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Background: Cancer stem cells (CSCs) have been characterized to be
responsible for multidrug resistance, metastasis, recurrence, and
immunosuppressive in head and neck squamous cell carcinoma (HNSCC).
However, the diversity of CSCs remains to be investigated. In this study, we
aimed to determine the heterogeneity of CSCs and its effect on the formation
of tumor microenvironment (TME).

Methods: We depicted the landscape of HNSCC transcriptome profile by
single-cell RNA-sequencing analysis of 20 HNSCC tissues from public
databases, to reveal the Cell components, trajectory changes, signaling
network, malignancy status and functional enrichment of CSCs within tumors.

Results: Immune checkpoint molecules CD276, LILRB2, CD47 were
significantly upregulated in CSCs, enabling host antitumor response to be
weakened or damaged. Notably, naive CSCs were divided to 2 different types
of cells with different functions, exhibiting functional diversity. In addition, CSCs
underwent self-renewal and tumor metastasis activity through WNT and
ncWNT signaling. Among them, Regulon regulators (IRF1_394g, IRF7_160g,
NFKB1_12g, NFKB2_33g and STAT1_35649) were activated in subgroups 2 and 3,
suggesting their pivotal roles in the inflammatory response process in tumors.
Among all CSCs, naive CSCs appear to be the most malignant resulting in a
worse prognosis.

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.1050951/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1050951/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1050951/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1050951/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1050951/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1050951/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.1050951&domain=pdf&date_stamp=2022-11-14
mailto:yueshui.zhao@hotmail.com
mailto:28217374@qq.com
https://doi.org/10.3389/fimmu.2022.1050951
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.1050951
https://www.frontiersin.org/journals/immunology

Xiao et al.

10.3389/fimmu.2022.1050951

Conclusions: Our study reveals the major signal transduction and biological
function of CSCs during HNSCC progression, highlighting the heterogeneity of
CSCs and their underlying mechanisms in the formation of an
immunosuppressive TME. Therefore, our study about heterogeneity of CSCs
in HNSCC can bring new insights for the treatment of HNSCC.

KEYWORDS

single-cell sequencing, head and neck squamous cell carcinoma, cancer stem cell,
WNT signaling pathway, prognosis

Introduction

Squamous cell carcinoma of the head and neck (HNSCC)
developed from the epithelium of the pharynx and oral mucosa
is the sixth most common malignancy worldwide (1). The most
closely associated causative factors for HNSCC include aging,
exposure to environmental pollutants, family history, Epstein-
Barr virus (EBV)/human papillomavirus (HPV) infection, and
poor lifestyle habits, such as smoking and alcohol abuse (2).
HPV (-) is the most common type of HNSCC and results in a
worse prognostic outcome than (+) HNSCC (3). Oral cancer is
the most common form of HNSCC and most often presents as
oral squamous cell carcinoma. In addition to the above-
mentioned causes, its causative factors also include vitamin A/
E/C deficiency and dysbiosis of the oral microbiota (4).
According to epidemiological studies and surveys, the
occurrence of oral cancer in some Asia-Pacific populations is
also associated with the chewing of betel nut (5). Currently,
treatment for HNSCC includes surgical resection, radiotherapy,
chemotherapy, molecular targeted therapy and immunotherapy
(3). Immune checkpoint inhibitor (ICI) therapy is expected to be
a promising treatment for HNSCC (6). Johnson et al. have
reported the effect of pembrolizumab monotherapy in HNSCC
is no less than the combination treatment of chemotherapy with
cetuximab (3). However, the occurrence of drug resistance
greatly hinders the continued benefit of immunotherapy for
the treatment of HNSCC. In addition, several clinical studies
have clearly demonstrated that the combination of
immunotherapies targeting different immune checkpoints or
the combination of immunotherapies with molecularly
targeted drugs significantly increases the objective remission
rate of patients. However, in the long term, the prognosis for
HNSCC remains poor.

