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Abstract Thyroid cancer (THCA) is profoundly
influenced by its immune microenvironment, with
dendritic cells (DCs) serving as key mediators of
tumor-immune interactions. This study leveraged
single-cell RNA sequencing and transcriptome RNA
sequencing to analyze DC populations in THCA tis-
sues. The results revealed significant disparities in
DC distribution and function, with formyl peptide
receptor 1 (FPR1) emerging as a crucial factor asso-
ciated with patient prognosis. Meta-analysis further
validated the differential expression of FPRI1, rein-
forcing its significance in THCA progression. Inves-
tigations into the TME highlighted the relationship
between FPR1 and DC maturation and activation,
elucidating the mechanistic basis for immune regula-
tion. Experimental validation confirmed that Annexin
Al (ANXAL) interacts with FPR1 in DCs, promot-
ing tumor progression through immune modulation.
These findings advance the understanding of THCA
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immune mechanisms and underscore the potential of
targeting the ANXA1-FPRI1 axis as a novel approach
for immunotherapy in THCA.
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Introduction

The rapid advancement of modern medical technol-
ogy highlights the tumor microenvironment (TME) as
a pivotal determinant of tumor behavior and treatment
outcomes (Tong et al. 2022; Hinshaw and Shevde
2019; Pansy et al. 2021). Composed of malignant
cells, infiltrating immune cells, fibroblasts, and vas-
cular cells, the TME form a dynamic signaling milieu
rich in cytokines, chemokines, and growth factors
(Feng et al. 2022; Tauriello et al. 2021; Portella et al.
2021). Within this microenvironment, immune cells,
particularly dendritic cells (DCs), play a vital role by
facilitating antigen presentation to and activation of T
cells, thereby initiating an immune response against
tumors (Ronca et al. 2020; Fu and Jiang 2018; Garris
and Luke 2020; Wang et al. 2020a, b, c).

Thyroid cancer (THCA), as a prevalent endo-
crine malignancy, continues to show an increas-
ing incidence globally (Cao et al. 2021; Prete et al.
2020; Franchini et al. 2022). Although most THCA
patients have a favorable prognosis following surgery

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10565-025-10042-6&domain=pdf
https://doi.org/10.1007/s10565-025-10042-6
https://doi.org/10.1007/s10565-025-10042-6

97 Page 2 of 28

Cell Biol Toxicol (2025) 41:97

and radioactive iodine therapy, some still experi-
ence recurrence and distant metastasis (Kakudo et al.
2021; Ulisse et al. 2021; Fallahi et al. 2022; Chou
et al. 2022). Recent advances in immunotherapy,
particularly the use of immune checkpoint inhibitors
(ICIs), has demonstrated potential efficacy for high-
risk patients (Sellars et al. 2022; Muir et al. 2022).
Therefore, investigating the key signaling pathways
within the THCA TME and their interactions with
immune cells holds significance in improving thera-
peutic strategies for THCA.

Annexin Al (ANXA1) and formyl peptide recep-
tor 1 (FPR1) have recently attracted considerable
attention for their roles across multiple tumor types.
ANXAI1, a protein with diverse biological func-
tions, regulates inflammatory responses and influ-
ences tumor cell migration, invasion, and immune
cell functionality through its interaction with FPR1,
playing a crucial role in tumor immune regulation
(Zhao et al. 2022; Foo et al. 2019; Aradjo et al. 2021).
Notably, ANXA1 has been found to promote tumor
cell growth and dissemination in some studies, with
FPR1 being its primary functional receptor, indicat-
ing their significant roles in tumor initiation, progres-
sion, and immune response regulation (Feng et al.
2020; Wu et al. 2022). Within the TME, ANXAL1
activates relevant signaling pathways through FPRI1,
enabling tumor cells to evade immune surveillance
and enhance their survival and proliferation. Moreo-
ver, ANXAI1 can reprogram the immune landscape
of TME by influencing DC and T cell functional-
ity (Feng et al. 2020). However, the specific mecha-
nisms of action of ANXA1 and FPR1 in THCA, a
distinct tumor type, remain incompletely understood.
While some research indicates a correlation between
ANXA1 expression in THCA cells and malignancy,
there is still insufficient understanding of how these
molecules specifically regulate the immune microen-
vironment of THCA and how they promote progres-
sion through immune pathways (Zhang et al. 2022).
Therefore, recent documents have also explored
the significance of ANXAI in THCA, particularly
its regulation of the immune microenvironment.
Liu et al. (2025) found that exosomal ANXA1 pro-
motes immune evasion in papillary thyroid carci-
noma (PTC) by influencing macrophage M2 polari-
zation (Liu 2024). Additionally, Chen et al. (2022a,
b) revealed changes in immune cell gene expression
through single-cell RNA sequencing (scRNA-seq),
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and found that ANXA1 was closely linked to altera-
tions in the immune microenvironment of PTC and
patient prognosis (Chen et al. 2022a, b). These find-
ings further validate the regulatory role of ANXAI in
the immune microenvironment of THCA, enhancing
our understanding of its role in immune modulation
in THCA. Therefore, dissecting ANXAI1-FPR1 inter-
actions in THCA could uncover their significance in
THCA progression and inform innovative treatment
modalities.

Against this backdrop, this study employs scRNA-
seq and transcriptome RNA sequencing data to offer
a unique perspective on the mechanisms of DCs
within the THCA TME. The scRNA-seq technol-
ogy reveals the heterogeneity and complex cell states
within cell populations, which is crucial for under-
standing how DCs modulate the immune response
in THCA. Furthermore, by integrating transcriptome
data from public databases like The Cancer Genome
Atlas (TCGA) and Gene Expression Omnibus (GEO),
this study not only evaluates the expression differ-
ences in DC marker genes but also delves into their
prognostic value. The study aims to delve deep into
how the ANXAI1-FPR1 signaling pathway in the
THCA TME influences the maturation and activation
of DCs, thereby participating in the occurrence and
progression of THCA. This study probes into novel
targets and strategies for precise THCA therapy, with
the goal of enhancing patient outcomes and quality
of life, thus holding significant scientific and clinical
implications.

Materials and methods
Downloading transcriptome sequencing data

The scRNA-seq dataset GSE184362, comprising
tumor and adjacent normal tissues from 13 THCA
patients, was retrieved from the GEO database (http://
www.ncbi.nlm.nih.gov/geo/).  Additional =~ GEO-
derived transcriptome datasets used for meta-analysis
are summarized in Table S1.

Bulk RNA-seq data (HTSeq-FPKM) for 512
THCA and 59 normal thyroid samples, together with
clinical annotations, were accessed from the TCGA-
THCA project (https://portal.gdc.cancer.gov/). To
supplement the number of normal tissues, RNA
expression profiles from 278 healthy thyroid samples
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were obtained via the GTEx portal (https://www.
gtexportal.org/home/index.html). Since all datasets
were publicly available, no additional ethical approval
was necessary (Zhao et al. 2020).

scRNA-Seq data processing

Gene expression matrices were generated using Cell-
ranger (10 X Genomics). Cells were filtered in light of
the following thresholds: nFeature_ RNA between 200
and 5000, nCount_RNA between 1000 and 20,000,
and mitochondrial gene content (percent.mt) below
15%. Data quality was tested via unique molecular
identifier (UMI) counts and gene correlation analy-
ses. Principal component analysis (PCA) was done
on highly variable genes utilizing the Seurat R pack-
age (Hao et al. 2021) for dimensionality reduction.
The clustering resolution was determined based on
the top 10 principal components (PCs) identified in
PCA using the UMAP algorithm. The chosen clus-
tering resolution effectively distinguished major cell
types without over-partitioning, resulting in 18 initial
clusters. The above-mentioned clusters were further
annotated into seven different cell types based on
known cell marker genes. The JackStraw and Elbow-
Plot functions guided PC selection, after which clus-
tering was done utilizing a graph-based method and
visualized via UMAP. Cell types were annotated in
light of established marker genes (Meng et al. 2021).
Pseudotime trajectory analysis was done with the
help of Monocle2 (v2.22.0; (Qiu et al. 2017)).

