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ABSTRACT

Background The incidence of papillary thyroid cancer
(PTC) continues to rise all over the world, 10-15% of the
patients have a poor prognosis. Although immunotherapy
has been applied in clinical practice, its therapeutic
efficacy remains far from satisfactory, necessitating further
investigation of the mechanism of PTC immune remodeling
and exploration of novel treatment targets.

Methods This study conducted a single-cell RNA
sequencing (ScCRNA-seq) analysis using 18 surgical tissue
specimens procured from 14 patients diagnosed with
adjacent tissues, non-progressive PTC or progressive

PTC. Key findings were authenticated through spatial
transcriptomics RNA sequencing, immunohistochemistry,
multiplex immunohistochemistry, and an independent bulk
RNA-seq data set containing 502 samples.

Results A total of 151,238 individual cells derived from

18 adjacent tissues, non-progressive PTC and progressive
PTC specimens underwent scRNA-seq analysis. We found
that progressive PTC exhibits the following characteristics:

a significant decrease in overall immune cells, enhanced
immune evasion of tumor cells, and disrupted antigen
presentation function. Moreover, we identified a
subpopulation of lysosomal associated membrane protein

3 (LAMP3*) dendritic cells (DCs) exhibiting heightened
infiltration in progressive PTC and associated with advanced
T stage and poor prognosis of PTC. LAMP3* DCs promote
CD8* T cells exhaustion (mediated by NECTIN2-TIGIT)

and increase infiltration abundance of regulatory T cells
(mediated by chemokine (C-C motif) ligand 17 (CCL17)-
chemokine (C-C motif) receptor 4 (CCR4)) establishing an
immune-suppressive microenvironment. Ultimately, we
unveiled that progressive PTC tumor cells facilitate the
retention of LAMP3* DCs within the tumor microenvironment
through NECTIN3-NECTIN2 interactions, thereby rendering
tumor cells more susceptible to immune evasion.
Conclusion Our findings expound valuable insights into
the role of the interaction between LAMP3* DCs and T-cell
subpopulations and offer new and effective ideas and
strategies for immunotherapy in patients with progressive
PTC.

INTRODUCTION
The incidence of papillary thyroid
cancer (PTC), the most common type of

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Although immunotherapy has been applied in clin-
ical practice, its therapeutic efficacy remains far
from satisfactory, necessitating further investigation
of the mechanism of papillary thyroid cancer (PTC)
immune remodeling and exploration of novel treat-
ment targets.

WHAT THIS STUDY ADDS

= The present results revealed the dynamic nature of
the immune microenvironment in the PTC during
disease progression from non-progressive PTC to
progressive PTC and the specific mechanism by
which lysosomal associated membrane protein 3
(LAMP3+) dendritic cells (DCs) mediate immune
evasion during PTC clinical progression.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our findings expound valuable insights into the role
of the interaction between LAMP3+DCsand T-cell
subpopulations and offer new and effective ideas
and strategies for immunotherapy in patients with
progressive PTC.

differentiated thyroid cancer (DTC), has
increased since the early 1980s, becoming
the fastest-growing cancer in most countries,
with an increase in incidence of ~5% annu-
ally in the USA."® Most PTCs present an indo-
lent clinical course and can be cured using
standard therapeutic strategies, including
surgery, radioactive iodine, and thyroid stim-
ulating hormone suppression.” However,
10-15% of PTC cases cannot be cured by stan-
dard therapy alone and show metastases to
distant sites. Patients exhibiting these aggres-
sive forms show a 5-year survival rate of less
than 50%." Several scientific advancements
have facilitated the elucidation of molecular
pathways, such as mitogen-activated protein
kinase (MAPK) signaling in thyroid cancer.”
Multiple kinase inhibitor drugs targeting the
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MAPK pathway have shown some clinical benefits but
improvements in overall survival remain controversial.’
Recent efforts and advances in translational research
suggest several strategies for immunomodulation in
thyroid cancer to restore the functional ability of different
immune cells to target neoplastic cells. It includes inhib-
iting the recruitment of tumor-associated macrophages,’
identifying tumor-specific antigens to produce tumor
vaccines,” and blocking and inhibiting immune check-
points.” However, due to the small number of subjects
and high incidence of side effects after administration,
immunotherapy for thyroid cancer has tremendous scope
for improvement in terms of efficacy."’!! Novel immuno-
therapy approaches must be explored for the treatment
of progressive thyroid cancers.

The tumor microenvironment (TME) is complex and
important in the development, progression, metastasis,
and drug resistance of tumors. TME is a key mediator
for therapeutic resistance and tumor progression.'* For
example, Severson e/ al found that PD-1" Tim-3" CD8"
T lymphocytes exhibited varied degrees of functional
exhaustion in patients with regionally metastatic DTC."
Zhao et al found that M2 polarization of macrophages
could induce the formation of a premetastatic niche and
promote metastasis of colorectal cancer cells by secreting
CXCL13." Multiple cell types collectively form an immu-
nosuppressive TME, promoting tumor immune evasion
and reducing the efficacy of single-targeted therapy and
immunotherapy. Considering the complexity of the TME,
single-cell RNA sequencing (scRNA-seq) analysis, with
comprehensive transcriptomics profiling at single-cell
resolution and an unbiased catalog of cellular diversity,
is a promising tool to extensively investigate the immune
heterogeneity in the TME.

As the most potent antigen-presenting cells, dendritic
cells (DGCs) enhance their antigen-presenting effect on
tumor cells and the activation of effector T cells. However,
in recent years, the carcinogenesis of DCs has been
discussed and verified using scRNA-seq analysis. Zhang et
al showed that lysosomal associated membrane protein 3
(LAMP3") () DCs in tumors metastasizing to the lymph
nodes may be likely to recruit and activate regulatory T
cells (Tregs) to enhance immunosuppression.'” Peng et al
found that enrichment of M2-polarized macrophages and
LAMP3+DCs conferred enhanced immune suppression
in recurrent nasopharyngeal carcinoma.'® However, the
role of LAMP3" DCs in immune evasion and progression
to advanced PTC is not clear.

This study attempted to investigate the genetic changes
occurring during the progression of PTC at the single-
cell level using scRNA-seq analysis of 4 para-carcinoma
tissues, 4 non-progressive PTC cases and 10 progressive
PTC cases. Cases of progressive PTC exhibited immune
evasion and identified a cluster of LAMP3" DCs involved
in immune tolerance. These LAMP3" DCs played a dual
role. On the one hand, they attracted CD8" T cells and
induced CD8" T-cell exhaustion through several ligand-
receptor interactions such as NECTIN2-TIGIT; on the

other hand, they recruited Treg cells into tumor foci
through multiple chemotactic factors such as chemokine
(C-C motif) ligand 17 (CCL17)-chemokine (C-C motif)
receptor 4 (CCR4) signaling and promoted immune
evasion in PTC, ultimately leading to clinical progression.
Our findings elucidated the potential mechanisms of
immune evasion in PTC and provided a theoretical basis
for further studies.