In the human body, stem cells are a kind of special cells that
can differentiate into various cells and with the ability of self-
renewal (7). However, the cancer stem cells (CSCs) are different
from common stem cells in the human body. CSCs are more
malignant, which means there is no limit to their proliferation.
CSCs is based on the theory that tumor growth is similar to
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common tissues (8). Similarly, in cancer stem cells hypothesis,
CSCs is a kind of cell supporting the growth of tumors. Some
researchers even regard cancer as a disease that takes place in stem
cells (9). CSCs promote tumor progression by contributing to
tumor survival, proliferation, metastasis, recurrence and resistance
to conventional treatment (10). For example, related studies have
shown that CSCs upregulate the immune checkpoint molecule
CD276 (B7-H3) to evade the host’s immune response (11). In
addition, studies by Huang B. et al. have shown that targeting the
Nanog and ERK1/2 signaling pathways can prevent or reverse the
CSC phenotype and epithelial-mesenchymal transition that drive
tumor progression, metastasis, and radiotherapy resistance in
patients with HNSCC (12). Interestingly, the vast majority of
studies have focused on CSCs as a whole and have not considered
the intrinsic heterogeneity of CSCs. However, it is noteworthy that
Ethan J. Kilmister et al. found, through molecular biology
techniques, that different markers show different expression
states in CSCs and confirmed the existence of three
subpopulations (13). Collectively, scant research has been
conducted to target the intrinsic heterogeneity of CSCs, and the
specific functions and roles of subpopulations of CSCs are
still unclear.

In this study, we used single-cell sequencing data to identify
CSCs specific to HNSCC. Different subpopulations of CSCs were
further explored by analyzing intercellular interactions and
functional annotation of different cell populations. The cellular
states of subpopulations of CSCs were redefined by analysis of
their transcription factors and stemness. Finally, the ability of
specific markers of CSCs to identify stemness features was
validated in the HNSCC cohort of TCGA.

Method
Data and processing
The original RNA sequencing data and related clinical

follow-up data were collected from The Cancer Genome Atlas
(TCGA). Two groups of single-cell sequencing data from the
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GEO database, including 4 pre-treatment samples (GSE195832)
and 16 samples (GSE103322), were used to construct the
HNSCC tumor microenvironment (TME) atlas. In addition, a
total of 300 HNSCC samples from the GSE65858 cohort were
enrolled for survival analysis.

Determination of cell type, clustering,
and annotation

Version 4.1.1 Seurat was used for downstream analysis.
These samples from distinct oral cavities were integrated with
CCA method to obtain a total of 33623 cells. Functions analysis
of Quality Control, Normalization, Find Variable Genes, and
PCA (first 20 principal components) were performed for further
analysis. Both FindAllMarkers function and COSG (14)
(COSine similarity-based marker Gene identification method)
were used to accurately pick out the specific marker genes of
each group. Then the marker genes were utilized to identify
each group.

Developmental trajectory inference

Version 2.22.0 monocle (15) was performed for
developmental trajectory inference. Here, Monocle selected
differentially expressed genes (DEGs) of the cell cluster to
learn the sequence of gene expression changes each cell must
undergo, thereby calculating the pseudotime. Subsequently, an
individual cell was sorted according to the proposed pseudotime
to simulate the dynamic cellular trajectory. In addition, we also
applied a novel computational framework (CytoTRACE) (16)
for predicting differentiation states (both in the cancer cell and
cancer stem cell).

Cell-cell interaction

Version 1.1.3 CellChat was used to investigate the cell-cell
communication signal (17). We picked some pathways
corresponding to our research, such as the MIF signaling
network to show the cell-cell interactions of different groups.

Enrichment analysis of gene sets

The gene sets of hallmarks involving six biological capabilities
that occurred during the development of human tumors were
included for enrichment analysis (18). There are nine kinds of
methods to score the functional set. irGSEA was a rank-based
integration framework for single-cell gene set enrichment analysis.
In this research, we chose UCell to score each group in cancer cells
to measure the expressions. Gene set variation analysis (version
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1.42.0 GSVA) was performed using DEGs of each group in CSC by
COSG function. Six gene sets associated with the CSC
differentiation timescale were also enriched for KEGG signaling
pathway and GO biological processes.

Single-cell copy-number variation
(CNV) evaluation

Two methods were applied to measure the CNV level:
copykat (v1.0.8) (18) and inferCNV (v1.10.1) (19). Copy
number karyotyping of aneuploid tumors was designed to
distinguish non-malignant cell types from malignant cells via
copykat. In inferCNV, cluster 4 (c4) was applied as the reference
to determine if there is massive chromosome copy number
variation in other cells in cancer cells.

SCENIC for assessing the regulatory
network analysis

SCENIC (Single-Cell Regulatory Network Inference and
Clustering) was a computational method for gene regulatory
network reconstruction and cell-state identification (20). The
original motif datasets were downloaded from https://resources.
aertslab.org/cistarget/ to construct co-expression networks and
computationally infer the potential regulon of each cell. Scoring
of each regulon activity of each cell using the AUCell algorithm.

Statistical analysis

The whole statistical analysis process was achieved by R
(v4.1.3) (http://www.r-project.org) language. Statistical
difference between the two groups was evaluated using the
Wilcoxon test. Kruskal-Wallis test was applied to assess
difference among three or more groups. Kaplan-Meier survival
curve was generated based on the median of stemness, and the
log-rank test was utilized to evaluate the significance of
differences. Statistical significance was defined as p < 0.05.