Cellular communication analysis in the TME

The CellChat tool (v1.1.3, (Fang et al. 2022)) was
used to analyze cellular communication patterns
within the TME. First, the normalized gene expres-
sion data were input into CellChat for preprocessing,
including steps such as identifyOverExpressedGenes,
identifyOverExpressedInteractions, and projectData,
to ensure result robustness. Next, the aggregateNet
and computeCommunProb functions were used to
calculate the communication probability and infor-
mation flow intensity of ligand-receptor (L-R) pairs
between cell populations, constructing a cellular com-
munication network in the TME. To further explore
key ligand-receptor-related genes, the CellPhoneDB
tool (v2.1.4, (Efremova et al. 2020)) was also used.
The normalized gene expression matrix was input,

and preprocessing was performed to identify recep-
tor-ligand pairs between cells. By calculating the sig-
nificance (P < 0.05) and interaction strength of recep-
tor-ligand molecular pairs, 41 ligand-receptor genes
closely related to TME regulation and treatment
response were screened, providing a basis for further
mechanistic research.

Gene function enrichment analysis

DC-specific marker genes (n =833) were subjected
to Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analyses
using the clusterProfiler R package, with significance
set at P < 0.05. GO terms were classified into biologi-
cal processes (BP), cellular components (CC), and
molecular functions (MF) (Yu et al. 2012).

Single gene survival analysis

The prognostic relevance of SPP1, IL1B, CD74,
IFNGR1, CXCL16, TNFSF13B, AXL, FPRI,
IFNGR2, LGALSY9, HAVCR2, CD4, TNF, CXCR3,
GAS6, CXCR4, and ANXA1 in THCA was assessed
utilizing clinical data from the TCGA-THCA cohort.
Overall survival (OS) was selected as the endpoint.
Cox proportional hazards models were made with the
help of the R package survival, and survival curves
were generated employing survminer and ggplot2.
Group differences in OS between high- and low-
expression cohorts were evaluated by the Log-rank
test, with P< 0.05 deemed statistical significance
(Zhao et al. 2021).

Correlation analysis

Based on the TCGA-THCA dataset, the expression
correlation between FPR1 and ANXAIL in tumor
tissues was examined employing the R package
corrplot. Additionally, correlations between FPRI1
and 47 immune checkpoint-related genes (e.g., IDO1,
IDO2, LAG3, CTLA4, TNFRSF9, ICOS, CD8&0,
PDCDILG2, TIGIT, CD70, TNFSF9, ICOSLG,
KIR3DL1, CD86, PDCDI1, LAIRI, TNFRSEFS,
TNFSF15, TNFRSF14, CD276, CD40, TNFRSF4,
TNFSF14, HHLA2, CD244, CD274, HAVCR2,
CD27, BTLA, LGALS9, TMIGD2, CD28, CD48,
TNFRSF25, CD40LG, ADORA2 A, VTCNI,
CD160, CD44, TNFSF18, TNFRSF18, BTNL?2,
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C10orf54, CD200R1, TNFSF4, CD200, and NRP1)
were analyzed (Xu et al. 2022).

Analysis of differential gene expression

The TCGA-THCA dataset and GTEx dataset were
utilized to test the differential expression of FPR1
and ANXAT1 in THCA tissues. The analysis was com-
pleted utilizing the R software package limma, with a
threshold set at logFCI> 1 and P < 0.05 (Ritchie et al.
2015).

Meta-analysis

Meta-analysis was done utilizing the R package meta,
with the standard mean difference (SMD) and 95%
confidence interval (CI) as effect size measures. Het-
erogeneity across studies was evaluated employing
the Q-test and chi-square test, with I> and P values
guiding model selection: a fixed-effects model was
made when P> 0.05 and ?< 50%, indicating low
heterogeneity, otherwise a random-effects model was
utilized.

Subgroup analyses were conducted based on detec-
tion methods (RNA-seq vs. microarray). Sensitivity
analysis was done utilizing a leave-one-out approach,
sequentially excluding each study to assess the
robustness of the pooled effect and to identify stud-
ies significantly impacting the association between
FPR1, ANXAI1, and THCA outcomes (Balduzzi et al.
2019).

TME analysis

The TME was tested utilizing the R package esti-
mate by calculating the StromalScore, ImmuneScore,
and ESTIMATEScore for each sample. Differences
in these scores between high- and low-expression
groups of FPR1 and ANXA1 were subsequently com-
pared (Huang et al. 2020).

Analysis of immune cell infiltration

The enrichment scores of 24 immune cell-related
functional marker genes were calculated using the R
software package GSVA for single sample gene set
enrichment analysis (ssGSEA) based on a study by
Bindea et al. (Hdanzelmann et al. 2013). The markers
for the 24 immune cells provided in the Immunity
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article by Bindea et al. were employed to assess the
immune infiltration status in TCGA-THCA data
(Bindea et al. 2013).

Analysis of immunotherapy in THCA patients

Immunotherapy data for THCA patients were
gained from the TCIA database (https://tcia.at/).
The Immunophenoscore (IPS) was utilized to pre-
dict responses to cytotoxic T-lymphocyte antigen
4 (CTLA-4) and programmed cell death protein 1
(PD-1) blockade. Differences in IPS between high-
and low-expression groups of FPR1 were checked
utilizing the R package ggpubr (Zanfardino et al.
2019).

Cell culture

Human PTC cell line TPC-1 (CL-0643, Procell),
B-CPAP (CL-0575, Procell), human peripheral blood
DCs (CP-H179B, Procell), and human peripheral
blood CD3* T cells (PRI-H-00107, Xqxzbio) were
cultured in RPMI 1640 (72,400,120, Gibco) contain-
ing 10% FBS (10,437,010, Gibco) and 1% penicil-
lin—streptomycin (15,140,163, Gibco). The cultures
were maintained at 37 °C in a 5% CO, atmosphere.
When cell confluence reached 60-80%, passaging
and transfection were performed (Chen et al. 2022a,
b) (Chen et al. 2022a, b).

Immunoprecipitation

DCs were lysed in RIPA buffer (PO013 C, Beyotime,
Shanghai, China), and cellular debris was removed
by centrifugation. The supernatant was harvested,
and the supernatant of each sample was adjusted to
the same concentration. Input controls were reserved;
the resultant supernatant was immunoprecipitated
with anti-ANXAT1 (ab214486, Abcam, 1:2000, UK)
or anti-FPR1 antibody (ab113531, Abcam, 1:500,
UK) along with protein A/G beads (Santa Cruz
Biotechnology) for 2 h. Subsequently, beads were
triple-washed, denatured at 100 °C for 5 min, elec-
trophoresed, transferred to nitrocellulose membranes
(Millipore, Temecula, CA, USA), and subjected to
immunoblotting (Chen et al. 2023).
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Preparation of lentiviral vectors

The lentiviral vector pSIH1-H1-copGFP (sh-; SI501
A-1, System Biosciences, USA) was adopted for
ANXA1 knockdown, while pCDH-CMV-MCS-
EFla-copGFP (oe-; CD511B-1) facilitated FPR1
overexpression. Lentiviral particles were generated
by transfecting HEK-293 T cells (iCell-h237, Cell
Applications, Shanghai, China) with a packaging
kit (A35684 CN, Invitrogen, USA). After 48 h, viral
supernatants (1 X 10® TU/mL) were harvested. Tar-
get cells at ~40% confluence were transduced with
the viral suspension for 8 h, followed by culture
in DMEM enriched with 10% fetal bovine serum
(FBS). Puromycin (5 pg/mL; A1113803, Thermo
Fisher Scientific, China) selection was applied for
4 weeks. Table 1 summarizes lentiviral sequences.
Silencing efficiency was verified in DC cells (Fig-
ure S1), and the most effective sequence (sh-
ANXAI-1) was utilized in subsequent experiments
(Vecchi et al. 2018).