METHODS

Human specimens

14 patients who underwent surgery at the First Hospital
of China Medical University were enrolled in our study. A
total of 18 fresh surgical specimens were sequenced and
incorporated in subsequent analyses. Four of these speci-
mens were non-progressive PTCs with a follow-up period
exceeding 5 years, during which no clinical progression
was observed. 10 specimens were PTCs that exhibited clin-
ical progression, including tumor enlargement (N=9),
lymph node metastasis (LNM) (N=10), extrathyroidal
extension (ETE) (N=6) or distant metastasis (N=3). The
remaining four specimens are adjacent tissues from one
case of non-progressive PTC and three cases of progres-
sive PTC, respectively. Spatial transcriptomics sequencing
was performed using paraffin sections of 2 patient tumors
from 14 patients (a non-progressive PTC vs a progressive
PTC). Two experienced pathologists carefully reviewed
the H&E-stained sections of each sample to confirm
the pathology. Online supplemental table S1 provides a
summary of the clinical information, including demo-
graphics, tumor clinicopathologic characteristics, and
treatment history.

Tissue dissociation and preparation of single-cell suspensions
Fresh tissue samples were excised and subjected to two
washes with 1x phosphate-buffered saline (PBS). Subse-
quently, the tissue was transferred to a sterile RNase-free
culture dish on ice, which contained the appropriate
amount of calcium-free and magnesium-free 1x PBS. The
tissue was then transferred to a culture dish and cut into
pieces measuring 0.5 mm?. Subsequently, it was washed
with Ix PBS while ensuring the careful removal of any
non-essential tissues, such as blood stains and fatty layers.

The tissues were dissociated into individual cells by
treating them with a dissociation solution composed of
0.2% collagenase II, 2mg/mL papain, and 120 units/mL
DNase I. The mixture was then incubated in a water bath
set at 37°C with gentle shaking for 20 min at 100 rpm. The
digestion process was stopped by adding 1x PBS containing
10% fetal bovine serum (V/V) and gently pipetting the
solution 5-10 times using a Pasteur pipette. The resulting
cell suspension was filtered using a 70-30 pm stacked cell
strainer and then centrifuged at 300g for 5min at 4°C.
The obtained cell pellet was then resuspended in 100 pL
of 1x PBS containing 0.04% bovine serum albumin (BSA)
and mixed with 1mL of 1x red blood cell lysis buffer
(MACS 130-094-183, 10x). The mixture was incubated
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at room temperature or on ice for 2-10min to facilitate
lysis of any remaining red blood cells. Following incuba-
tion, the suspension was centrifuged at 300 g for 5min at
room temperature. The resulting suspension was then
mixed with 100pL of Dead Cell Removal MicroBeads
(MACS 130-090-101) and dead cells were removed using
the Miltenyi Dead Cell Removal Kit (MACS 130-090-101).
The suspension was subsequently resuspended in 1x PBS
containing 0.04% BSA and repeated centrifugations
at 300g for 3min at 4°C were performed (twice). The
resulting cell pellet was resuspended in 50 pL of 1x PBS
containing 0.04% BSA. The viability of cells, required to
be above 85%, was confirmed using trypan blue exclu-
sion, and the single-cell suspensions were counted with a
Countess II Automated Cell Counter. The concentration
was then adjusted to a range of 700-1,200 cells/pL.

Single-cell RNA-seq and reads processing

Individual cells in single-cell suspensions were captured by
loading them onto the 10x Chromium system, following
the manufacturer’s instructions for the 10x Genomics
Chromium Single-Cell 3’ kit (V.3). Following standard
protocols, the subsequent steps involved amplifying the
complementary DNA (cDNA) and constructing libraries.
LC-Bio Technology performed paired-end sequencing
(150 nt) on Illumina NovaSeq 6000 Systems to sequence
the libraries, which contained the single-cell data. The
Cell Ranger toolkit (V.3.1) was used to generate gene-
barcode matrices. Using the droplet-based sequencing
data, this toolkit aligned the data to the Genome Refer-
ence Consortium human genome assembly build 38
human reference genome and counted the unique
molecular identifiers (UMIs) for each cell.

Quality control and batch effect correction of sScRNA-seq data
For quality control procedures and downstream bioin-
formatic analyses, we primarily used the “Seurat” R
package (V.4.2.0). Initially, we filtered out cells with low
quality based on specific criteria. Cells with less than
2,001 UMIs, more than 6,000 or less than 201 expressed
genes, or with more than 10% UMIs derived from the
mitochondrial genome were excluded. We employed the
“DoubletFinder” package (V.2.4) with default settings to
identify and remove potential doublets. After completing
the quality control procedures, we performed a series
of preprocessing techniques for downstream analysis.
We applied global-scaling normalization using the “Log-
Normalize” method, which normalized the feature expres-
sion for each cell based on total expression and scaled
it by a default factor of 10,000. The resulting expression
values were then log-transformed using the “Normalize-
Data()” function in Seurat. Subsequently, we merged the
normalized expression profiles from all samples using the
“merge()” function in R V.4.1.3. The “harmony” package
(V.0.1.0) addressed batch effects. Batch effect correc-
tion was performed using the top 5,000 highly variable
genes (HVGs) identified by the FindVariableFeatures()
function from the merged data set. Finally, we obtained

scaled and batch effect-corrected expression profiles of
all samples for downstream analyses.

Unsupervised clustering and dimensional reduction

After performing batch effect correction, we computed
the top principal components (PCs) using the gene
expression profiles of the top 5,000 HVGs. To determine
the optimal number of PCs for further analysis, we used
the PCElbowPlot() function in Seurat as recommended
in V.4.2.0. For cell clustering, we applied the FindNeigh-
bors() and FindClusters() functions in Seurat. To obtain
appropriate visualizations, we used the RunTSNE() and
RunUMAP() functions. We defined cell identities within
each cluster based on the expression of known marker
genes, and assigned the cell identity of each cluster based
on the expression of established marker genes. In the
first round of “low-resolution” clustering, we identified
myeloid cells (CSFIR, FCERIG, LYZ), T and NK cells
(CD3D, IL-7R, NKG7), B cells/plasma cells (CD79A,
MS4A1l, IGKC, JCHAIN), progenitor cells (MKI67,
STMNT1), thyroid epithelial cells (thyrocyte, TG, EPCAM,
KRT19), fibroblasts (RGS5, DCN, COL1A1l, ACTA2), and
endothelial cells (RAMP2, VWEF, FLT1). We subsequently
conducted the second round of “high-resolution” clus-
tering to identify the finer subclusters within each signif-
icant cell type.

Identification of signature genes for cell clusters

We employed the FindAllMarkers() function in Seurat
to identify differentially expressed genes (DEGs) within
each subcluster. The significance of these genes was
assessed using the Wilcoxon rank-sum test with Bonfer-
roni correction. Selection of signature genes was based
on the following criteria: (1) expressed in >20% of cells in
either or both groups, (2) llog2FCI>0.5, and (3) adjusted
p value<0.05 for the Wilcoxon rank-sum test.

Pathway analysis

We used the Gene Set Variation Analysis (GSVA) R
package (V.1.42.0) to perform GSVA and estimate the
enrichment scores of biological pathways. The hallmark
and Gene Ontology (GO) gene sets were obtained from
the msigdbr R package (V.7.5.1) and the MsigDB website
(http://software.broadin-stitute.org/gsea/msigdb). To
evaluate the differential activities of pathways between
different clusters or groups, we employed the limma R
package with a significance threshold of p<0.05.