Results

Single-cell atlas and cell clustering of the
TME in HNSCC

Single-cell sequencing was employed to generate single-cell
profile to characterize the complexity within TME in HNSCC. A
total of 33623 cells were isolated for further analysis after quality
control. Uniform Manifold Approximation and Projection
(UMAP), a nonlinear dimensionality reduction algorithm, was
used to cluster these cells. Subsequently, specific genes expressed
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by each cell population were identified by COSG algorithm
analysis. Finally, a total of 6 cell populations were identified
according to the expression level of these marker genes
(Figure 1A). Within these cells, non-immune cells are main
components, including cancer cells (36.35%), endothelial cells
(14.52%), and fibroblasts (16.50%), while immune cells (such as
T cells (17.84%), myeloid cells (12.29%), B cell (2.50%)) only
account for 32.63% of the total cells (Figure 1B). A dot plot was
employed to visualize the results of the top 5 most significant gene
expression levels in COSG (Figure 1C). Figures 1D, E depicted the
overall cell-cell interactions of the six cell clusters within HNSCC.
Notably, fibroblasts and cancer cells presented the strongest
output and input signals, suggesting their essential role in TME.
A comparison of the communication between cancer cells and
other cells in TME elucidated that MIF-CD74/CXCR4 and MIF-
CD74/CD44 were the strongest Ligand-Receptor (LR) pairs
between cancer cells and immune cells (Figure 1F).

Identification of CSCs in HNSCC

For the purpose of identifying CSCs, data of cancer cells were
extracted separately for further dimensional reduction clustering.
Finally, a total of 13 clusters (from CO to C12) was identified
(Figure 2A). In previous studies, CD44, CD98, CD47, CD276,
EPCAM, ALDHIA1 and transcription factors including
NANOG, SOX2 and OCT4 were regarded as markers of CSCs.
CD44, CD98, CD47, and CD276 were enriched in CSCs and
promoted CSCs phenotypes maintenance (11, 21-23). High
expression of EPCAM and ALDHIAL in CSCs also enhances
invasiveness leading to poor prognosis in HNSCC patients (24—
26). Another 3 types of transcription factors constituted the core
transcriptional network and were responsible for regulating CSC
self-renewal and pluripotency (27). Violin plots were applied to
visualize the mRNA level of these CSCs markers, and the results
suggested CSCs-associated genes mainly enriched in cells of C7,
C9 and C12, but not enriched in C4 and C5, which indicating the
distribution of CSCs in TME (Figure 2B). Thereafter, the heatmap
visualized the markers of each cluster based on its gene
expressions (Figure 2C). Notably, cells of C8 subgroup were T
cell-like cancer cells and expressed specific markers of T cells, such
as CD7, CD3D, and CD3E. Similarly, fibroblast-like cancer cells
(C10) and endothelial cell-like cancer cells (C11) were identified
based on the specific expression of fibroblast markers (DCN,
COL1A2 and COL6A3) and endothelial cell markers (PCAT19,
VWEF and PLVAP). CellChat analysis of interactions among all
the cells in the TME showed little interaction between C4 and
other cells, and the cells of C5 subgroup showed similar
characteristics with C4 cells (Figures 2D, E). Notably, these 2
clusters did not express any stemness related genes and were
defined as CD44" cancer cells. In contrast, fibroblast-like cancer
cells were with most intensive signal exchange in the TME,
characterizing both extremely strong incoming signals of tumor
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cells and signals of outgoing fibroblasts (Figures 2D, E). In
addition, we identified the communication patterns of signal
output cells and signal input cells by NMF method (Figures 2F,
G). CD44 cancer cells (C4, C5), CSCs (C7, C9, and C12) and other
CD44" cancer cells (C0, C1, C2, C3, C6, C8, C10, and C11)
presented different signaling communication patterns in TME,
demonstrating intra-tumor heterogeneity.

