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FLT3 is associated with dendritic
cell infiltration, tertiary lymphoid
structure construction, and predict
response to checkpoint inhibitors
immunotherapy in solid cancers
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The crosstalk between cancers and the immune microenvironment plays a critical role in malignant
progression. FMS-like tyrosine kinase 3 (FLT3) is a frequently mutated gene in acute myeloid leukemia
(AML). However, its role in solid cancers remains poorly understood. We analyzed the frequency

of FLT3 alterations, its mRNA expression levels, and its prognostic implications across multiple

cancer types. Additionally, we explored genes co-expressed with FLT3 and performed gene ontology
analysis to identify associated biological processes. We also examined the relationship between FLT3
expression and markers of various immune cells, tertiary lymphoid structures (TLSs), and epithelial-
mesenchymal transition. Furthermore, we validated these findings in our own cohort of hepatocellular
carcinoma (HCC) patients. We found that FLT3 alteration and expression were both significantly
upregulated in AML and were associated with poor prognosis, which is opposite to its role in solid
cancers. The genes co-expressed with FLT3 in solid cancers were correlated with the regulation of

the immune microenvironment. FLT3 was positively correlated with the formation of TLSs in only

solid cancers, which was especially relevant to central memory T cells. We also found that FLT3 was
positively correlated with the infiltration of NK cells, B cells, and DCs. It also positively correlated with
the occurrence of apoptosis in solid cancers, but exhibited opposite roles in AML. The structural factors
of the TLSs were positively correlated with FLT3 in solid cancers, but exhibited a negative correlation in
AML. Meanwhile, we further validated the above conclusions in our own HCC cohort and demonstrated
that FLT3 could serve as a predictive indicator of PD-1 treatment efficacy in HCC. In summary, the role
of FLT3 is different in AML and solid cancers. FLT3 is associated with dendritic cell infiltration, tertiary
lymphoid structure construction, and predict response to checkpoint inhibitors immunotherapy in
HCC.
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Abbreviations

ACC Adrenocortical carcinoma
AML Acute myeloid leukemia
BLCA Bladder urothelial carcinoma

BRCA Breast invasive carcinoma
ccRCC Clear cell renal carcinoma
CESC Cervical and endocervical cancers

CHOL  Cholangiocarcinoma
COAD  Colon adenocarcinoma
DLBC Lymphoid neoplasm diffuse large B-cell lymphoma
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ESCA Esophageal carcinoma

GBM Glioblastoma multiforme

HNSC Head and neck squamous cell carcinoma
KICH Kidney chromophobe

KIRC Kidney renal clear cell carcinoma

KIRP Kidney renal papillary cell carcinoma
LAML  Acute Myeloid Leukemia

LGG Brain lower grade glioma

LIHC Liver hepatocellular carcinoma
LUAD Lung adenocarcinoma

MESO Mesothelioma

ov Ovarian serous cystadenocarcinoma
PAAD Pancreatic adenocarcinoma

PCPG Pheochromocytoma and paraganglioma
PRAD Prostate adenocarcinoma

pRCC Papillary renal cell carcinoma

SARC Sarcoma

SKCM Skin cutaneous melanoma

STAD Stomach adenocarcinoma

TGCT Testicular germ cell tumors

THCA  Thyroid carcinoma

THYM  Thymoma

UCEC Uterine corpus endometrial carcinoma
UCS Uterine carcinosarcoma

UVM Uveal melanoma

APCs Antigen-presenting cells

BM Bone marrow

DCs Dendritic cells

EMT Epithelial-mesenchymal transition
FLT3 FMS-like tyrosine kinase 3

GO Gene ontologies

DMFS Distant metastasis free survival
DSS Disease specific survival

(o Overall survival

RFS Recurrent free survival

TCGA The cancer genome atlas

TME Tumor microenvironment

Cancer is the leading cause of death and a major public health issue. Despite the availability of various treatment
strategies, the overall prognosis for cancer patients remains poor due to the high frequency of recurrence,
metastasis, and low therapeutic response’. The tumor microenvironment (TME) plays a critical role in influencing
the clinical outcomes of malignant cancers, as it houses cancer cells that interact with surrounding cells via
the circulatory and lymphatic systems, thereby impacting the development and progression of cancer?. The
recruitment, activation, and reprogramming of immune cells are outcomes of reciprocal interactions between
cancer cells and the inflammatory microenvironment, key processes that contribute to TME remodeling®. The
TME is subject to specific gene regulation, which varies across different cancer types, and its impact on various
forms of malignant progression remains unclear.

