chip Diagnostics
PointMan EGFR
T790M DNA
Enrichment Kit
SCLC 48 CellSearch Manually MALBAC SNVs/INDELs and CNV in CTCs, [71]
CNV pattern and patients’ outcome
of first-line chemotherapy and
evolution of CNV
SCLC 13 CellSearch DEPArray Amplil WGA Kit | CNV pattern and patients’ sensitivity [72]
system to chemotherapy

Abbreviations: CTC, circulating tumor cell; CNV, copy number variation; EGFR, epidermal growth factor receptor; FACS, fluorescence-activated cell sorting; LMD, laser
microdissection; LUAD, lung adenocarcinoma; MALBAC, multiple annealing and looping based amplification cycles; NSCLC, non-small cell lung cancer; SCLC, small cell lung
cancer; SNVs/INDELs, single nucleotide variations and insertions/deletions; WGA, whole-genome amplification.

was constructed to distinguish chemosensitive and chemore-
fractory SCLC patients.”” These data indicated that CTCs had
the potential ability to predict chemotherapy response and
monitor the sensitivity during chemotherapy in a non-invasive
approach. But we had to reduce interference from the hetero-
geneity of CTCs and large trials were indispensable.
Meanwhile, further analysis in these CNV regions might find
some precise mechanisms of drug resistance in SCLC and get
strategies to enhance the efficacy of chemotherapy. Recently,
researchers designed a workflow in which CellSearch®-
enriched CTCs could be stored in glycerol at -20°C before

isolating a single CTC and analyzing.”® Furthermore, methods
independent of surface marker to enrich CTCs were also
developed and a novel platform, Parsortix, had been demon-
strated as a system to isolate CTCs and cell-free DNA
simultaneously.”*’® These efforts will promote the application
of CTC:s in clinical as liquid biopsy.

Conclusions

SCS with unprecedented high resolution has been widely
used in lung cancer research. It is a powerful method for
heterogeneity and evolution studies. In TME analysis, this
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Figure 4 CTC has been used to detect tumor mutation, find or monitor resistant mutations and analyze the correlation between CNV pattern and clinical issues. With the
development of this technology, it may become a less invasive approach for selecting proper patients, predicting outcome and monitoring drug resistance in clinical work.

technique will give us extensive information on molecular
profiling of stromal cells which is necessary for us to
understand TME deeply, guide current therapies and
explore future therapies. As it can detect rare clones and
delineate the landscape of mutations and gene expression
in therapy-resistant cells, this technique is useful in unco-
vering mechanisms for drug resistance and finding predic-
tors for patients’ response to drugs. SCS also promotes
CTCs research and its clinical application. After further
investigation, single CTC sequencing may become a con-
venient and non-invasive approach for monitoring metas-
tasis, selecting patients for specific therapies and
monitoring drug resistance of patients in clinical work.
However, limitations do exist, such as its high cost, losing
the spatial information of cancer cells.”” Although it has
limitations, according to our current knowledge, we still
think SCS will develop and be more and more widely used
in the future instead of being replaced by current

technology.

Abbreviations

CEL-seq, cell expression by linear amplification and sequen-
cing; CyTOF, mass cytometry by time-of-flight; CNVs, copy
number variations; CTCs, circulating tumor cells; DC, den-
dritic cell; DOP-PCR, degenerative oligonucleotide PCR;
EMT, epithelial-mesenchymal transition, FACS, fluores-
cence-activated cell sorting; FFPE, formalin-fixed paraffin-
embedded; ICBs, immune checkpoint blockades; LCM, laser
capture microdissection; LUAD, lung adenocarcinoma;
LUSC, lung squamous cell carcinoma; MACS, magnetic-
activated cell sorting; MALBAC, multiple annealing and
looping based amplification cycles; MARS-seq, massively
parallel RNA single-cell sequencing; MDA, multiple

displacement amplification; MIDAS, micro-well displace-
ment amplification system; MPE, malignant pleural effusion;
NGS, next-generation sequencing; NK, natural killer;
NSCLC, non-small cell lung cancer; PDX, patient-derived
xenograft; PI3K, phosphatidylinositide 3 kinase; PIK3CA,
phosphatidylinositol 3-kinase catalytic subunit o; SCLC,
small cell lung cancer; SCS, single-cell sequencing; SNVs,
single nucleotide variations; STRT, single-cell tagged reverse
transcription; Try, tissue-resident memory T cells; Tregs,
regulatory T cells; TAMs, tumor-associated macrophages;
TILs, tumor infiltrating lymphocytes; TME, tumor microen-
vironment; TREM2, triggering receptor expressed on mye-
loid cells-2.
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