Cell-cell communication analysis

To evaluate interaction numbers and strength and inves-
tigate potential communication between different cell
types based on the expression of ligand-receptor pairs, we
employed the “CellChat” package (V.1.5.0) with default
parameters. The inclusion of a receptor or ligand in the
downstream analysis required expression in more than
10% of cells within a cluster. Empirical p values were
calculated by randomly assigning cluster labels 1,000
times for each cell pair to determine the significance of a
ligand-receptor pair between two clusters.
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Spatial transcriptomics sequencing

Following resection, samples were gathered and
subjected to a tissue optimization experiment using
the 10x Genomics Visium Spatial Tissue Optimization
(Rev A) platform. Initially, tissue staining and imaging
protocols were executed, followed by tissue permea-
bilization and fluorescent cDNA synthesis, with RNA
quality assessment (RNA integrity number >7.0). Subse-
quent to tissue removal, slide imaging was conducted.
We then proceeded to perform Visium Spatial Gene
Expression analysis employing the 10x Genomics Visium
Spatial Gene-Expression Reagent Kits (Rev B). Initially,
tissues were fixed and stained for imaging, followed by
tissue permeabilization at varying durations (3, 6, 12,
18, 24, and 30min). Notably, a 12min permeabilization
period resulted in the highest fluorescence signal in
both tumor and adjacent normal regions of the thyroid.
This was succeeded by reverse transcription, second-
strand synthesis, denaturation, cDNA amplification,
quality control, Visium Spatial Gene-Expression library
construction, and ST sequencing, following the manu-
facturer’s instructions. These procedures yielded data
sets comprising 4,429 (SPT-A1) and 4,895 (SPT-B7) spots.
Subsequent analysis is the same as single-cell sequencing
analysis.

Flow cytometry

Single-cell suspensions were prepared using the
methods described above. For flow cytometry, cells
were stained in fluorescence-activated cell sorting
(FACS) buffer containing PBS supplemented with 2%
BSA and 5mM EDTA. Monoclonal antibodies specific
to CD45 (FITC, BioLegend, Cat# 982316), HLA-DR
(PerCP-Cyb.5, BioLegend, Cat#307629), CD11c (Pacific
Blue, BioLegend, Cat#301627), CD1c (APC, BioLegend,
Cat#331523), DC_LAMP/CD208 (APC, Invitrogen, Cat#
17-2089-41), CD80 (PE, BioLegend, Cat#305207), IL-12/
IL-23 p40 (PE, Invitrogen, Cat#501806) were used for this
purpose. For intracellular staining, cells were fixed with
Invitrogen Fix/Perm, following the instructions provided
in the Kkit, for intracellular cytokine stains.

Immunohistochemistry and multiplex immunohistochemistry
staining assay

We obtained fresh 48 non-progressive PTC and 53
progressive PTC tissues from patients. Immunohisto-
chemistry for the target molecules was performed on
paraffin sections using a primary antibody recognizing
TIGIT (1:1,000, Cell Signaling Technology, Cat#99567T),
FOXP3 (1:2,000, Abcam, Cat#ab215206), or LAMP3/
CD208 (1:400, CST, Cat#47778). 10 pairs of formalin-
fixed, paraffin-embedded tissue sections were processed
for multiplex immunohistochemistry (mIHC) staining
assay using the mIHC/immunofluorescence staining kits
(Absin, Shanghai, China, Cat#abs50014) according to the
manufacturer’s instructions. The following antibodies
were used in the current study: primary antibodies against
DC_LAMP/CD208 (1:400, CST, Cat#47778), CD8A (1:100

dilution; Abcam, Cat#ab217344), TIGIT (1:1,000, Cell
Signaling Technology, Cat#99567T), NECTIN2 (1:400,
Cell Signaling Technology, Cat#95333T), NECTIN3
(1:500, R&D, Cat#AF3064-SP), CCL17 (1:1,000, Abcam,
Cat#ab195044), KRT19 (1:2,000, Abcam, Cat#ab76539),
FOXP3 (1:2,000, Abcam, Cat#ab215206), or CCR4
(1:2,000, Novus Biologicals, Cat#NBP1-86584). The fluo-
rescent signals were photo-imaged and merged using a
laser scanning confocal microscope (ZEISS, LSM880)
and inForm software (V.2.42).

RESULTS

Dynamics of the ecosystem in adjacent tissues, non-
progressive PTC and progressive PTC

To comprehensively understand the heterogeneity of
thyroid cancer at the single-cell level, we collected 18 (4
adjacent normal tissues, 4 non-progressive PTCs and 10
progressive PTCs) tissue samples from 14 patients (online
supplemental table S1) and performed scRNA-seq. We
further validated our single-cell analysis results using
two examples of spatial transcriptomics RNA sequencing
(a non-progressive PTC and a progressive PTC), bulk
sequencing data from 502 PTC samples from The Cancer
Genome Atlas (TCGA) and their corresponding clinical
data, immunohistochemistry and mIHC (figure 1A).
These 18 tissue samples were categorized into three
groups: Normal, Group A and Group B. Normal included
four adjacent tissues. Group A encompassed four non-
progressive PTCs, while Group B comprised 10 PTGCs
that had exhibited at least one clinical progression, such
as tumor enlargement, LNM, ETE, or distant metastasis
(figure 1B). After rigorous quality control measures, we
obtained a total of 151,238 cells. Following the elimina-
tion of batch effects (figure 1C), these cells were clustered
into 23 subgroups through dimensionality reduction
using Uniform Manifold Approximation and Projection
(UMAP), a non-linear technique (online supplemental
figure S1A). Using widely recognized markers, the cells
were annotated into seven types, including thyroid follic-
ular epithelial cells (also known as thyrocytes), endo-
thelial cells, fibroblasts, T or natural killer (NK) cells,
B cells, myeloid cells, and progenitor cells (figure 1D,E,
online supplemental figure S1B-I). The composition
of the seven cell types exhibited significant variability
among different type samples, highlighting the hetero-
geneity within normal thyroid tissues and PTC tumors
(figure 1B,F, online supplemental figure S1G). Fibro-
blasts only account for 5% of normal tissues, while they
significantly increase to 14% and 19% in non-progressive
PTC and progressive PTC, respectively, indicating the
presence of richer stroma in tumors, which can construct
amore favorable environment for tumor growth. In terms
of immune cells, there was no difference in the propor-
tion of total immune cells between normal samples
and non-progressive PTC microenvironment, while the
proportion of immune cells in progressive PTC decreased
significantly. More specifically, the infiltration of B cells
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Figure 1 Dynamics of the ecosystem in adjacent tissues, non-progressive PTC and progressive PTC. (A) Overview of the
study design and workflow. Single-cell suspensions were collected from 4 adjacent tissues, 4 non-progressive PTC and 10
progressive PTC followed by single-cell transcriptomic sequencing on the 10x Genomics platform. Two paraffin-embedded
sample sections for spatial transcriptome sequencing. (B) Clinical features of the patients and the composition of cells in the
tumor samples. UMAP of all cells post-quality control and filtering grouped by the sample (C) and major cell type (D). (E) Violin
plots showed the distribution of expression levels of canonical cell type markers. (F) Bar plots indicate the proportion of major
cell lineages in three groups. (G) Fractions of immune cells in three groups. ETE, extrathyroidal extension; LNM, lymph node
metastasis; mIHC, multiplex immunohistochemistry; NK, natural killer; PTC, papillary thyroid cancer; scRNA-seq, single-cell
RNA sequencing; TCGA, The Cancer Genome Atlas; THCA, Thyroid carcinoma; UMAP, Uniform Manifold Approximation and