Cell Co-culture system

To assess the stimulatory capacity of DC, the trans-
fected DCs from each group were co-cultured with
CD3 +T cells at a ratio of 1:10 (DCs: T) in a 96-well
plate: 3 x 10° DCs from each group were added along
with 3x 10° CD3 +T cells, and the culture volume
was adjusted to 200 pL. with RPMI 1640 medium.
The cells were then incubated at 37 °C with 5% CO.,.
After 72 h of cultivation, CD3* T cell proliferation
was tested utilizing the CCK-8 assay. For the evalu-
ation of DCs’phagocytic ability, 1x 10> cells from
each group were suspended in 200 pL. RPMI 1640
medium and incubated with FITC-Dextran (100 pg/
mL; D1844, Invitrogen™) for 4 h. FITC uptake was
quantified via flow cytometry.

To investigate the impact of DC cells on TPC-1
cells, 100 pL (containing 1x 10* cells) of TPC-1 cells
were supplemented to each well of a 96-well plate.
Subsequently, CD3 +T cells from the co-culture with
respective DC groups were added at a ratio of 1:10
(T: TPC-1) to the TPC-1 cells, and the final volume
was adjusted to 200 pL. The co-culture was main-
tained in a 37 °C, 5% CO, culture system for 48 h,
after which TPC-1 cells were harvested for further
analysis (Fang et al. 2021).

Transwell assay

TPC-1 cells were evaluated for migratory and inva-
sive capacities employing 24-well Transwell cham-
bers (8 pm pore size; #3422, Corning, NY, USA).
For invasion assays, chambers were pre-coated with
Matrigel (#354,277, BD Biosciences, CA, USA),
diluted 1:1 with serum-free medium and solidi-
fied at 37 °C. Migration assays omitted Matrigel
pretreatment.

Cells (2 x10%) suspended in 200 pL serum-free
medium were loaded into the upper chambers; 800 pL
of 20% FBS medium was placed in the lower wells.
After 24 h at 37 °C, membranes were processed by
PBS washing, fixation with 4% paraformaldehyde,
0.1% crystal violet staining, imaged in five random
fields (Nikon Eclipse Ci, Nikon, Tokyo, Japan), and
quantified over three replicates (Hou et al. 2021).

Clonogenic assay

A clonogenic assay was utilized to check the TPC-1
cell proliferative capacity. Cells were inoculated at
a density of 2000 cells per 6 cm culture dish. After
changing the culture medium, the cells were allowed
to grow for 14 days. Subsequently, staining was per-
formed using 0.5% (w/v) crystal violet (C8470, Sole-
bao Technologies, Beijing, China), followed by imag-
ing and quantification of colony formation. Clusters
of cells consisting of more than 50 cells were identi-
fied as a single clone (Wang et al. 2020a, b, c).

CCK-8 assay

Logarithmically growing cells were seeded at 5X
10* cells/well in 96-well plates for overnight cultur-
ing. Cell viability was examined utilizing the CCK-8
kit (E606335, Sangon Biotech, China) by adding 10
pL of reagent at 0, 24, 48, and 72 h. Following 1 h
of incubation at 37 °C in 5% CO,, absorbance at 450
nm was documented with an Epoch microplate reader
(BioTek, USA) (Guo et al. 2019; Wang et al. 2020a,
b, c; Luo et al. 2018). Each condition was tested in
triplicate across three independent experimentations.

Ethical statement

All animal experiments were conducted under pro-
tocols approved by the institutional Animal Ethics
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Committee, in compliance with established guide-
lines. Every effort has been made to minimize the
pain and distress experienced by the animals, as
well as to reduce the number of animals required for
experimentation. Animal housing, care, and experi-
mentations were done in light of internationally
accepted standards for animal welfare. Adequate care
has been provided to all animals, and measures have
been taken to ensure their proper disposition after the
conclusion of the experiments.

Construction of subcutaneous tumor model in Mice

Eighteen 6-week-old male NCG nude mice weigh-
ing 20 +2 g were procured from Jicuiyaokang. They
were housed in SPF conditions with a 12-h light—-dark
cycle, and a suitable temperature range of 22-25 °C.
Prior to cell injection, DCs and T cells, along with
TPC-1 cells, were transfected in a 200 pL system
containing a ratio of 5X 10° DCs, 5x 10° T cells,
and 1x 10° TPC-1 cells. Subsequently, the mice were
randomized into the sh-NC +o0e-NC, sh-ANXAI1
+o0e-NC, and sh-ANXA1 +oe-FPR1 groups, with
each group receiving a subcutaneous injection of
200 pL of the corresponding cell mixture into the
left abdominal wall. Tumor volume was tested every
two days. On the 12 th day post-injection, the studied
animals were anesthetized with 50 mg/kg pentobarbi-
tal sodium (B00S, Jiancheng, Nanjing, China), then
euthanized by cervical dislocation at the point of neck
dislocation, followed by tumor removal, photography,
weighing, and storage for subsequent detection of rel-
evant factor expression. To minimize subjective bias,
three independent researchers assessed each sample
separately (Luo et al. 2023).

RT-qPCR

Tissues were processed for RNA extraction utiliz-
ing Trizol (16,096,020, Invitrogen, USA). cDNA
was synthesized via RT with the Takara kit (RR047
A, Japan). Gene expression analysis was done via
RT-gPCR utilizing TagMan assays (Applied Biosys-
tems, Foster City, CA, USA), with GAPDH as the
endogenous control. Each RT-qPCR experiment was
conducted in triplicate wells. Primer sequences are
detailed in Table 2. The fold change in target gene
expression patterns was computed utilizing the 2744t
method (Wang et al. 2023).
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Western Blot

Following protein extraction utilizing RIPA buffer,
its concentration was checked via BCA assay
(20201ES76, Yisheng Biotechnology, Shanghai) and
normalized. SDS-PAGE was used for protein sepa-
ration, followed by transfer to PVDF membranes
(IPVH85R, Millipore, Germany) via wet transfer.
Membranes were blocked with 5% BSA at ambient
temperature for 1 h, followed by overnight incuba-
tion at 4 °C with anti-ANXA1 (ab214486, Abcam,
UK), anti-FPR1 (PA1-41,398, Invitrogen, USA), anti-
BATF3 (ab211304, Abcam, UK), and anti-GAPDH
(ab9485, Abcam, UK). After TBST washes, second-
ary antibody incubation was done with HRP-conju-
gated goat anti-rabbit IgG (ab6721, Abcam, UK) for
1 h. Chemiluminescent signals were developed and
analyzed with Image] (NIH) to calculate relative pro-
tein expression using GAPDH as the control (Wang
et al. 2023). For the full length uncropped original
western blots, please refer to Supplemental Material
file.

Immunofluorescence staining

After formalin fixation and paraffin embedding, tissue
sections underwent deparaffinization, antigen retrieval
(10 mM sodium citrate, pH 6.0), and blocking with
10% goat serum. Primary antibodies—anti-ANXA1
(ab214486, Abcam, UK), anti-FPR1 (ab113531,
Abcam, UK), and anti-BATF3 (ab302568, Abcam,
UK)—were applied overnight at 4 °C. After washing,
secondary antibodies (fluorescent anti-rabbit IgG,
ab150079, Abcam, UK) were incubated at ambient
temperature for 1 h, in the dark. Nuclei were counter-
stained with DAPI (D1306, ThermoFisher, USA) for
10 min. After final washes, slides were mounted with
anti-fade medium and imaged utilizing a fluorescence
microscope. Quantification of positive cells was done
employing Imagel or built-in software (Zheng et al.
2022).

Flow cytometry

Tumor tissue was digested in HBSS (with Ca/Mg)
enriched with DNase I (10 pg/mL) and Liberase (25
pg/mL) at 37 °C for 30 min with intermittent shaking.
The suspension was filtered via a 70 pm mesh, cold
PBS-rinsed, and centrifuged at 1000 xg for 5 min
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at 4 °C. Red blood cells were lysed utilizing ACK
buffer (A1049201, Invitrogen), quenched with PBS,
and centrifuged again. Cell pellets were resuspended
in FACS buffer for downstream analysis. For in vitro-
cultured cells, after PBS washing and centrifugation
under the same conditions, cells were similarly resus-
pended in FACS buffer.

The aforementioned cell samples were blocked
with goat serum IgG (SL038, Solarbio) for 15 min
and subsequently stained with a panel of antibodies
according to the experimental requirements. For all
channels, the gating of positive and negative cells was
based on Fluorescence Minus One (FMO) control.
Specific antibody-binding cell populations were iden-
tified and quantified by flow cytometry. The antibod-
ies used included BATF3 (ab307471, Abcam), CD1a
(ab256268, Abcam), CD86 (ab303578, Abcam), CD4
(ab277931, Abcam), and CDS8 (ab237365, Abcam) as
reported in (Mokuda et al. 2015).