FMS-like tyrosine kinase 3 (FLT3), which encodes a tyrosine kinase that activates pathways involved
in proliferation and differentiation, is a commonly mutated gene in acute myeloid leukemia (AML)*. FLT3
mutations occur in approximately 30% of AML patients and are associated with poorer overall survival (OS)
and the recurrent development of resistance®. Several small-molecule FLT3 tyrosine kinase inhibitors, including
sorafenib, lestaurtinib, quizartinib, crenolanib, gilteritinib, and midostaurin, are currently being evaluated and
have shown significant improvements in patient outcomes®. However, FLT3 inhibition, whether alone or in
combination with other targets, is unable to fully block the malignant progression of solid cancers, despite
showing antitumor effects in vitro and in vivo’. The roles of FLT3 gene alterations in solid cancers remain largely
undefined, and the sensitivity to FLT3 inhibition in these cancers is unknown. Therefore, a deeper understanding
of FLT3 genetic alterations in solid cancers, particularly from the perspective of the tumor inflammatory
microenvironment, is crucial for developing better treatment strategies for patients with solid cancers.

In the present study, we analyzed the frequency of FLT3 alterations and its mRNA expression levels, exploring
their correlation with prognosis across multiple cancer types. We also examined the relationship between
FLT3 expression and the formation of tertiary lymphoid structures (TLSs), immune cell infiltration (including
lymphocytes, monocytes, and dendritic cells (DCs)), and markers of epithelial-mesenchymal transition (EMT).
Additionally, we assessed the correlation between FLT3 expression and lymphotoxins, chemokines, and adhesion
molecules involved in TLS formation. Notably, FLT3 exhibited opposing roles in solid cancers compared to its
role in AML. Using hepatocellular carcinoma (HCC) as a representative solid cancer, we further confirmed this
conclusion.
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Materials and methods

FLT3 alteration frequency, mRNA expression level, and survival analysis

The cBioPortal (http://www.cbioportal.org/) for cancer genomics provides information regarding the integrative
analysis of complex cancer genomics and clinical profiles from 105 cancer studies in The Cancer Genome
Atlas (TCGA) pipeline®’. FLT3 expression and the frequency of FLT3 alterations (including mutation, fusion,
amplification, deep deletion, and multiple alterations), as well as the prognostic value of FLT3 mutations in
different cancer types, were assessed using the TCGA Pan-Cancer Atlas (comprising 10,967 samples from 32
studies) following the online instructions of cBioPortal.

GEPIA2 (http://gepia2.cancer-pku.cn/#index), an updated version of GEPIA, analyzes RNA sequencing
expression data from 9,736 cancer samples and 8,587 normal samples from the TCGA and GTEx projects,
using a standardized processing pipeline!®. FLT3 cancer/normal differential expression and the correlation
between FLT3 expression levels and survival outcomes across various cancer types were analyzed using GEPIA2.
Additionally, GEPIA2 was used to explore the correlation between FLT3 expression and various immune cells,
TLSs, EMT markers, as well as pro-apoptotic and anti-apoptotic markers.

The correlation between FLT3 expression and survival across various cancer types was further analyzed using
the PrognoScan database (http://www.abren.net/PrognoScan/)!!. PrognoScan identifies relationships between
gene expression and patient prognosis, such as OS and disease-free survival (DFS), across a large collection of
publicly available cancer microarray datasets. The threshold for significance was set at a Cox p-value < 0.05.