Projection.
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and T/NK cells was significantly reduced, suggesting
that the role of antitumor immunity may be weaker in
progressive PTC (figure 1F,G, online supplemental figure
S1G). Cell cycle analysis indicated that almost all progen-
itor cells were in the G2M phase, signifying active prolif-
eration. In contrast, the remaining cell types were evenly
distributed across the three cell cycle phases, indicating
that the cell cycle did not introduce bias into the overall
dimensionality reduction clustering results (online
supplemental figure SIK,L). These findings suggest that
PTC with clinical progression exhibit higher tumor purity
and a TME characterized by reduced immune activity
than those without progression.

Thyrocytes of progressive PTG exhibit significant immune
evasion

We extracted thyrocytes from the entire population for
more refined dimensionality reduction clustering to
assess the differential transcriptomic expression patterns
of thyroid tumor cells during the clinical progression
of PTC. Thyrocytes can be characterized into 10 clus-
ters, evident in cluster distributions in the UMAP plot
(figure 2A). By identification of DEGs, we compared the
similarities and differences among the clusters and rean-
notated them into six clusters of thyrocytes (figure 2B).
These six clusters showed substantial disparities between
samples of the normal group and Group A and Group
B. C2_TFF3, with high expression of marker genes of
normal thyroid follicular epithelium, including TFF3,
TPO, TG, predominant in para-cancerous tissues (up to
80%) (figure 2C). On the contrary, the proportion of C1,
C3, C4, and C6 in tumor tissues increased significantly,
especially those of C1 and C3 thyrocytes, which increased
with tumor progression. Differential genes expressed in
these two types of thyrocytes, such as APOE and FNI,
were significantly associated with the progression of
thyroid cancer (figure 2D). We identified a type of thyro-
cyte, C6_S100A2, almost exclusively in the progression
of PTC. The transcriptional profile of C6_S100A2 differs
significantly from other clusters of thyrocytes. We specu-
lated that this cluster may be a marker of clinical progres-
sion in PTC. GO functional enrichment analysis showed
that C1_APOE, C3_FN1, and C6_S100A2, dominant in
PTC tumors, were involved in many biological processes
related to immune regulation, such as leukocyte activa-
tion and DC migration. C2_TFF3, representing normal
thyrocytes, is involved in several metabolic processes and
shows little interaction with other cell types in the TME
(figure 2E,F, online supplemental figure S2A-D).

We conducted a pseudotime analysis to investigate the
evolution of various clusters of thyrocytes. If normal thyro-
cytes (C2_TFF3) were used as the root, thyrocytes showed
a complex evolution and not a simple linear evolution.
Among them, C3_FNI, C4_HSPAIA, and C6_S100A2
were found in a relatively late stage of differentiation,
indicating that these clusters deviated the farthest from
normal thyrocytes and may be more relevant to the clin-
ical progression of PTC (figure 2G,I, online supplemental

figure S2E). We used gene signatures associated with
thyroid differentiation (three times a day), epithelial-
mesenchymal transition (EMT), and immune evasion to
score the thyrocytes (figure 2J-L, online supplemental
figure S2F,G). Consistent with the results of the pseudo-
time analysis, the violin plot showed that C2_TFF3 had a
higher three times a day score distinct from other clusters
of thyrocytes, confirming that C2_TFF3 was well differ-
entiated normal thyroid follicular epithelial cells. More-
over, C3_FN1, C4_HSPAIA, and C6_S100A2 exhibited
low three times a day scores to varying degrees, particu-
larly showing significant de-differentiation in C6_S100A2,
which typically represents robust malignancy. C6_S100A2
showed the highest EMT score, confirming its enhancing
effect on the progression of PTC. In terms of immune
evasion scores, thyrocytes in Group B showed higher
evasion scores (figure 2L). We compared thyrocytes to
determine whether malignant thyrocytes evade recog-
nition and eradication by the immune system through
mechanisms such as the upregulation of ligands for well-
known immune checkpoints, antigen modulation, or
defects in the antigen-processing machinery. Although
only a small number of thyrocytes expressed immune
checkpointrelated genes, most cells also did not express
tumor-associated antigen-related adhesion molecules.
Compared with normal cells (C2_TFF3), cells with a
dominant role in cancer, such as C1_APOE and C3_
FNI1 expressed fewer antigen-processing-related genes
(figure 2M-O, online supplemental figure S2H-]).

Taken together, these findings highlight significant
differences in gene expression and functional activa-
tion between adjacent tissues, non-progressive PTC, and
progressive PTC thyrocytes. Although the thyrocytes did
not show extensive upregulation of ligand expression
related to immune checkpoints, thyrocytes that were
dominant in tumors and increased with PTC progres-
sion showed a general defect in antigen presentation,
suggesting significant immune evasion in progressive
PTC.

CD8* T-cell exhaustion and Treg infiltration are higher in
progressive PTC

T cells are pivotal in orchestrating antitumor immune
responses. They are significant regulators of immune
suppression. Various T-cell subtypes perform distinct
functions in the immune system. We performed unsu-
pervised T and NK cell clustering analysis for Groups
A and B, resulting in the identification of 11 subclus-
ters, including 5 CD4" T cells, 4 CD8" T cells, and 2 NK
cells (figure 3A). One cluster of CD4" T cells showed
low expression of CD4 and high expression of markers,
including chemokine receptor 7 (CCR7), selectin L
(SELL), and nuclear receptor subfamily 4 group A
member 1, typically associated with naive T cells'
(figure 3A,B, online supplemental figure S3A). Another
cluster was identified as Treg cells due to its high CTLA-4,
FOXP3, IL-2RA, TIGIT, and TNFRSF18 expression
levels."® The upregulation of markers, including SELL
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Figure 2 Progressive PTC cells exhibit significant immune evasion. UMAP plot demonstrating 10 clusters based on
unsupervised clustering (A) and 6 distinct clusters based on gene expression differences (B) for thyrocytes passing quality
control. (C) Bar plots indicate the proportion of sixcell lineages in three groups. (D) Heatmap showing differentially expressive
genes in six clusters. (E-F) Circle plots show the GO functional differences between the two clusters of thyrocytes. (G-