Statistical analysis

Data were initially summarized utilizing descriptive
statistics (mean, median, standard deviation, range).
For comparisons between two groups, an independent
t-test was applied. A one-way ANOVA was adopted
for comparisons across three or more groups, while
MANOVA was employed for analyses involving mul-
tiple factors. Survival analysis was done employing
Kaplan—Meier curves, and differences were examined
with the Log-rank test. Pearson’s correlation coef-
ficient was adopted for continuous variable relation-
ships. Linear and logistic regression were employed
for predictive or exploratory analysis. For non-nor-
mally distributed data or unequal variances, non-par-
ametric tests (Mann—Whitney U or Kruskal-Wallis)
were applied. All analyses were completed utilizing
SPSS (IBM) or R. Statistical significance was made
at p< 0.05. Graphs were prepared with GraphPad
Prism (GraphPad Software, Inc.).

Results

scRNA-Seq Identifies 7 Major Cell Types in THCA
Patient Tumor and Adjacent Tissue Samples.

We retrieved the THCA-related scRNA-seq
dataset GSE184362 from GEO, which includes
6 adjacent and 7 tumor tissue samples. After

filtering, 49,576 cells from adjacent tissues (P1-
P6) and 54,293 cells from tumor tissues (T1-T7)
were retained (Figure S2A, S2D). The correlation
between nCount_RNA and percent.mt was negligi-
ble (r =—0.01), while nCount_RNA was strongly
correlated with nFeature_RNA (r =0.87 and 0.95),
confirming high data quality (Figure S2B, S2E).
Following variability assessment, the 2,000 most
variable genes were extracted to inform downstream
analyses (Figure S2C, S2 F).

Cell cycle scoring showed consistent distribu-
tion across all samples (Figure S3A). PCA of the
top 2,000 highly variable genes revealed no batch
effects among the 13 samples (Figure S3B). Jack-
StrawPlot visualization of the top 50 PCs indicated
that significant components, with p-values <0.05,
captured key information, with the first 10 PCs
showing p-values below 0.05 (Figure S3C). The
ElbowPlot identified a clear inflection point at the
10 th PC (Figure S3D). Heatmap of the first 2 PCs
generated by DimHeatmap function highlighted
the key genes (Figure S3E, S3 F). Consequently,
further analyses leverage these 10 PCs for UMAP
clustering.

Eighteen cell clusters were defined by UMAP-
based analysis (Fig. 1A), later annotated into 7
distinct cell types based on cell marker genes: Neu-
trophils, DCs, T & NK cells, B cells, Thyrocytes,
Fibroblasts, and Endothelial cells (Fig. 1B). The
expression patterns of marker genes are visualized
in Fig. 1C. Notably, cluster 14 represents Neutro-
phils, with marker genes S100 A8, CXCLS, SOD2,
and NAMPT; clusters 2 and 15 are identified as
DCs, marked by genes HLA-DRA, HLA-DPBI,
CST3, and HLA-DPAT1; clusters 0, 5, 6, and 8 cor-
respond to T & NK cells, characterized by genes
CD3D, CD3E, CD2, and CD4; clusters 1, 12, and
17 indicate B cells, with marker genes CD79 A,
CD79B, IGHM, and IGHD:; clusters 3, 4, 7, 11, 13,
and 16 represent Thyrocytes, showcasing genes TG,
EPCAM, KRTI18, and KRT19; cluster 10 encom-
passes Fibroblasts, marked by COL1 A1, COLI1
A2, COL3 Al, and ACTA2; while cluster 9 identi-
fies Endothelial cells, with marker genes PECAMI,
CD34, CDHS5, and VWF.

Conclusively, we constructed a single-cell tran-
scriptome atlas comprising 103,869 cells from THCA
patient tumor and adjacent tissue samples through
scRNA-seq analysis.
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Significant changes of DCs in samples of THCA and
adjacent tissues

We further compared the changes in the propor-
tions of these seven cell types in samples of THCA
and adjacent tissues. Overall, the full spectrum of
seven cell types was shared across cancerous and
non-malignant tissues, but their proportions varied,
especially DCs (Fig. 2A). Further statistical analy-
sis revealed a notable difference only in the propor-
tion of DCs in samples of THCA and adjacent tissues
(Fig. 2B-G).

@ Springer

)
2100000000
1 [ ]
) J

0 11 12 13

marker genes; (C) Bubble plot of expression of cell marker
genes, where darker colors indicate higher expression levels
and larger circles indicate higher expression proportions

Using an avg_log2 FC threshold of >0.5, we
extracted 833 marker genes of DCs for subsequent
analysis. The results demonstrated that DC marker
genes were mainly enriched in inflammatory bowel
disease, Th17 cell differentiation, antigen processing
and presentation, as well as signaling pathways such
as Toll-like receptors, NF-kappa B, and chemokines
(Fig. 3A). Additionally, DC marker genes were pre-
dominantly enriched in BP such as leukocyte cell—cell
adhesion, positive regulation of cytokine production,
regulation of leukocyte cell-cell adhesion, and cell
activation involved in immune responses. In terms of
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CC, these genes were enriched in endocytic vesicles,
ficolin-1-rich granules, vacuolar membranes, and lys-
osomal membranes. Furthermore, in MF, they were
enriched in major histocompatibility complex (MHC)
class II protein complex binding, MHC protein com-
plex binding, immune receptor activity, and amide
binding (Fig. 3B). Overall, DCs likely contribute to
THCA initiation and progression via inflammatory
and immune pathways.

DC:s reside at the differentiation"Endpoint"in
Pseudotime analysis

Pseudotime analysis was performed on seven tumor
samples from the GSE184362 scRNA-seq dataset
using Monocle2 (R package). Genes contributing
to the pseudotime trajectory are shown in Fig. 4A.
Dimensionality reduction with DDRTree ordered
cells along trajectories in light of expression patterns
of key genes (Fig. 4B). Pseudotime, calculated by
Monocle2 based on cell gene expression information,

group

and seven tumor tissue samples for Neutrophils, DCs, T & NK
cells, B cells, Thyrocytes, Fibroblasts, and Endothelial cells,
based on chi-square test for categorical data (adjacent tissue
number (P) =6, tumor tissue number (T) =7)

represents the order of time, with the root on the right
and branches on the left (Fig. 4C). Additionally, the
cell evolution is divided into three stages, with one
significant branching point, as shown by State repre-
sentation (Fig. 4D). We found that DCs are predomi-
nantly located at the branch endpoint, mainly in the
State 2 stage (Fig. 4E). This was further validated by
the expression trends of dendritic cell marker genes
(HLA-DRA, HLA-DPB1, CST3, HLA-DPA1l),
which confirmed their pseudotemporal position at
the"endpoint"(Fig. 4F).