Genes co-expressed with FLT3

Genes co-expressed with FLT3 in various cancer types were analyzed using the LinkedOmics database (http:
/Iwww.linkedomics.org), a publicly available portal that provides multi-omics data from all 33 TCGA cancer
types'2. The top 100 genes with significant positive correlations with FLT3 were identified in acute myeloid
leukemia (LAML), liver hepatocellular carcinoma (HCC, known as LIHC in the database), head and neck
squamous cell carcinoma (HNSC), breast invasive carcinoma (BRCA), and skin cutaneous melanoma (SKCM)
based on this platform.

Functional enrichment analysis

Metascape (http://metascape.org) is a free, well-maintained, and user-friendly gene-list tool for gene annotation
and analysis'®. It serves as an automated meta-analysis platform to identify common and unique pathways across
various orthogonal target-discovery studies. In this study, Metascape was used to perform pathway and process
enrichment analysis for the top 100 genes positively correlated with FLT3 across multiple cancer types. Gene
Ontology (GO) terms for biological processes, cellular components, and molecular functions, as well as relevant
pathways, were enriched using the Metascape tool.

FLT3 expression and immune cell infiltration in various cancer types

TIMER 2.0 (http://timer.cistrome.org/) is a comprehensive resource for the systematic analysis of immune
infiltrates across diverse cancer types'. Expression levels of FLT3 in cancer versus adjacent normal tissues across
different cancer types were analyzed using the ‘Gene_DE’ module in TIMER 2.0, based on data from all TCGA
cancers. Relative immune cell fractions were estimated using the CIBERSORT algorithm, which relies on a
reference expression signature (LM22) containing 547 genes to distinguish 22 immune cell subtypes'”. Data
for immune cell infiltration estimates in LAML, LIHC, HNSC, and SKCM were obtained from the ‘Estimation’
module in TIMER 2.0.

Tissue samples, immunohistochemistry (IHC) and real-time quantitative polymerase chain
reaction (RT-qPCR)

This study was approved by the Clinical Research Ethics Committee of Qilu Hospital, Shandong University,
and informed consent was obtained from all participants. Tissues and matched adjacent normal tissue samples
were surgically resected at the hospital, with all postoperative pathology reports confirming the diagnosis of
hepatocellular carcinoma. The samples were stored in liquid nitrogen, with a portion fixed in 10% formalin
and embedded in paraffin for long-term preservation. These tissue blocks were sectioned into 4 um thick slices
for immunohistochemical (IHC) staining. IHC procedures followed standard protocols, including dewaxing,
antigen retrieval, antibody incubation (Servicebio, 1:100), and DAB development (Dako REAL). The double
staining of immunohistochemistry was performed under the guidance of the instructions in the kit (ZSJB-
BIO). RNA extraction and reverse transcription were performed according to the manufacturer’s instructions
(Vazyme), followed by RT-qPCR analysis.

Statistical analysis

Data statistics, analysis, and graphing were performed using SPSS (version 17.0), R (version 4.2.1), Image]
(version 1.8.0), and GraphPad Prism (version 8.0). Venn diagrams and bar plots were generated using ImageGP.
Survival analysis was conducted using Kaplan-Meier survival curves, with statistical significance assessed by the
log-rank test. Gene expression correlations were evaluated using Spearman’s correlation. A p-value <0.05 was
considered statistically significant.
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Results

Genetic alteration frequency and mRNA level of FLT3 in AML is higher than in solid
cancers, and FLT3 alteration is associated with a poor prognosis only in AML
The data obtained from cBioPortal encompassed a combined study of 74,247 cancer samples. Pan-cancer
analysis revealed FLT3 alterations (mutations, deletions, and amplifications) across multiple cancer types. Four
solid cancers—kidney chromophobe (KICH), mesothelioma (MESO), thymoma (THYM), and uveal melanoma
(UVM)—showed no FLT3 alterations, indicated by a tail without alteration. Conversely, six cancer types—AML,
SKCM, uterine corpus endometrial carcinoma (UCEC), colon adenocarcinoma (COAD), esophageal carcinoma
(ESCA), and stomach adenocarcinoma (STAD)—exhibited a “head” with frequent FLT3 alterations (more than
5%). Among these, AML displayed the highest frequency of FLT3 alterations, accounting for over 30% (Fig. 1A).