Complex cell-cell interaction between
the CSCs and other cells in the TME

After identifying the clusters of CSCs from cancer cells, we
further investigated the mechanisms of interactions between
CSCs and other cells in the TME. The bubble plot displayed
the LR pairs of CSCs interaction with other cells in TME,
indicating that the effect of CSC on tumor cells was much
stronger than other stromal cells (Figure 3A). In the LR pairs
between CSCs with other cells in cancer cells, LAMININ and
COLLAGEN signaling networks showed strongest interactions.
Canonical WNT signaling in CSCs worked in an autocrine way
(Figure 3B), promoting the maintenance of stemness via
affecting the proliferation and differentiation capacity of CSCs
(28, 29). CSCs, in concert with C10, were involved in non-
canonical WNT signaling cascades in CD44" cancer cells,
endothelial cells and fibroblasts (Figure 3C). Macrophage
migration inhibitory factor (MIF) signaling network, as the
strongest signal from CSCs, which was mutually interacted by
different LR pairs, mediated the cell-cell interaction between
tumor cells and immune cells. However, There was no
significant difference in the capacity of emitting signals
between CSCs and other CD44" cancer cells (Figure 3D). An
analogous phenomenon was observed in the major
histocompatibility complex (MHC) II signaling network
(Figure 3E). It was reported that MHC class I and class II
molecules regulate NK cell and T cell functions via binding to
receptors LILRB2 and CD4 (30, 31). In this study, our results
also suggested CSCs affected myeloid cells through the above
receptor ligands (Figures 3E, F). The interactions between
Myeloid cells, endothelial cells, CD44 cells (except CSCs) and
cells of C10 and C11 subgroup might associated with drug
resistance in HNSCC (32) (Supplementary Figure 1A). In
addition, CSCs, C10 cells and endothelial cells could work as
effector cells to promote tumor progression via VEGF signaling
pathway (Supplementary Figure 1B).

Complex heterogeneity within
tumor cells

We further investigated the biological functions of different

clusters by the irGSEA-UCell algorithm. Downregulation of
tumor-associated signaling pathways were observed in C4 and
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Overview of cellular heterogeneity of integrated single-cell expression profiling in HNSCC. (A) UMAP plot of 33623 cells in HNSCC. (B) Pie chart
of the proportion of 6 types of cells in HNSCC. (C) Bubble plot of the top five highest expressed genes within 6 types of cells in HNSCC. The
size of bubble represents the percentage of gene expression in the relevant cell types. (D) Weights/Strength of cell-cell interaction between
different types of cells within HNSCC. (E) Output/input interaction strength of different types of cells within HNSCC. (F) Ligand-Receptor pairs
between cancer cells and other cells in TME.
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FIGURE 2

Landscape of characteristics of different clusters in cancer cells characterized by single-cell transcriptomic sequencing. (A) UMAP plot of 11858
cells in subgroup of cancer cells. (B) Violin plots of gene expression patterns of 13 cluster of cells types in subgroup of cancer cells.

(C) Heatmap of the top three highest genes within 13 clusters of cancer cells. (D) Output/input interaction strength of different clusters of
cancer cells and other types of cells in TME. (E) Weights/Strength of cell-cell interaction between different cell clusters of cancer cells.

(F) Outgoing communication patterns of secreting cells. (G) Incoming communication patterns of secreting cells. Bubble size represents the

strength of the signal.
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C5 clusters and indicated they were non-malignant cell clusters
(Figure 4A). In our results, CSCs highly expressed tumor
stemness marker genes, SOX2 and NANOG, ZNF and ZBTB
families. It has been reported ZNF and ZBTB families were
extensively involved in cancer development and cell
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differentiation (33, 34). The substantial activation of ZNF and
ZBTB families indicated their potential role in resulting in

heterogeneity of tumors (Figure 4B). C4 cell clusters were

described as non-malignant epithelial cells because of the

downregulated cancer-related pathways, low levels of signaling
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communication and negative expression of CSCs markers. In
this study, C4 was used as control to computational infer CNV
status of cells in different clusters by inferCNV analysis. Similar
CNV scores was obtained in C5, indicating cells of C5 are benign
tumor cell populations. Strikingly, in inferCNV analysis, CSCs
were characterized by its unique CNV amplification/deletion in
different chromosomes compared with other tumor cells
(Figure 4C). CopyKat analysis was performed to reveal the
degree of malignancy of the different subpopulations of tumor
cells. Our results indicated cells of C0, C1, C3 and C7 were
densely enriched with malignant cells, and C7 was the densest
region (Figure 4D). CytoTRACE was employed to estimate the
differentiation potential within tumor cells and the results were
mapped to the UMAP plot (Figures 4E, F). Cells of C7 and C9 of
subsets exhibited strongest differentiation capacity, hinting that
CSCs may be a determinant of intra-tumor heterogeneity (35).