Communication of DCs with various cell types in
tumor tissues of THCA patients

Cellular communication analysis was then per-
formed, which focuses on ligand-receptor inter-
actions between cell types, highlighting com-
munication dynamics within the TME. Initially,
we performed cell-cell interaction analysis of
7 cell types using 14 common ligand-receptor

@ Springer
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pairs with the R software package CellCall. The
results revealed that DCs had the highest num-
ber of interactions with other cells (Fig. 5A), pri-
marily acting as cell receptors and responding to
ligands from Neutrophils, T & NK cells, Thyro-
cytes, Fibroblasts, and other cells (Fig. 5B). Fur-
thermore, analysis using the R software package
CellChat demonstrated significant communication
of DCs with other cells, involving signaling path-
ways such as Macrophage Migration Inhibitory
Factor (MIF), SPP1, and Annexin (Fig. 5C). From

* Endothelial cells

HLA-DPA1
s

Pseudo-time

Trajectory skeleton plot colored by Pseudotime; (D) Trajec-
tory skeleton plot separately showing each branch (State); (E)
Trajectory skeleton plot colored by cell type; (F) Expression
changes of DC marker genes (HLA-DRA, HLA-DPB1, CST3,
HLA-DPA1) over Pseudotime

this, it can be seen that CellCall and CellChat
analyses yielded concordant results, both confirm-
ing that DCs in the tumor tissue samples of THCA
patients"communicate"with  various other cell
types. Combining the results of pseudotime analysis
and cellular communication, it can be inferred that
other stromal or immune cells in the tumor immune
microenvironment may influence the differentiation
and function of DCs, thereby further promoting the
occurrence and development of THCA.
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Prognostic value of DC marker gene FPR1 in patients
with THCA

Based on the ligand-receptor interactions in Fig. 5C,

we extracted 41 ligand-receptor-related genes
involved in the"communication"between DCs and

@ Springer

other cells, and intersected them with 833 dendritic
cell marker genes, resulting in 16 candidate genes:
SPP1, IL1B, CD74, IFNGR1, CXCL16, TNFSF13B,
AXL, FPR1, IFNGR2, LGALS9, HAVCR2, CD4,
TNF, CXCR3, GAS6, and CXCR4 (Fig. 6A). Sur-
vival analysis of the TCGA-THCA dataset revealed
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that only FPR1 was notably linked to overall sur-
vival, with high FPR1 expression correlating with
poorer prognosis (Fig. 6B). The remaining 15 genes
demonstrated no significant association with sur-
vival (Figure S4). In the THCA tissue samples
from the TCGA-THCA dataset, FPR1 was signifi-
cantly positively correlated with its corresponding
ligand ANXAI1 (Fig. 6C), further suggesting the link
between FPR1 and ANXAT1. Additionally, significant
associations were identified between FPRI/ANXAL1
expression and THCA clinical variables, such as
Age, Thyroid gland disorder history, Histological
type, and Extrathyroidal extension (Fig. 6D-E). This

No Yes
Extrathyroidal extension

o
M N Wwwﬁ o
o

Thyroid gland disorder history

patients; (D) Prognostic relevance analysis of FPR1 with vari-
ous clinical indicators in tumor tissue samples from THCA
patients; (E) Prognostic correlation analysis of ANXA1 with
various clinical parameters in tumor tissue samples from
THCA patients. n= 512

suggests that the dendritic cell marker genes FPR1
and ANXAT1 have prognostic value in THCA patients.

Upregulation of FPR1 and ANXA1 expression in
THCA tissues and cells

Initially, leveraging the TCGA-THCA dataset in
conjunction with the GTEx dataset, we assessed the
expression patterns of FPR1 and ANXA1 in THCA
tissues. ANXA1 was evidently elevated in THCA tis-
sues, whereas FPR1 showed no significant difference
(Fig. 7A-B). To further explore this, we conducted
a meta-analysis combining multiple THCA-related

@ Springer



97 Page 14 of 28

Cell Biol Toxicol (2025) 41:97

FPR1

Study Total Mean  SD Total Mean  SD Difference SMD  95%-Cl Weight
TCGA-GTEX 512 170 0.8600 338 1.75 0.8300 -0.06 [-0.20;0.08] 12.9%

. GSE5364-GPLIS 35 48517400 16 352 05500 E 2 0.88 [0.27;1.50] 11.8%

©w o oo (. —I GSE27155-GPL96 77 254 00900 4 2.16 0.2000 —%— 390 [272,508] 9.7%
—_ GSE33630-GPL570 60 53806700 45 500 0.4000 066 [0.26;1.06] 12.5%

B . GSE53157-GPL570 24 76510100 3 686 1.4600 073 [-0.49; 195  9.5%

i\‘; R GSE58689-GPLIG 27 32804300 18 291 05300 0.77 [0.15,1.39] 11.8%

« 4 K GSE60542-GPL570 33 53303900 30 5.03 03000 0.85 [0.33;1.36] 12.1%

GSE65144-GPL570
GSE138198-GPL6244

Random effects model 813
Heterogeneity: 12 =91%, #=1.0732, p <0.01

PR
Tumor group  Normal group Standardised Mean

12 1092 1.2300 13
33 5.78 0.5300

8.18 0.9300
5.39 0.4000

10.1%
9.6%

244 [1.37,352]
0.73 [-0.47;1.92]

w

470 1.14 [0.41; 1.87] 100.0%

Expression - log;(TPM +1)
Expression - log,(TPM+1)

ANXA1

Tumor group  Normal group Standardised Mean

Study Total Mean  SD Total Mean  SD Difference SMD  95%-Cl Weight
©
- 4 TCGA-GTEX 512 9.611.3400 338 7.98 0.9100 137 [1.22,152] 14.4%
GSE5364-GPLIG 35 7.00 05900 16 599 1.2300 - 118 [0.55;1.82] 12.0%
GSE27155-GPL96 77 400 04300 4 3.85 0.4200 035 [-0.66;135]  9.6%
GSE33630-GPL570 60 93111400 45 8.95 1.0800 032 [-0.07;071] 135%
GSE53157-GPL570 24 1212 06500 3 11.25 1.6200 1.00 [-0.15;233]  8.1%
° <« 4 GSE58689-GPL96 27 11.45 07900 18 11.00 0.9300 052 [-0.09; 1.13] 12.2%
T T GSE60542-GPL570 33 930 10000 30 9.64 1.1300 -0.30 [-0.80; 0.19] 12.9%
GSE65144-GPL570 12 1029 0.4600 13 9.00 0.4600 —s— 271 [158;384] 88%
(nUm(T)=512; num(N)=337) (num(T)=512; num(N)=337) GSE138198-GPL6244 33 11.64 0.8900 3 11.01 0.4300 071 [-0.49;1.90]  8.4%
Random effects model 813 470 — 0.83 [0.29; 1.36] 100.0%
Heterogeneity: /> = 89%, € =0.5090, p < 0.01
D 3-2-101 2 3
e 0
B-CPAP . [ 8505C . 8
830s¢ ——————@ o ML-1 = 6
TT2609-C02 —e . 6 SW579 ‘ 4
M-I - TT2609-C02 —
8505 ® FPRI expression 8305C =
R coAp ® ANXAI expression
- 6 . [ 2
SWs79  ® CAL-62 9
CAL-62 ® 4 T O — o [ X3
N ®:
0 2 6 8 2 0.0 2.5 5.0 7.5 10.0
FPRI expression . ANXAI expression [ RO

Fig. 7 Differential Expression Analysis of FPR1 and ANXA1
in Tumor Tissues, Cells, and Normal Control Tissues of
Patients with THCA. Note: (A) Expression levels of FPR1
mRNA in tumor tissues and normal control tissues of THCA
patients (Tumor group, n= 512; Normal group, n= 337); (B)
Expression levels of ANXAI mRNA in tumor tissues and
normal control tissues of THCA patients (Tumor group, n=

transcriptome datasets from GEO with TCGA-GTEx
data.

Utilizing a random-effects model, the Meta-anal-
ysis results revealed that in THCA tissue samples,
the expression levels of FPR1 (SMD =1.14, 95%CI
=0.41 to 1.87) and ANXA1 (SMD =0.83, 95%CI
=0.29 to 1.36) were distinctly higher than in sam-
ples of normal control tissues (Fig. 7C). Subgroup
analysis based on detection methods (RNA-seq and
array) demonstrated that while there was no notable
difference in FPR1 expression employing the RNA-
seq detection method, there was a notable differ-
ence in FPR1 expression utilizing the array detection
method, indicating that different detection methods
may impact the Meta-analysis results of FPR1 (Fig-
ure S5A). Furthermore, under both detection meth-
ods, ANXA1 expression in THCA tissue samples
was evidently higher than the control tissues (Fig-
ure S5B). Sensitivity analysis conducted through a
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512; Normal group, n= 337); (C) Forest plot comparing the
expression of FPR1 and ANXA1 in tumor samples (Tumor
group) versus normal control tissue samples (Normal group) in
patients with THCA; SMD denotes Standard Mean Difference,
95% CI denotes 95% confidence interval; (D) Expression anal-
ysis of FPR1 and ANXAT1 in multiple THCA cell lines through
the CCLE database

leave-one-out approach demonstrated no significant
changes in the results of each subgroup, demon-
strating the methodological robustness of the meta-
analytic conclusions (Figure S5C-D). Overall, the
combined RNA-seq and array chip results for FPR1
and ANXA1 show that the chip detection results
demonstrate higher consistency and significance for
these two genes. Compared to normal control tissues,
THCA tissue samples exhibited elevated FPR1 and
ANXAL levels.