I) Differentiation trajectory of thyrocyte subclusters predicted by Monocle3 and Monocle2. Violin plots showed the three times
a day score (J) EMT score (K) and evasion score (L) of different clusters of thyrocytes. (M-O) The dot plots displayed the
expression of genes related to immune activity in different clusters of thyrocytes. EMT, epithelial-mesenchymal transition; GO,
Gene Ontology; PTC, papillary thyroid cancer; UMAP, Uniform Manifold Approximation and Projection.
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Figure 3 CD8" T-cell exhaustion and Treg infiltration are higher in progressive PTC. (A) UMAP plot demonstrating 11 distinct
clusters based on gene expression differences for T/NK cells. (B) Heatmap indicating the expression of selected functionally
relevant genes in the T/NK subtypes. (C) Cumulative distribution function showing the distribution of exhausted, cytotoxic, and
naive state scores in each T/NK subtype. A rightward shift of the curve indicates increased state scores. (D) Bar plots indicate
the proportion of T/NK subtypes in two groups. (E) Immunohistochemistry revealed differences in TIGIT and FOXP3 expression
between two groups (200 um and 50 um). Circle plots show the GO functions of CD8_C3 (F) and Treg cells (G). Samples with
high exhaustion scores have a poorer prognosis (H) and later clinical stages in the TCGA-THCA cohort (I-K). Samples with high
Treg scores have a poorer prognosis (L) and later clinical stages in the TCGA-THCA cohort (M-0). GO, gene ontology; NK,
natural killer; OS, overall survival; PTC, papillary thyroid cancer; TCGA, The Cancer Genome Atlas; THCA, thyroid carcinoma;
FDR, false discovery rate; Treg, regulatory T cell; UMAP, uniform manifold approximation and projection.
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in the CD4_C1 cluster and CD40 ligand, annexin Al,
and other activation markers, indicated that these cells
were transitioning from an immature to effector T-cell
state. Conversely, CD4_C2 and CD4_C3 showed upregu-
lation of TIGIT, CTLA-4, and other markers associated
with T-cell exhaustion, suggesting that these clusters of
CD4" T cells were exhausted, characterized by the loss of
corresponding cellular functions.'” Among CD8' T cells,
clusters 1 and 2 (CD8_C1 and CD8_C2) exhibited high
expression of cytotoxic genes, including GZMK, GZMA,
and NKG7, suggesting that these cells are precursors
of cytotoxic T cells.” Interferon gamma is significantly
overexpressed in CD8_C2 compared with CD8_CI1
(figure 3B, online supplemental figure S3B,C). Cluster
3 (CD8_C3) of CD8" T cells showed high expression of
cytotoxicity-related genes (GZMA, NKG7, and GZMK)
and exhaustion-related markers (PDCD1, HAVCR2, and
LAGS3), indicating CD8" T-cell exhaustion. The CD8_C4
cluster showed high expression of CD8 and NK cell
markers (GNLY, FGFBP2, and KLRD1), suggesting that
this cluster may represent NK T cells. We constructed
a signature using T-cell exhaustion-related genes. CD8_
C3 exhibited a higher exhaustion score compared with
other CD8 clusters (figure 3C, online supplemental
figure S3D-F). The exhausted CD8" T-cell population
(CD8_C3) and Treg cells showed significant enrichment
in Group B, indicating enhanced immune exhaustion,
immune suppression, and T-cell dysfunction in the TME
during clinical progression (figure 3D). We validated
the T-cell exhaustion status and Treg infiltration in tissue
specimens in non-progressive PTC (N=48) and progres-
sive PTC (N=53) samples through immunohistochem-
istry (figure 3E). As shown in figure 3F, genes specifically
expressed in CD8_C3 were associated with leukocyte acti-
vation, cytokine-mediated signaling pathways, and nega-
tive regulation of immune system processes. In contrast,
Treg cells expressed genes involved in tumor necrosis
factor-mediated signaling, cellular responses to tumor
necrosis factor, and positive regulation of cell adhesion,
culminating in the formation of an immunosuppressive
microenvironment which is conducive to tumor growth
during clinical progression of PTC (figure 3F,G).
These findings suggest a correlation between clinical
progression, T-cell exhaustion, and immunosuppressive
effects of Treg infiltration. Concerning Treg infiltra-
tion, TCGA data indicates that higher Treg infiltration
is associated with worse overall survival, and there is
an increased presence of Treg infiltration in cases with
LNM (figure 3H-K). Similarly, higher exhaustion scores
were correlated with worse clinical outcomes and tumor,
node, metastases (TNM) staging (online supplemental
figure S3G-I). Our findings suggested that CD8" T cells
exhibit higher exhaustion levels in progressive PTC, and
their coexistence with increased Treg infiltration indi-
cated a weakening of immune surveillance in progres-
sive PTC.

LAMP3* DCs enriched in progressive PTC and associated with
poor prognosis

Subsequently, we characterized myeloid cells, given the
significant upregulation of myeloid leukocyte activa-
tion and DC migration regulation observed in tumor
thyrocytes. Recognizing that DCs are potent antigen-
presenting cells and considering the upregulation of DC
chemotaxis-related functions in progressive PTC cells, we
focused our research on DGCs. A total of 4,865 myeloid
cells were identified and classified into seven subsets,
which consisted of macrophage cells (labeled by APOE
and C1QC), monocyte cells (designated by FCN1 and
S100A8), neutrophil cells (indicated by G0S2), and four
subsets for DCs (figure 4A, online supplemental files 1, 5
and 8). One DC cluster was identified as CD141 CD1C™
DC due to the expression of some key genes known to
be associated with monocytes.”' The other three DC clus-
ters have been classified as conventional DC (¢cDC) based
on characteristic gene expression patterns (figure 4B).
Among these cDC clusters, cDC_C1 demonstrated high
expression of classical conventional dendritic cells type
1 (cDCI) markers, such as C-type lectin domain family 9
member A and X-C motif chemokine receptor 1. ¢cDCls
are critical for generating antitumor immune responses,
as they could cross-present tumor antigens derived from
necrotic and apoptotic tumor cells.”® # In contrast,
c¢DC_C2 exhibited high expression of classical conven-
tional dendritic cells type 2 (cDC2) markers, including
CD1C and CD1A. We identified a cluster of LAMP3* DCs,
referred to as cDC_C3 cells, in PTC. These LAMP3" DCs
were characterized by high levels of maturity, activation,
and migratory properties, as indicated by the expression
of signature genes associated with maturation (UBD and
IDO1), activation (CD80, CD83, and CD40), and migra-
tion (CCR7 and FSCN1).*** Additionally, LAMP3" DCs
exhibited elevated expression of specific chemokine
ligands (CCL17, CCL19, and CCL22) that are known
to recruit T cells expressing chemokine receptors, such
as CCR4, CCR7, and C-X-C motif chemokine receptor
3 (CXCR3) (figure 4B).*® Furthermore, the infiltra-
tion of LAMP3" DCs was more prevalent in progressive
PTC (figure 4C). Based on previous research, we have
compiled a list of genes associated with promoting T-cell
exhaustion or recruiting Treg cells.”™ We have gener-
ated gene signatures using these genes and determined
that LAMP3" DCs are the most proficient at promoting
T-cell exhaustion and inducing the chemotaxis of Treg
cells (figure 4D,E).

Enrichment analyses of GO and Kyoto Encyclopedia
of Genes and Genomes (KEGG) signaling pathways
revealed distinct patterns among the three cDCs clus-
ters. Specifically, “positive regulation of T helper-2 cell
cytokine production” was significantly upregulated in
c¢DC_C1, “positive regulation of chemokine production”
was substantially upregulated in ¢cDC_C2 and “nega-
tive regulation of immune response” was considerably
upregulated in LAMP3" DCs (online supplemental
figure S4D-F). Furthermore, GSVA analysis showed that
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Figure 4 LAMP3" DCs (cDC_C3) enriched in progressive papillary thyroid cancer and associated with poor prognosis.