Functional diversity of CSCs at different
differentiation stages

The uneven distribution of stemness markers, malignant
markers, and CSCs markers in C7, C9, and C12 subpopulations
indicated the heterogeneity of CSCs. Next, we focused on
heterogeneity of CSCs. Seven cell clusters (subgroup0 -
subgroup6, respectively) were generated based on the differential
expression patterns of CSCs (Figure 5A). Pie charts and dot plots
were employed to visualize the cell proportions and marker genes
for each subpopulation of CSCs (Figures 5B, C). Then, pseudotime
trajectory analysis were performed to sort each subgroup of CSCs
along trajectories according to their expression and transition
profiles. Subgroup0, 1 and 4 cells were at the beginning of the
motor trajectory and could differentiation to Subgroup2/3 cells or
Subgroup5/6 cells (Figure 5D). With the development of temporal
trajectory, these sets of pseudotime-related genes at different
developmental stages were divided into six groups involved in
different KEGG pathways and GO biological processes
(Figure 5E). Differentially expressed genes from different subsets
were enriched in different signaling pathways which varied with the
type of CSCs, showing significant phenotypic diversity (Figure 5F).
Subgroup2/3 showed upregulation of inflammation-related
pathways (Interferon-alpha and gamma response). In terms of
interaction between different subgroup of CSCs, we found that
sub0 and sub3 were the most active communicators in CSCs and
send/receive the most signals, while subgroup5 was the least active
communicator (Figures 5G, H). Especially, subgroup5 and 6
affected subgroups 0, 1, and 4 via WNT signaling pathway, while
sub3 was not involved in cellular communication of ncWNT
signaling network (Figures 5I, J).
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Naive CSCs are associated with a worse
prognosis and clinicopathological
progression in HNSCC patients

In this study, transcription factor (TF) networks of CSCs
varied with the heterogeneity of subgroups of CSCs
(Figure 6A). The activity of regulons was scored with
AUCell. SOX2, KLF4, NANOG, and OCT4 are notorious for
their specific expression in CSCs of HNSCC, which promoted
stemness and tumor progression and lead to poor prognosis
(12, 36, 37). Notably, these regulons differed considerably in
transcriptional activity, because of the heterogeneity of CSCs
(Figure 6B). Activation of Regulons (IRF1_394g, IRF7_160g,
NFKB1_12g, NFKB2_33g and STAT1_356g) in subgroups 2
and 3 demonstrated a strong pro-inflammatory feature. The
expression profile of CSCs using the copykat algorithm was
employed to infer the genomic copy number distribution of
individual cells thereby identifying naive CSCs (subgroup 0,1
and 4) as the most malignant cell population (Figure 6C).
Interestingly, regulon SOX2 and KLF4 are enriched in
malignant/non-malignant respectively, suggesting that they
may be a potential indicator for the identification of
malignant cells within CSCs. The CytoTRACE scores
of different populations within CSCs revealed the diversity of
their differentiation capability (Figure 6D). Naive CSCs had
strongest differentiation potential, while subgroup5 and 6 cell
populations showed lower. Combined application of
CYTOTRACE and trajectory analysis revealed that the
divergence between subgroup 2 and subgroup 3 ultimately
exhibited an inflammation-related phenotype. Among the top
20 most positively correlated features of CytoTRACE, EPCAM
was the most positively related factor (Figure 6E). The
CytoTRACE score was mapped to the feature plot, and we
observed an apparent enrichment of EPCAM with a trend of
stemness consistent in naive CSCs (Figure 6F). We used the top
20 features which most associated with CytoTRACE as the set
of tumor stemness signature genes in the TCGA cohort and
calculated the tumor stemness score for each sample by GSVA.
The UMAP plot also revealed enrichment of tumor stemness
signals, mainly in naive CSCs (Figure 6G). So here, the
stemness phenotype clearly reflects the presence of authentic
CSCs in the tumor tissue. Higher tumor stemness scores were
significantly associated with poorer overall survival, Grade
grading, and Stage staging and were higher in men
(Figures 6H-K), suggesting that the abundance of CSCs in
HNSCC patients has meaningful effect on clinicopathological
stages/grades and prognosis. Meanwhile, an external dataset
was deployed to validate the survival analysis, which was
consistent with our outcome (Supplementary Figure 1C).

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1050951
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xiao et al.

10.3389/fimmu.2022.1050951

Hedddidigdd

i

FHEP
g

dfsiddddinddiging

s

i

bl
PR, FrPEPREREE

R

i
i aidgagi s

i edgdgidinging

il
i

P Value

1.56+07
——|

Count

56406

=

07 112
Modified Expression

Predicted ordering by CytoTRACE

FIGURE 4

giiiliig
isdidii o

deAiRiE ddigid

PO

S

B
Eiii

e

* <0.05
** <0.01
***<0.001
****< 0.0001

St
i

i

i

g

ddddunddi
fillee
zti‘ﬁiﬁl

i
"