Additionally, we queried the CCLE database to
investigate the differential expression of FPR1 and
ANXA1 in THCA cell lines. It was evident that
FPR1 was distinctly expressed only in B-CPAP cells,
whereas ANXA1 exhibited significant expression in
multiple thyroid cell lines (Fig. 7D). This suggests
that ANXA1 is broadly expressed in THCA cells,
while the DC marker FPR1 may be expressed in
immune cells such as DCs.
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DC Involvement in THCA progression through the
ANXAT1-FPR1 signaling pathway

Utilizing the single-cell atlas of THCA constructed
earlier, we examined the distribution of FPR1 and
ANXAL in seven cell types. The results revealed that
FPR1 is predominantly expressed in DCs (Fig. 8A),
while ANXAI1 is distributed across all cell types
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Fig. 8 Distribution of FPR1 and ANXAL in the Single-Cell
Atlas and Analysis of Cellular Communication. Note: (A)
Scatter plots showing the distribution of FPR1 in seven cell
types; (B) Scatter plots showing the distribution of ANXAL1
in seven cell types; (C) Network and chord diagram depicting

(Fig. 8B), consistent with the findings in Fig. 7D.
Analysis of cellular communication indicated that
DCs serve as a pivotal hub in the Annexin signal-
ing pathway (Fig. 8C). Notably, DCs likely function
primarily as the receiver, while neutrophils, T & NK
cells, thyrocytes, and fibroblasts play roles as senders
and influencers (Fig. 8D-E). Supported by evidence
from the literature, ANXAI1, a phospholipid-binding
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«Fig. 9 Immune Infiltration Analysis of FPR1 and ANXAI in
Tumor Tissues of THCA Patients. Note: (A) and (B) depict the
lollipop graphs representing the correlation analysis of FPR1
and ANXA1 expression with StromalScore, ImmuneScore,
and ESTIMATEScore. The size of the circles indicates the
magnitude of the correlation coefficient, while different colors
represent varying P values; (C) Scatter plot illustrating the cor-
relation of FPR1 expression with the proportions of aDC, DC,
iDC, and pDC infiltrates; (D) Discrepancies in the infiltration
proportions of aDC, DC, iDC, and pDC between the high and
low FPR1 expression groups; (E) Scatter plot showing the cor-
relation between ANXAI1 expression and the infiltration pro-
portions of aDC, DC, iDC, and pDC; (F) Differences in the
infiltration proportions of aDC, DC, iDC, and pDC between
high and low ANXAI expression groups. * denotes P< 0.05,
** denotes P < 0.01, *** denotes P< 0.001, n=512

protein, belongs to the Annexin protein family. FPR1
is a G protein-coupled receptor that, when activated,
interacts with ANXA1 to form the ANXAI-FPRI1
complex. This complex triggers downstream sign-
aling events within the cell, including calcium ion
release, activation of protein kinases, and transcrip-
tion factors, thereby regulating the activation, chem-
otaxis, and inflammatory responses of immune cells
(Vecchi et al. 2018, 2022). Therefore, we posit that
the release of ANXAI1 from neutrophils, T & NK
cells, thyrocytes, and fibroblasts binds to the FPR1
marker gene on DCs, influencing their function and
ultimately modulating the TME to promote THCA
initiation and progression.

Influence of FPR1 on DC maturation and activation

Following the application of the ESTIMATE algo-
rithm, we calculated StromalScore, ImmuneScore,
and ESTIMATEScore for THCA samples and ana-
lyzed their correlation with FPR1 and ANXAI
expression. FPR1 was notably linked with all three
scores (Fig. 9A), while ANXA1 showed weaker cor-
relations (Fig. 9B). Single sample gene set enrich-
ment analysis (sSGSEA) analysis validated a nota-
ble positive correlation between FPR1 and ANXA1
expression and the infiltration of activated DCs,
DCs, and immature DCs, while the correlation with
plasmacytoid DCs was weaker (Fig. 9C-E). In light
of median expression values of FPR1 and ANXAI,
THCA samples were categorized into high and low
expression groups. Differential analysis of DC sub-
sets (aDC, DC, iDC, pDC) confirmed these findings
(Fig. 9D-F).

FPR1 as a potential guide for immunotherapy in
THCA patients

Here, a correlation analysis between FPR1 and com-
mon immune checkpoints was done with the results
demonstrating a significant positive correlation
between them (Fig. 10A). Subsequently, we accessed
immunotherapy-related data on THCA patients from
the TCIA database. The Immunotherapy scores were
plotted on the y-axis, where higher scores indicate
a better response to Immunotherapy. Relative to the
low FPR1 expression group, those with high expres-
sion showed enhanced responses to PD-1 inhibi-
tors or a combination of CTLA4 and PD-1 inhibi-
tors (Fig. 10B). Therefore, it can be inferred that
THCA patients with high FPR1 expression may indi-
cate potential benefit from ICIs, either alone or in
combination.

ANXA1 May facilitate proliferation, migration,
and invasion of THCA cells by interacting with DC
marker gene FPR1

Bioinformatics analysis revealed a significant eleva-
tion in ANXA1 and FPR1 expression in THCA tis-
sues, accompanied by enhanced activation and infil-
tration of DC cells. Furthermore, literature reports
suggest that the interaction between ANXAI and its
receptor FPR1 inhibits TNF-a-induced DC matura-
tion, thereby modulating their activity and function
(Baracco et al. 2019; Min et al. 2011). To further
validate this conclusion, we plan to conduct relevant
experiments under cell culture conditions.

Initially, we validated the interaction between
ANXA1 and FPR1 in DCs. Bidirectional immu-
noprecipitation results showed that ANXA1 could
specifically bind to FPR1 (Fig. 11A). Subsequently,
we modulated the expression of ANXA1 and FPR1
in DC cells through lentiviral transduction. Western
blot results displayed (Fig. 11B) a notable decline in
ANXA1 and FPR1 expression levels following sh-
ANXAT1 treatment. In the group overexpressing FPR1
alongside silenced ANXA1 (sh-ANXA1 +oe-FPR1
group), there was a notable elevation in FPR1 expres-
sion levels, while ANXA1 expression levels remained
relatively unchanged. Therefore, cells infected with
the lentivirus can be utilized for subsequent experi-
ments. Subsequently, we analyzed the effects of
ANXA1 knockdown and FPR1 overexpression on
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«Fig. 10 Correlative Analysis of FPR1 with Common Immune
Checkpoints and Immunotherapy Analysis. Note: (A) Correla-
tive Analysis of FPR1 with Common Immune Checkpoints (n
=512); (B) Differential Analysis of IPS between FPR1 High-
expression and Low-expression Groups (n =501)

DC maturation, phagocytic ability, and CD8 +T
cell stimulatory capacity. Flow cytometry results
indicated that sh-ANXA1 treatment brought about
increased expression of CD86 and CDl1a, suggesting
that ANXA1 knockdown promoted DC maturation
(Fig. 11C). The phagocytic ability of DC cells co-cul-
tured with Detran was significantly higher in the sh-
ANXA1 +0e-NC group relative to respective control
(Fig. 11C). Additionally, the CCK-8 assay evaluating
CD8 +T cell proliferation with different DC co-cul-
tures demonstrated a significantly higher proliferation
capacity following sh-ANXAI1 treatment (Fig. 11D).
Consistent with our expectations, overexpression
of FPRI reversed the promoting effects of ANXAL
knockdown on DC cell activity, phagocytic ability,
and CD8 +T cell stimulatory capacity (Fig. 11C-D).