(A) UMAP plot demonstrating seven distinct clusters based on gene expression differences for myeloid cells. (B) Violin plots
showing the distribution of expression levels of cell markers of seven myeloid subclusters. (C) Bar plots indicate the proportion
of DC subtypes in two groups. Violin plots showing cDC_ C3 has a higher ability to cause T-cell exhausted (D) and recruit Treg
cells (E). (F) Heatmap showed the 50 hallmark pathways (rows) that were significantly enriched for DCs of each cDC cluster
(columns). (G) Pseudotime trajectory analysis of cDCs with high variable genes. Each dot represents one single cell, colored
according to its cluster label. (H) The inlet plot showed each cell with a pseudotime score from dark blue to yellow, indicating
early and terminal states, respectively. Gene Set Variation Analysis (I) and violin plots (J) show that cDC_CS3 upregulates positive
regulation of tolerance induction. (K) Immunohistochemistry revealed differences in LAMP3 expression between two groups
(200 um). Samples with high cDC_C3 scores have a poor prognosis (L) and later clinical stages in the TCGA-THCA cohort (M).
cDC, conventional DC; DCs, dendritic cells; OS, overall survival; UMAP, uniform manifold approximation and projection; NES,

normalized enrichment score; LAMPS3, lysosomal associated membrane protein 3.
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LAMP3" DCs demonstrated upregulation in several path-
ways, including nuclear factor-kappa B (NF-xB), apop-
tosis, MAPK signaling, and transcriptional misregulation
in cancer, when compared with the other two clusters
(figure 4F). Flow cytometry revealed that there was no
significant difference in the expression of co-stimulatory
molecule (CD80) in LAMP3" DCs compared with conven-
tional functional DCs; the expression of interleukin
(IL)-12, a secret protein that stimulates Thl cell differ-
entiation, is reduced in LAMP3" DCs (online supple-
mental figure S4G,H). These observations indicate that
LAMP3" DCs can be identified as a subset of regulatory
and tolerogenic DCs that possess the ability to suppress
T-cell activation. We performed pseudotime trajectory
analysis, revealing that cDC_C2 cells branched into cDC_
CI cells and LAMP3" DCs, with LAMP3" DCs exhibiting
the highest pseudotime score, signifying their advanced
differentiation and maturation (figure 4G,H). In contrast
to other ¢DC clusters, LAMP3" DCs displayed upregula-
tion of genes associated with immune tolerance induc-
tion, suggesting its pivotal role in the PTC ecosystem
(figure 41,], online supplemental figure S4B,C). Immu-
nohistochemistry of tissue samples from non-progressive
PTC and progressive PTC confirmed the presence of
LAMP3" DCs. Consistent with single-cell findings, a
higher proportion of LAMP3 infiltration was observed in
progressive PTC cases (figure 4K).

We explored their clinical implications after identifying
aspecific subset of relevant DCs; the LAMP3" DCsignature
was developed using the hypervariable genes specific to
LAMP3" DC. In line with the findings from our scRNA-seq
data set, analysis of the TCGA-thyroid carcinoma (THCA)
cohort showed significantly higher LAMP3" DC signa-
ture scores in stage T3-T4 PTCs compared with T1-T2.
Moreover, higher LAMP3" DC signature scores in the
TCGA-THCA cohort were found to be significantly asso-
ciated with reduced overall survival (figure 41.,M). These
combined results indicated a shift towards increased
immunosuppression of DCs in progressive PTC and the
LAMP3" DC is associated with poor prognosis.

Spatial transcriptomics reveals heterogeneity of progressive
PTC tumors

Using CellTrek to align single-cell data with spatial
transcriptomics slices, more specifically, mapping the
single-cell data of Al and B7 to the spatial transcriptome
sequencing of Al and B7 (SPT-Al, SPT-B7), respectively,
we observed notable changes in progressive PTC. There
was a significant increase in thyrocytes and fibroblasts, a
decrease in the proportion of T and B-cell infiltration, and
a greater average distance from tumor cells (figure 5A,B).
These findings suggest that progressive PTC tumors
pose a greater challenge in eliciting antitumor immune
responses. After performing dimensionality reduction
and clustering on spatial sequencing data, we found that
cluster 9 had a significantly higher three times a day score
compared with other cluster spots (figure 5C). Mapping
thyrocytes in single-cell data to spatial slices revealed a

significant overlap in position between C2_TFF3 and
cluster 9. Of particular interest is cluster 8, located in the
lower-left corner of the SPT-B7 slice. This cluster shows
increased infiltration of T/NK cells but has the lowest
three times a day score. At the same time, the tumor cell
cluster C6_S100A2, which promotes tumor progression,
exhibits significant infiltrations and expansion in this
area. The pathological examination shows an increased
presence of stroma in this area, with tumor cells displaying
outward migration and growth tendencies (figure 5D,E).
Using CellTrek to map CD8_C3 and Tregs onto spatial
slices, it becomes evident that although CD8_CS3 also infil-
trates the tumor periphery in non-progressive PTC, the
proportion of infiltration is much lower compared with
progressive PTC (figure 5F). Tregs were almost unde-
tectable in non-progressive PTC, while in progressive
PTC, Tregs infiltration is relatively abundant (figure 5G).
Moreover, the spatial distribution of CD8_C3 and Treg
cells is relatively consistent in progressive PTC, indi-
cating their synergistic role in promoting tumor immune
evasion (figure 5G). Mapping LAMP3" DC to spatial slices
reveals its concentration in the tumor, with progressive
PTC exhibiting a higher enrichment ratio that closely
overlaps with the spatial distribution of T cells. This
suggests a closer interaction between LAMP3" DC and T
cells in progressive PTC (figure 5H). In addition, spatial
transcriptomics analysis showed higher immune toler-
ance scores in progressive PTC, with spots exhibiting
higher tolerance scores aligning with T-cell distribution
(figure 5I). These findings collectively point to a region
where tumor cells, immunosuppressive T-cell subsets,
and LAMP3+DC coexist during the progression of PTC,
possibly involving complex intercellular interactions that
promote the clinical progression of PTC.

Interaction between LAMP3* DCs and T-cell subpopulations
contribute to the formation of an immunosuppressive
microenvironment in progressive PTC

Given the consistent trend in progressive PTC for immu-
nosuppressive phenotypes observed in thyrocytes, DCs,
and T cells, we hypothesized complex intercellular inter-
actions among different cell populations. Thus, our first
objective was to investigate potential intercellular interac-
tions contributing to immunosuppression. Consequently,
we found extensive cellular interactions involving
LAMP3" DCs, Treg cells, and CD8" T cells, facilitated by
inhibitory (NECTIN2-TIGIT, LAG3-HAVCRZ2) or costim-
ulatory (ICOSL-ICOS and CD80/86-CD28) molecules,
and chemokines (CXCL16-CXCR6 and CCL17-CCR4)
(figure 6A). Treg cells showed elevated CTLA-4 expres-
sion, indicating potential interactions with CD80/CD86
molecules in LAMP3" DCs. This suggests a potential asso-
ciation between Treg and LAMP3" DCs through ligand-
receptor binding. LAMP3" DCs recruited Treg cells by
secreting various chemokines including CCL17-CCR4,
CCL5-CCR4, and CCL22-CCR4, and widely activated
and enhanced the immunosuppressive function of Treg
cells through interactions related to costimulatory signals
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six clusters of epithelial cells identified by single-cell sequencing onto the slice. (F-H) Distribution of CD8-C3, Treg, and cDC-C3
cells on slices. (F-H). cDC, conventional dendritic cell; NK, natural killer; Treg, regulatory T cell.