i
e

i

igd
it

i
i
§ disnd

i

B
i

i
i

iEdd Addiddndidd
i ddnd

UCell

i
i

:-5 B

c0 c1c10c11 c12c2 c3c4 c5 c6 ¢7 c8 c9

W " pe

Direction M down M up

Z_
N
341
gm
‘f‘)>
Q0
(]
=
>$
=2
—
o

[9) IGNALING
HEDGEHOG-SIGNALING
RESPONSE-DN
WNT-BETA-CATENIN-SIGNALING
EIL’\%EACID METABOLISM

El METAB( M
ESTROGEN- RESPDNSE EARLY
KRAS—SIG NG-DI
OMPLEMENT
“x* TNFA-SIGNALING-VIA-NI
EPITHEL]
NTERFERON-ALPHA-RESPON:
LLOGRAFT-REJECTION
INTERFERON-GAMMA-RESPONSE

UV-RESPONSE~-UP
INFLAMMATORY-RESPONSE
L6-JAK-STAT3-! SIGNALING
ANDROGEN-RESP!

APICAL- JUNCTION
COAGULATION

POINT
E2F-TARGETS
MITOTIC~SPINDLE
REACTIVE-OXYGEN-SPECIES-PATHWAY
BETA-CELLS
PI3BK-AKT-MTOR-SIGNALING

OXIDATIVE-PHOSPHORYLATION
GLYCOLYSIS

ADIPOGENE!
*#x UNFOLDED-| PROTEIN RESPONSE
[} MTORC1 SIGNAL!
iy D| PAIR
| A Y-ACID-| METABOLISM

MYC-T
-] PROTEIN SECRETION

iiliiiig
il L

1%}

0

M.

i

25T
2.

M=

ONO:

(o)

ot

Z

m

@

w

CHOLESTEROL-| HOMEOSTASIS
*#i*  ESTROGEN-RES
*# XENOBIOTIC-| METABOLISM

no significant

[ significant

Preliminary infercnv

References (Cells)

woct
woc2

c9
c8

Observations (Cells)

Genomic Region
“ c3 mc6 mcO =

c12 m c10

c7

FKB
|IAL-MESENCHYMAL - TRANSITION

e F«;ﬂ\ﬁ'ﬁ Nl e ,*HTP\ H:m ,—I;E\L

v eatg)

veLz (1029)

TFOP1 (179)

PoLEs (3319)

AF (160)
RUNX3 (230)
RORA (160)
TCF7 (1140)
NFATCZ (205)

PURA (550)

e 21g)

EF2A (119)

U2 (129)

NFIC (229)

Foxe2 (10g)

11

TWiST1 (208)

7F (407g)

s0x0 (149)

NFKB2 (399)

NR2rs (760)

o1 238

KzF2 (529)

TFF3 (160)

A (256)

=i -
=in |

EOX1 (139)

Foxoa (a42g) '

EHF (7009)

v s

TAGLNZ (3850)

PRNP (177g)

soxe 2380)

REXS (37)

ZNFs64 (330)

sox2 90g)

ARGPX (210)

cRx (sdg)

HIVERS (169)

NFE2L2 (1649)

26783 (1405)

Z67845 (129)

00IT3 (149)

ZNF483 (519)

NG (169)

NANOG (159)

BOL11A (109)

RA021 (379)

NEYB (1869)

-

272 (2450)

THAP1 (120)

SMADS (850)

2NF700 (139)

TEF (100)

1RE3 (110)

274 (1268

creP2 (1)

TCF3 (43g)

TAF1 (189)

Herct (s4)

ELK1 (1160)

UMAP_A

Heterogeneity in HNSCC. (A) Heatmap of cancer related signaling pathways enriched in different types of cell clusters (Hallmark gene set).

(B) Heatmap of expressions of different transcription factors in cells of HNSCC. (C) Heatmap of the visualized inferCNV analysis. (D) UMAP plot
of distribution of non-malignant cells in cancer cells. (E) Box plots of stemness among all the clusters in cancer cells. (F) UMAP plots of intensity
of stemness in cancer cells. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

0Lo
L2

@ malignant cells
© non-malignant cells
@ not.defined

CytoTRACE

Predicted

rder
1.0 (Less dif)
0.