We next employed cell co-culture techniques to
stimulate CD8 +T cells with DCs, followed by fur-
ther co-cultivation with TPC-1 cells to assess rel-
evant indicators. CCK-8 and colony formation assays
showed a notable decline in TPC-1 and B-CPAP
cell proliferation following sh-ANXA1l treatment
(Fig. 11E-G). Silencing ANXAT1 in DCs, combined
with FPR1 overexpression, reversed the proliferation
inhibition in TPC-1 cells. Transwell assays revealed
diminished migration and invasion in TPC-1 cells
following sh-ANXA1 treatment (Fig. 11H-I), which
were reversed by FPR1 overexpression in DCs. These
results suggest that ANXAL interacts with FPR1 on
DCs to regulate TPC-1 cell proliferative, migrative,
and invasive potentials.

Inhibiting the Interaction Between ANXA1 and
FPR1 May Reduce DC Infiltration and the Develop-
ment of THCA in a Mouse Model.

To further validate the effects of ANXA1 and
FPR1 on DC activity in THCA, we established a
subcutaneous THCA tumor model in mice. Tumor
observations and volume measurements revealed that
the tumor size and morphology were evidently dimin-
ished following sh-ANXAI1 treatment. Additionally,
after FPR1 overexpression (sh-ANXA1 +oe-FPR1
group), the growth inhibition of subcutaneous tumors
in mice was reversed (Fig. 12A-B). This preliminary

finding suggests that inhibiting ANXA1 and FPRI1
can suppress THCA progression in vivo (Fig. 12C).

Furthermore, we constructed a lung metastasis
model of THCA, following assessment of the expres-
sion levels of the DC infiltration marker BATF3 in
tissue samples from the subcutaneous THCA tumor
model. The results confirmed that, relative to the
sh-NC +o0e-NC group, the sh-ANXA1 +o0e-NC
group showed evidently higher mRNA and protein
levels of the DC marker BATF3, while these levels
were reduced in the sh-ANXA1 +oe-FPR1 group
(Fig. 12D-F). Immunofluorescence staining con-
firmed lower expression of ANXA1 and FPRI1 in the
sh-ANXA1 +o0e-NC group, with further reduction in
the sh-ANXA1 +oe-FPR1 group (Fig. 12G). These
findings suggest that inhibiting ANXA1 and FPRI1
promotes DC infiltration in THCA tissue.

Flow cytometry showed a notable elevation in
BATF3/CD1a double-positive cells in the sh-ANXA1
+0e-NC group, indicating increased DC infiltra-
tion. FPR1 overexpression in the sh-ANXA1 + oe-
FPR1 group diminished BATF3 expression and DC
infiltration (Fig. 12H). T cell infiltration analysis
revealed higher CD4 +and CDS8 +T cell levels in the
sh-ANXA1 +o0e-NC group, while FPR1 overexpres-
sion led to a remarkable decline in T cell infiltration
(Fig. 12D).

These results indicate that inhibiting the interac-
tion between ANXA1 and the DC marker gene FPR1
in the TME reduces DC activity, ultimately suppress-
ing the occurrence and development of THCA.

Discussion

In light of the results obtained, we preliminarily con-
clude that in the TME, the binding of ANXA1 with
the DC marker gene FPR1 influences the maturation
and activation of DCs, ultimately accelerating THCA
(Fig. 13).

In previous studies, the roles of various cells in the
TME of THCA have gradually gained attention (Zhou
et al. 2023; Ferrari et al. 2019; Li et al. 2022a, b; Gar-
cia-Alvarez et al. 2022). Despite extensive research
focusing on T cells, neutrophils, and other cells, the
specific role of DCs in THCA remains unclear (Xie
et al. 2020; Jin et al. 2021; Gong et al. 2020). This
study delves deep into how DCs participate in and
reshape the TME of THCA through scRNA-seq and
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Fig. 11 The Impact of ANXA1 and FPR1 Interaction on DC
Activity and Malignant Behavior of THCA Cells. Note: (A)
Immunoprecipitation assay to detect the interaction between
ANXAI1 and FPR1; (B) Western blot validation of ANXAI1
and FPR1 lentivirus construction in DC cells; (C) Flow cytom-
etry analysis of DC cell markers CD1a and CD86, as well as
the phagocytic capacity of DCs for FITC-Dextran; (D) CCK-8
experiment to assess the proliferation ability of CD8 +T cells
in each group; (E) CCK-8 assay to measure the prolifera-
tion ability of TPC-1 cells and B-CPAP cells in each group;
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(F) Clonogenic assay to evaluate the clonogenic potential of
TPC-1 cells in each group; (G) Clonogenic assay to measure
the clonogenic ability of B-CPAP cells in different groups;
(H) Transwell assay to determine the migration and invasion
abilities of TPC-1 cells in each group, Scale bar =50pm; (I)
Transwell assay to measure the migration and invasion abil-
ity of B-CPAP cells in different groups, Scale bar =50pum. *
indicates P< 0.05 compared to the sh-NC +o0e-NC group, #
indicates P < 0.05 compared to the sh-ANXA1 + oe-NC group,
and all cell experiments were performed in triplicate
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Fig. 12 Regulation of ANXA1 and FPR1 on DC Cell Infiltra-
tion in a Mouse Model and its Impact on THCA. Notes: (A)
Representative images of tumors in different groups of mice;
(B) Statistical analysis of tumor volumes in mice; (C) Mouse
lung metastasis model, HE staining of lung tissues, and sta-
tistics of tumor metastatic burden; (D) mRNA changes of the
DC cell infiltration marker BATF3 in subcutaneous tumors of
different mouse groups as detected by RT-qPCR; (E) Protein
changes of the DC cell infiltration marker BATF3 in subcuta-
neous tumors of different mouse groups as detected by West-
ern blot; (F) Immunofluorescence staining showing the protein

transcriptomic RNA sequencing data analysis (Tian
et al. 2023).

In previous research, DCs have been recognized
as key cells in regulating the TME (Li et al. 2022a,
b; Wculek et al. 2019; Peng et al. 2021). Our study
further indicate that among the analyzed single-cell
transcriptome data, only DCs exhibit a significant
difference in proportion between THCA tissue and

expression of the DC cell infiltration marker BATF3 in subcu-
taneous tumors of different mouse groups, with a scale bar of
10 pm; (G) Immunofluorescence staining showing the protein
expression of ANXA1 and FPR1 in subcutaneous tumors of
different mouse groups, with a scale bar of 500 pm; (H) Flow
cytometry analysis of DC cell infiltration in different groups of
mice with subcutaneous tumors; (I) Flow cytometry analysis of
CD4 +and CD8 +T cell infiltration in different groups of mice
with subcutaneous tumors. * indicates P< 0.05 compared to
the sh-NC +o0e-NC group, # indicates P < 0.05 compared to
the sh-ANXA1 + o0e-NC group, with n= 6 in each group

corresponding adjacent tissue samples. This high-
lights the potential central role of DCs in THCA
development, which is in line with the findings of
Gulubova et al., who also validated the crucial role of
DCs in THCA development (Gulubova et al. 2014).
The interaction between ANXAI and FPRI1 are
vital in modulating the TME, particularly affect-
ing the maturation and activation of DCs (Le Naour
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Fig. 13 Molecular Mechanism Illustration of ANXA1 Binding to the DC Marker Gene FPR1 in the TME, Influencing DC Matura-
tion and Activation, Ultimately Promoting the Occurrence and Development of THCA

et al. 2021). Previous studies have documented that
ANXAI1 facilitated tumor cell invasion, migration,
and immune escape in various cancers, with FPR1
as its main receptor playing a significant role in
these processes (Foo et al. 2019; Aragjo et al. 2021).
However, there is still limited research and report-
ing on the specific mechanism of this signaling axis
in THCA. Recent studies have started to focus on the
role of ANXA1 and FPR1 in modulating the immune
microenvironment, especially within DCs. DCs, as
crucial antigen-presenting cells in the immune sys-
tem, directly impact T-cell activation and the estab-
lishment of immune responses based on their matu-
ration and activation status. The interaction between
ANXA1 and FPRI regulates the functions of DCs
through various aspects, such as intracellular cal-
cium signaling, cytokine release, and cell chemotaxis
(Feng et al. 2020).