(CD80/CD86-CD28 and ICOSLG-ICOS) and immune T cells and the expression of LAMP3" DC-secreted
evasion (CD86-CTLA-4, NECTIN2-TIGIT, and LGALS9- chemokines (CXCL16-CXCR6, CXCL10-CXCR3, and
HAVCR2). We assessed receptor-ligand pairs and found =~ CXCL9-CXCR3). LAMP3" DCs may potentially facil-
a positive correlation between the abundance of CD8"  itate the chemotaxis of CD8" T cells. Compared with
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microenvironment in progressive PTC. (A) Summary of selected ligand-receptor interactions between the LAMP3* DCs, CD8"
T cells, and Tregs. Circle size indicates the p value (permutation test). The color gradient represents the interaction strength.
Heatmaps (B) and circle (C) plots show the comparison of interaction quantity and interaction strength between LAMP3*
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communication in the latter. (D) Comparison of the differences in specific cell communication intensity between non-progressive
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non-progressive PTC, we observed a stronger interaction
of LAMP3" DCs with CD8" T and Treg cells within the TME
of cases showing progressive PTC (figure 6B,C, online
supplemental figure S5A,B). We also identified a more
robust LAMP3" DC-CD8" T-cell interaction mediated by
CXCL16 and its receptor CXCR6 (figure 6D), essential
for recruiting T cells to tumors.”” This association was vali-
dated in the TCGA-THCA cohort, wherein the advanced
TNM stage in PTC exhibited significantly elevated levels
of CXCL16 (online supplemental figure S5C-E). We
delved into the mechanism underlying the exhaustion of
recruited CD8" T cells. In progressive PTC, LAMP3'DCs
showed enhanced LGALS9-HAVCR2 and SPP1-CD44
interactions with CD8" T cells (figure 6D), known to
suppress T-cell functions.”*** Furthermore, LAMP3" DCs
were express PDCD1LG2, CD274, NECTIN2, CD80, and
CD86, which are immune checkpoints targeting CTLA-4,
TIGIT, and PDCD1,” * thus inhibiting CD8" T-cell acti-
vation (figure 6D). In progressive PTC, the exhausted
CD8" Twcell population (CD8_C3) exhibited intense
signaling along with LAMP3" DCs (figure 6D). Through
multiplex immunofluorescence staining, we observed
the colocalization of LAMP3-expressing DCs (identified
by NECTIN2") and CD8-expressing CD8" T cells (iden-
tified by TIGIT") in progressive PTC (figure 6E), which
indicated the potential role of LAMP3" DCs in inducing
exhaustion in the recruitment of CD8" T cells in progres-
sive PTC. We confirmed the recruitment of LAMP3" DCs
(CCL17) on FOXP3_Treg (CCR4) using multiplex fluo-
rescence assay in tissue specimens (figure 6E). Extensive
interactions between LAMP3" DCs and T cells in PTC
were found, suggesting that LAMP3" DCs and T cells
work together to shape the immunosuppressive micro-
environment in progressive PTC, characterized by high
infiltration of exhausted T cells and Treg cells.

The recruitment of LAMP3* DCs by tumor cells promotes PTC
clinical progression

The dynamic interplay between LAMP3" DCs and T
cells accounts for the heightened immune suppression
in progressive PTC. However, the interaction between
progressive thyroid tumor cells and DCs remains elusive.
In order to delve deeper into the specific mechanisms
behind the upregulation of LAMP3" DCs in the progres-
sion of PTC, we conducted an analysis of the interactions
between tumor cells and LAMP3" DCs. We observed that
the interactions between DCs and epithelial cells were
significantly more pronounced in progressive PTC than in
non-progressive PTC, indicating a heightened complexity
of cellular crosstalk within the TME of progressive PTC
(figure 7A-C, online supplemental figure S5F,G). Inter-
cellular adhesion molecule 1, a cell-surface glycopro-
tein and adhesion receptor responsible for regulating
the recruitment of white blood cells to inflammatory
sites, exhibited increased interaction with its associated
receptors (such as sialophorin or members of the inte-
grin family) in non-progressive PTC* (online supple-
mental figure SHH). Thyroid cells primarily acted as

signal senders, and cDC_CI1 and ¢cDC_C2 served as signal
recipients. cDC_C1 and ¢DC_C2 serve crucial roles as
antigen-presenting cells for activating and assisting CD8"
and CD4" T cells in their antitumor functions. Group A
tumor cells display a more substantial recruitment effect
on these cell types. Conversely, when LAMP3" DCs acted
as the signal recipient, Group B tumor cells demonstrated
a significantly enhanced recruitment effect on LAMP3"
DCs (figure 7D). Furthermore, the interaction mediated
by NECTIN3-NECTINZ2, known to promote lymphocyte
transendothelial migration, was notably strengthened
between tumor cells and LAMP3" DCs in this context®
(figure 7E,F). This finding suggests that Group B tumor
cells have a greater tendency to recruit LAMP3" DCs
conducive to establishing an immunosuppressive micro-
environment. Transcriptomics data from the TCGA data-
base confirmed that the characteristic gene LAMP3 of
LAMP3" DCs positively correlated with the infiltration of
CD8" T cells (CD8A) and Treg cells (FOXP3). Further-
more, the expression level of LAMP3 positively correlated
with the T-cell exhaustion marker TIGIT and the expres-
sion of the chemokine receptor CCR4, validating our
previous findings (online supplemental figure S5I-L).

Subsequently, we performed multiplex fluorescence
staining using samples from non-progressive PTC and
progressive PTC to validate our analysis results (figure 7G,
online supplemental file 7). In Group B tumors, LAMP3"
DCs closely neighbored KRT19" tumor cells, with a high
degree of colocalization of LAMP3 with NECTINZ2,
KRT19, and NECTIN3, respectively, in sequence. In
contrast, in Group A tumors, LAMP3" DCs were more
distant from KRT19" tumor cells, and NECTIN2 was also
expressed on other cell surfaces (such as tumor cells). In
Group A, the colocalization of KRT19 with NECTIN3 was
insignificant, aligning with our single-cell analysis results.
The low expression level of NECTINS3 in non-progressive
PTC tumor cells suggested that these tumor cells strug-
gled to retain DCs in the TME through adhesive inter-
action mediated by NECTIN3-NECTIN?2 (figure 7H).
In general, the recruitment of LAMP3" DCs by tumor
cells through NECTIN3-NECTIN2 promotes CD8" T-cell
exhaustion and Treg cell infiltration, creating an immu-
nosuppressive microenvironment. This ultimately leads
to the clinical progression of PTC.