0.0 (More diff)

Frontiers in Immunology

09

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1050951
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xiao et al. 10.3389/fimmu.2022.1050951

A B c SULT2B14® ¢ =« « & +
4 RHCG{® + + + « « «
:2 (n=35, 4.53%) aks{@e - -0« -« "E;go"
\ poxpa{+ ¢ - -0 .- I:
FocSP{ - - @ - - . - :
wso{- - B e
st00a8{- + @+ . -
%cxcr.n c i e@ e
" swoas{: @+ - Porcent
- 3 gt
o~ k o
| cods s o wi@ s ®
% .J:-.: oms2e e o el
= A i e o 3
D ’ KRT7 .
UMAP 1 meafe e 0. .0m
- SESPISS
D E

leceidda

KEGG pathway

tan

group2

groupl |

groups

FIGURE 5

Landscape of characteristics of CSCs characterized by single-cell transcriptomic sequencing. (A) UMAP plot of 773 cells in CSCs. (B) Pie chart of
the proportion of 7 types of cells in CSCs. (C) Bubble plot of the highest expressed genes within 7 types of cells in CSCs. The size of the dot
represents the percentage of gene expression in the cell. (D) Pseudotime ordering of CSCs. The graph on the left is labeled with developmental
time, while the graph on the right is labeled with cell state. (E) Plot of clustering of DEGs identified by the pseudo-temporal progression in
CSCs. (F) Heatmap of 50 cancer-related pathways in 7 CSCs subsets using GSVA. (G) Weights/Strength of cell-cell interaction within 7 CSCs
subsets. (H) Strength of output/input interaction in different CSCs subsets. (1) Plot of cells which interacted via WNT signaling pathways in CSCs.
(J) Plot of cells which interacted via ncWNT signaling pathways in CSCs.

Frontiers in Immunology 10 frontiersin.org


https://doi.org/10.3389/fimmu.2022.1050951
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xiao et al. 10.3389/fimmu.2022.1050951

A B Cc
HoACH 139 5
POURSA. 57385 G;gi"’ SOX2_extended_10g
7 oy
L = e
—] L4 2 @ malignant cells
ul e 03 © non-malignant cells
Q' @ 02 @ not.defined
— H N e
00

%—'T_LH_MW
I
I

i-z
L

00

03 N
02 o
01 ‘E’:

=

@ NANOG_33g

o5 D
%4 0.100
% s a 0075 "
= o 0.050
1 g 0.025 §
& 0.000
3 g
UMAP_1 z
— 2
; ¢ i = @
5 % 016 g o
0“ % & 3 0.12 Q S a N “© © >
8,329 o 0.08
e e 249 o 004 Cell phenotypes
POLER wanie 800 < @ 000
SALL2 18g. =]
| ZNF133_extended_23g
SIS FS S S umap_1
E F CytoTRACE G
———————
EPCAM Pradced o
PGD . 5 Hnuie stemness signaling
CES1P1 - o
o 9 .
74 EEEER & L.
IDH1- : .; =
G6PDf= — §-2s 3
MDH1 .
© UCHL1 50 ‘
S ALCAM
(M GSTA1 -5 0 5 10
EPS8 Component1
MSH2 EPCAM  eoresson
SF3B1 b
OSGIN1 b 18 ~
PTDSS1 - ] o
TXNRD1 ” . <
TMEMS & =
THOC3 - | . D
ADH7 -
UGT1A6 T T T — R -50 UMAP_1
00 02 04 06 08
Correlation with CytoTRACE T oot
H 1 J K
stemness w= >-0.15(250) == <-0.15(250) 084 08¢ 08:
1.00 p =0.04
& 0 0% 0% 04
H 0.75 g g g
3 = c {4
8 £ £ £
8050 9 oo 9 oo B oo
E 123 1z 1z}
g 0.25
» Hazard Ratio = 1. - 204 .
95% CI: 1.01 - 1.72 4
0.
0 2000 4000 6000
Days

VAE FENALE
gender

FIGURE 6

Transcription factor identification and stemness assessment in CSCs. (A) Heatmap of expression of transcription factors in different subsets of
CSCs. (B) UMAP plot of distribution of SOX2, KLF4, NANOG, OCT4 (POUSF) in different subsets of CSCs. (C) UMAP plot of distribution of
malignant cells and non-malignant cells in CSCs. (D) Box plots of stemness. (E) Top 20 genes which are positive correlation with CytoTRACE.
(F) UMAP plot of intensity of stemness in different subsets of CSCs. (G) UMAP plot of distribution of stemness signals in cancer cells. (H) Plot of
Kaplan-Meier survival analysis. (I-K) Box plot of analysis of the differences in stemness levels between different clinical parameters.

Frontiers in Immunology 11 frontiersin.org


https://doi.org/10.3389/fimmu.2022.1050951
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xiao et al.