In THCA, this interaction may alter the antigen-
presenting ability of DCs and modulate the cytokine
environment, further influencing T-cell reactivity

@ Springer

and tumor cell immune evasion. This study, through
bioinformatics analysis and experimental validation,
reveals how they interact with DCs, thereby pro-
pelling the development of THCA. The interaction
between ANXA1 and FPR1 in the THCA TME inhib-
its the maturation and activation of DCs. Analysis of
scRNA-seq data revealed elevated ANXA1 and FPR1
expression in DCs in THCA tissues compared to
adjacent tissues, with both negatively correlating with
tumor invasiveness and patient prognosis. These find-
ings align with prior reports showing that exosomal
ANXA1 promotes macrophage M2 polarization in
PTC (Liu 2024). This further suggests that ANXAI,
through its interaction with immune cells, may criti-
cally shape the immune microenvironment of THCA
and represent a potential immunotherapeutic target.
Additionally, other studies provide important sup-
plementary evidence showing that ANXAI is highly
connected to the regulation of the immune microen-
vironment in PTC (Chen et al. 2022a, b), reinforc-
ing its role in immune modulation. While similar
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conclusions have not been found in THCA-related
studies, Vecchi et al. discovered that inhibiting the
ANXAT1/FPRI1 autocrine axis effectively reduced the
proliferation and migration of breast cancer cells, evi-
dent in cell culture and animal studies (Vecchi et al.
2018). This finding further supports the reliability
of our results. Such findings offer new insights for
Immunotherapy in THCA, suggesting that enhancing
the immune activation function of DCs and inhibit-
ing tumor development may be achieved through
modulating the expression or function of ANXA1 and
FPRI1.

The strong positive correlation between FPR1 and
most immune checkpoints presents a novel strategy
for Immunotherapy in THCA. Patients with high
FPR1 expression may benefit from ICIs, providing a
more targeted direction for future therapeutic strate-
gies. Through in vivo experiments, this study dem-
onstrates that silencing ANXAI1 effectively promotes
the maturation of DCs, thereby inhibiting the tumo-
rigenic capacity and tumor size of THCA cells. This
offers empirical support for considering ANXALI as a
potential therapeutic target, differing from previous
studies that primarily focused on molecular biomark-
ers. Overall, this research unveils the crucial role of
DCs in the TME of THCA, emphasizing the signifi-
cance of ANXAI1 and FPRI1. This offers new insights
into THCA pathogenesis and a strong rationale for
future therapeutic modalities.

This study employed advanced scRNA-seq tech-
nology to comprehensively reveal the cellular com-
position of the immune microenvironment in THCA.
Pseudotime analysis, a scRNA-seq method, was used
to explore dynamic changes in cell states. In tumor
immunology research, this approach can reveal the
developmental trajectory and functional changes of
DCs during tumor progression (Qiu et al. 2017). In
this study, pseudotime analysis indicated that DCs
were located at the branch endpoint, suggesting fur-
ther differentiation of DCs and indicating that they
were in a fully mature state. Additionally, cellular
communication analysis, based on known receptor-
ligand interactions, predicted the interactions between
various cell types (Jin et al. 2024), suggesting that
DCs interact with multiple other cell types. Previ-
ous evidence has pinpointed that the differentiation
and function of DCs may be influenced by other cell
types, which can impact DC maturation and func-
tion through the secretion of cytokines, metabolic

products, or direct cell-to-cell contact (Grandclaudon
et al. 2019; Li et al. 2018). In this study, FPR1 and
its ligand gene ANXA1 were evidently linked to the
survival of THCA patients, implying that they may
serve as new therapeutic targets. Specifically, the sig-
nificant positive correlation between FPR1 and most
immune checkpoints provides a clue for its potential
as a novel immunotherapy target. Validation of the
roles of ANXAI and FPR1 in THCA through in vivo
and in vitro experimentations further enhances the
clinical relevance of these findings, offering guidance
for future patient treatment strategies.

Furthermore, differences were observed between
the RNA-seq and array results for FPR1, which may
be due to sample variations or differences in sequenc-
ing methods. RNA-seq does not rely on pre-designed
probes, allowing for the detection of new transcripts,
gene fusions, single nucleotide polymorphisms
(SNPs), and insertions/deletions (indels), which can-
not be captured by traditional gene chips (Wang et al.
2009). On the other hand, gene chips are more estab-
lished, easier to analyze, and often less expensive for
large-scale sample analyses. This suggests that both
sequencing methods have their advantages, but one
should not conclude that chip technology is superior
to RNA-seq.

In this study, we observed a reduction in FPR1
expression after ANXA1 knockdown, suggesting a
regulatory relationship between ANXA1 and FPR1
expression. Previous studies have indicated that
ANXAT1 may indirectly regulate FPR1 expression in
the TME by influencing immune cell functions, thus
affecting tumor immune evasion and progression.
ANXAI1 is known to interact with different recep-
tors, such as FPR2/ALX, and is involved in regulat-
ing platelet function, promoting the resolution of
inflammation, and playing a role in ischemia-rep-
erfusion injury (Senchenkova et al. 2019). ANXAL1
overexpression correlates with unfavorable prognosis
across several malignancies, including breast, lung,
and melanoma, where it promotes immune evasion
through regulating PD-L.1 expression via its interac-
tion with PARP1 and Stat3 activity (Xiao et al. 2023).
Additionally, our unexpected finding showed that the
formation of the ANXAI1-FPR1 complex was reduced
after ANXA1 knockdown, and FPR1 overexpression
did not restore ANXA1 complex formation as seen
in the shNC +o0e-NC group. This could be due to
the presence of alternative ligands for FPR1, such as
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peptides with N-formylated methionine, serum amy-
loid A (SAA), peptides derived from the HIV virus,
the virulence factor of Yersinia pestis, amyloid-p, and
lipid ligands like LXA4 and Resolvin D1 (Zhuang
et al. 2022). These findings suggest that FPR1 may
have alternative signaling partners or pathways that
mediate its antitumor effects. Therefore, the com-
pensatory effects observed in animal experiments
might be due to the activation of alternative signals,
which may be absent in vitro, leading to discrepancies
between cell culture and animal studies.

Although this study utilized samples from dif-
ferent databases, such as GEO and TCGA, provid-
ing valuable data support, the limited geographical
scope and sample size may restrict the generalizabil-
ity and applicability of the findings. Future research
should include more multi-center samples to improve
the extrapolation of results and validate whether
these findings are applicable to a broader popula-
tion. This study preliminarily reveals the significance
of ANXAI1 and FPRI in DC maturation and activa-
tion, but the specific molecular mechanisms remain
unclear. For instance, more fundamental experiments
are needed to explore how this interaction affects DC
maturation and other immune regulatory processes.
While the study suggests that FPR1 and ANXA1 may
be new therapeutic targets, questions remain about
how to effectively and safely target these molecules
in treatment. Future research should focus on the drug
feasibility, side effects, and therapeutic windows for
targeting these molecules, particularly in the con-
text of multimodal therapies. Given these findings,
advancing FPR1 and ANXA1 toward clinical applica-
tion appears both timely and promising. These trials
will be a key step in translating laboratory research
into clinical application.

Despite comparable FPR1 expression between two
studied tissues, elevated levels in tumors were linked
to poorer patient prognosis. This suggests that FPR1
expression varies significantly in THCA tissues,
and higher FPR1 expression may be associated with
tumor heterogeneity, contributing to poorer patient
outcomes. The cell lines used in this study mainly
represented papillary THCA, which is the most com-
mon subtype of THCA. However, it is recognized
that our findings regarding the roles of ANXAI
and FPR1 may not be entirely applicable to other
THCA subtypes, such as follicular THCA, medullary
THCA, and anaplastic THCA. The experiments were

@ Springer

primarily based on papillary THCA cell lines (e.g.,
TPC-1, B-CPAP), which may limit the generalizabil-
ity of our conclusions to other subtypes. Future stud-
ies should conduct validation experiments in different
THCA subtypes to determine whether the ANXAI1-
FPR1 axis plays a similarly important role. By doing
so, we hope to broaden the clinical relevance of
these findings and explore the potential of ANXAI
and FPR1 as therapeutic targets for a wider range of
THCA subtypes. Combining the findings from this
study with other known treatment modalities may
help develop more effective combination therapy
strategies.

By elucidating the immune landscape of THCA,
this study uncovers promising avenues for future
immunotherapeutic strategies.
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