DISCUSSION

The incidence of PTC is increasing annually.* While
the overall prognosis of patients is favorable, a subset of
cases of PTC displays clinical progression, affecting clin-
ical outcomes. This indicates that cancer is a dynamic
disease.** Immunotherapy is a promising treatment
strategy for patients with unresectable or metastatic
tumors.”” Antibodies targeting cytotoxic Tlymphocyte
associated protein 4 (CTLA-4) and programmed cell
death 1 (PD-1) and its ligand PD-L1 (CD274 molecule)
are the most consolidated options. However, not all
patients with the same or different histology experience
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the same benefit.***® Therefore, finding new therapeutic
targets is crucial for targeted therapy and immunotherapy
of patients with progressive PTC.

In this study, we conducted single-cell sequencing anal-
ysis of adjacent normal tissues, non-progressive PTC, and
progressive PTC specimens (including cases showing
increased tumor diameter, LNM, ETE, and distant metas-
tasis). Our goal was to explore the immune evasion mech-
anisms underlying the clinical progression of PTC and
identify immunotherapy targets. The immune system’s
response to cancer occurs in three distinct phases: elim-
ination, equilibrium, and escape.” During the escape
phase, tumors develop multiple mechanisms to reduce
antigen presentation and evade immune recognition,
including suppression of DC function, and downregula-
tion of human leukocyte antigens-I (HLA-I) expression
by interfering with the machinery regulating antigen
processing and presentation.”” ' Emerging and evolved
neoplastic cell variants can escape the immune system,
leading to tumor growth and clinically evident disease.
An in-depth understanding of the TME of PTC and its
complex interaction with the immune system is required
to leverage the natural immune response and restore the
elimination ability of thyroid tumor cells. In our study, we
found that the overall presence of immune cells in the
TME of progressive PTC was significantly lower compared
with the adjacent tissues and non-progressive PTC spec-
imens. Progressive thyrocytes showed higher immune
evasion scores. Analysis of immune activity-related genes
revealed that most tumor cells exhibit dysfunction in
antigen presentation. PTC may show clinical progression
by escaping the killing effect of the immune system.

CD8" T cells possess potent cytotoxicity and are the
primary executors of antitumor immune functions.”® In
this study, we observed a substantial infiltration of CD8"
T cells in PTC. However, compared with non-progressive
PTC, CD8" T cell-infiltrating progressive PTC cases
exhibit heightened functional exhaustion. Dysregulation
of CD8" T cells in response to tumor antigen stimulation
was found. Treg cells, which are immunosuppressive,
are recruited to tumors, thereby assisting tumor cells
in evading an immune attack by suppressing effector T
cells.”® Furthermore, our study observed an increase in the
proportion of infiltrating Treg cells with the onset of clin-
ical progression of PTC. Our finding indicates that immu-
nosuppressive TME is formed in progressive PTC, making
tumor cells more prone to immune evasion. However, the
specific mechanisms leading to CD8" T-cell exhaustion
and Treg activation warrant further investigations.

DCs play a pivotal role in the antitumor immune
processes, wherein alterations in their functionality
determine whether cytotoxic events are initiated within
the TME, ultimately affecting the suppression of tumor
growth.”* ™ However, in recent years, the carcinogenesis of
DCs has been gradually uncovered and confirmed. Wang et
al classified cDC2 into three subpopulations by single-cell
sequencing, showing an upregulation of angiogenic capa-
bilities in one subpopulation.”” Zhang et al demonstrated

heterogeneity in cDC2, with two tumor-enriched clusters,
namely ¢DC3 and cDC2-TIMP1, exhibiting differential
abundances in primary and metastatic tumors.” Zhang et
al's single-cell study found that LAMP3" DCs may interact
with CD56dimCD16hi NK cells through NECTIN2-TIGIT
and IL-15-1L-15R, and NK cells near LAMP3" DCs express
lower levels of granzyme B.”’ In our study, progressive
PTC thyrocytes upregulated many functions related to
myeloid leukocyte migration and DC chemotaxis. As
potent APCs, DCs and the activation and regulation of
T cells are closely related. Therefore, we speculated that
DGCs in progressive PTC may evolve to promote cancer
progression. Our study identified a subset of LAMP3" DCs
distinct from cDCI and cDC2, showing enhanced expres-
sion of immune checkpointrelated genes, including
CD274 and LGALS9. LAMP3" DCs are correlated with the
advanced T stage and were positively associated with poor
prognosis of patients with PTC. Mechanistically, DCs can
exert both pro-cancerous and anti-cancerous effects by
modulating the T-cell function.®* Therefore, we hypoth-
esized that DCs may exert carcinogenesis by affecting
the T-cell function in the clinical progression of PTC.
LGALS9-HAVCR?2 promotes CD8" T-cell exhaustion and
contributes to the progression of breast cancer, hepato-
cellular cancer, and glioblastoma.®** Wienke et al showed
that NECTIN2-TIGIT may regulate T-cell function in
neuroblastoma and is a promising target for therapeutic
intervention. Combined blockade of TIGIT and PD-L1
significantly reduces neuroblastoma growth, showing
complete responses in vivo.”” Blocking CCR4 can reduce
Treg infiltration in bladder cancer, and CCL17 levels in
the TME are associated with pituitary adenoma invasive-
ness and clinical prognosis.”® ® However, no studies on
these receptorligand pairs in thyroid cancer have been
reported. Our findings indicated that, on the one hand,
LAMP3" DCs promote CD8" T-cell functional exhaustion
through NECTIN2-TIGIT and LGALS9-HAVCR?2 interac-
tions. On the other hand, LAMP3" DCs recruit Treg cells
through the secretion of the chemokine, CCL17. Both
mechanisms collectively contribute to immune suppres-
sion, resulting in the clinical progression of PTC.

Several studies suggested that tumor cells could estab-
lish a microenvironment conducive to their growth
through cellular interactions.”” "~* However, the rela-
tionship between tumor cells and DCs remains unclear.
We investigated the interaction between tumor cells
and LAMP3" DCs to elucidate the potential mechanism
underlying upregulated LAMP3" DC infiltration during
the clinical progression of PTC. Colocalizing tumor cells
and NECTIN3 indicates the clinical progression of the
tumor. A significant upregulation of NECTIN3 in tumor
cells, which are adhesion molecules of the adherens
junctions, retained LAMP3" DCs within the tumor foci
by binding to the NECTIN3-NECTINZ2. This retention
promoted LAMP3" DCs to exert immunosuppressive
functions within the TME by exhausting CD8" T cells
and increasing Treg infiltration, facilitating evasion of
immune surveillance by tumor cells.
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CONCLUSION

In summary, the present results revealed the dynamic
nature of the immune microenvironment in the PTC
during disease progression from non-progressive PTC to
progressive PTC by demonstrating the key roles of specific
immune subpopulations, including LAMP3" DC, Treg,
and exhausted CD8" T cells. Moreover, we elucidated
the specific mechanism by which LAMP3" DCs mediate
immune evasion during PTC clinical progression. These
findings may offer new and effective ideas and strategies
for immunotherapy in patients with progressive PTC.
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