Discussion

CSCs are stem cell-like cells with self-renewal and
multidirectional differentiation potential embedded in tumor
tissue (35). CSCs are commonly accompanied with a high
degree of immunosuppression, tumor recurrence, and
metastases, resulting in becoming refractory tumors (38, 39).
Therefore, eliminating CSCs is expected to be a new therapeutic
target for the treatment of hyper-resistant cancers. So far, the
understanding of the specific mechanism of CSCs in HNSCC
still remains limited. Here, we used scRNA-seq to integrate
multiple HNSCC patient data to generate single-cell
transcriptome profiles and identified cancer stem cells. Our
provide insights into the typing, biological characteristics, and
regulatory signaling networks of CSCs in HNSCC.

In this study, we distinguished cancer cells from HNSCC
tissues and isolated 13 subgroups. To better identify CSCs of
HNSCC, a violin plot was employed to visualize the results of
some markers” expression of CSCs across different cell clusters
(Figure 2B). The varied enrichment of OCT4 (POU5F1), SOX2,
and NANOG in different types of cancer cells demonstrated the
diversity of CSCs localization. C7, C9, and C12 exhibited similar
incoming/outgoing cellular signaling in HNSCC tumor cells and
expressed specific markers of CSCs, further confirmed the
presence of CSCs. In general, CD44 is regarded as a non-
negligible marker to identify CSCs in several cancer types,
such as breast cancer and colorectal cancer (40, 41). However,
OCT4, SOX2, and NANOG are obviously more suitable for the
identification of CSCs in HNSCC (42). In our results, immune
checkpoint molecules CD276, CD47 and LILRB2 were
significantly up-regulated in CSCs. Previous studies have
reported the upregulation of CD276 in tumor plays essential
roles in tumorigenesis (11). Likewise, the highly abundance of
CD47 enriched in CSCs enables CSCs to reduce NK cell- and
myeloid-mediated cytotoxic activity ultimately and results in
immune escaping (43, 44). The HLA-G-LILRB2 axis also has
been identified to participate in the communication between
CSCs and myeloid cells (Figure 3F), suggesting that CSCs may be
involve in immune escape-related signaling via promoting the
maturation and differentiation of different types of myeloid cells
(45). In conclusion, CSCs successfully evade elimination from
immune cells by up-regulating some immune checkpoints to
form an immunosuppressive environment.

Unexpectedly, the C8 population of cancer cells expressed T-
cell markers (CD3D, CD3E, CD7), which is recognized as a dual
identity of T cells and tumor cells involved in the role of the
TME. For instance, MIF signal is the strongest signal for CSCs to
communicate with other cells in TME, and C8 displayed
characteristics of immune cells and cancer cells in tumor by
expressing different receptors (Figure 3A). Previous studies have
found that T cell subsets are highly enriched for malignant
epithelial markers leading perturbation of T cell function via
cell-cell signaling (46). In this study, the origination of C8
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subgroup and whether it affects T cell and tumor cell function
remain to be investigated.

The inferred CNAs analysis revealed great genomic alterations
in CSCs in HNSCC, unlike other tumor cells, including gain of
chromosomes 2, 3, 12 and loss of chromosome 11(Figure 4C).
Meantime, a large amount of malignant cells are computationally
inferred to be present in CSCs, illustrating the extremely genomic
instability of CSCs (Figure 4D). CSCs were divided into 7
subgroups to further unveil the heterogeneity within CSCs.
Intriguingly, inflammation-related factors SI00A8, S100A9 are
highly expressed in subgroup3 of CSCs. Further GSVA analysis
suggested the signaling pathways varies with the type of CSCs in
tumors, showing significant functional diversity of CSCs
(Figure 5F). For example, subgroup 2 and 3 both exhibited
inflammation-related signals (Interferon alpha/gamma
response). In the crosstalk of IRF, NFKB and JAK/STAT
pathways, HBV invasion in HNSCC is highly likely to be a
decisive factor in the induction of naive CSCs into
inflammation-associated CSCs. Low stemness CSCs (subgroups
5 and 6) could promote the proliferation or differentiation high
stemness CSCs (subgroups 0, 2 and 4) through WNT signaling
pathway, elucidating a monumental way for CSCs to maintain
high stemness (29). In addition, CSCs also participate in cell
directed migration of CD44 cells, endothelial cells, and fibroblasts
via ncWNT signaling pathway, ultimately leading to the
formation of the metastatic microenvironment (29).

Conclusion

In this study, we delineated a comprehensive single-cell
transcriptomic atlas of CSCs in the TME of HNSCC for the
first time. Our results revealed the heterogeneity of CSCs in
HNSCC and elucidated the important roles of CSCs in the
formation of immunosuppressive TME. This study also
investigated the functions of different types of CSCs and the
complex regulatory networks between CSCs and other tumor
cells. Our study about heterogeneity of CSCs in HNSCC can
bring new insights for the treatment of HNSCC.
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