Next, we explored whether FLT3 alterations were associated with cancer patient prognosis. Using the
cBioPortal database, we evaluated the impact of FLT3 alterations on survival and found that patients with
FLT3 alterations had a significantly shorter overall survival (OS) compared to those without FLT3 alterations
across pan-cancer types (p=0.0311, Fig. 1B). Kaplan-Meier survival plots were then generated for specific
cancers (AML, SKCM, UCEC, COAD, ESCA, and STAD) to further investigate the relationship between FLT3
alterations and survival. This analysis confirmed that FLT3 alterations were associated with poor prognosis only
in AML, while in STAD, FLT3 alterations were associated with better prognosis compared to the unaltered group
(Supplementary Fig. 1). These findings suggest that FLT3 alterations occur more frequently in AML than in solid
cancers, and are associated with poor prognosis specifically in AML.

To further investigate the role of FLT3 in cancer, we assessed FLT3 mRNA expression across various cancer
types using cBioPortal. FLT3 expression was found to be highly variable across cancers, with significantly
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Fig. 1. Genetic alteration frequency and mRNA levels of FLT3 in pan cancer and its association with
prognosis. (A) FLT3 alterations (including mutations, deletions, and amplifications) were observed in pan
cancer using the cBioPortal database. (B) The role of an FLT3 alteration in OS was evaluated using the
cBioPortal database. The FLT3 alteration group exhibited a shorter OS than the FLT3 unaltered group in
pan-cancers. (C) FLT3 expressions were observed in pan cancer using the cBioPortal database and the FLT3
mRNA level was significantly higher in AML than in any other solid cancer. (D) The role of the FLT3 mRNA
level in OS and RFS were evaluated using the GEPIA2 database. A high level of FLT3 mRNA was significantly
correlated with a poor prognosis only in AML.
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higher mRNA levels in AML compared to any other solid cancers (Fig. 1C). We then examined whether FLT3
expression correlated with patient prognosis in different cancers using the GEPIA2 database, which includes
data from 33 human cancer types. In ten cancer types (BRCA, HNSC, LIHC, SKCM, adrenocortical carcinoma
(ACC), cervical and endocervical cancers (CESC), COAD, kidney renal clear cell carcinoma (KIRC), sarcoma
(SARC), and uterine carcinosarcoma (UCS)), high FLT3 mRNA levels were associated with better prognosis,
showing significant differences in OS and/or relapse-free survival (RFS). In another seven cancers, high FLT3
expression was linked to a longer OS and/or RFS, although without significant differences. In AML, however,
high FLT3 expression correlated with a significantly poorer prognosis (Fig. 1D). These trends were confirmed
in human cancer datasets from GEO (Table 1). Collectively, these findings suggest that FLT3 mRNA levels are
higher in AML compared to solid cancers, and that high FLT3 expression is associated with poor prognosis only
in AML, contrary to its potential protective role in many solid cancers.

Functions of genes co-expressed with FLT3 in solid cancers were correlated with the
regulation of lymphocyte activation and the adaptive immune response
Based on survival analysis, high levels of FLT3 mRNA in BRCA, LIHC, HNSC, and SKCM were significantly
associated with better prognosis for both OS and RFS. Consequently, these four cancer types were included in
a systematic analysis using the LinkedOmics database, which compiles co-expression data, to identify genes
correlated with FLT3 expression (Fig. 2A). We further explored the top 100 genes co-expressed with FLT3
in these cancers using Metascape. Accumulative hypergeometric p-values were calculated and presented as a
heatmap for the top 20 enriched GO/KEGG term clusters. Genes co-expressed with FLT3 were significantly
enriched in lymphocyte activation and the adaptive immune response (BRCA data missing; Fig. 2B). We then
performed a similar analysis using the LinkedOmics database to identify genes correlated with FLT3 expression
in AML. The top 100 genes co-expressed with FLT3 in AML were also analyzed using Metascape (Fig. 2C). The
results showed genes that co-expressed with FLT3 were significantly enriched in RNA degradation, which was
different from the enriched gene function in selected solid cancers (Fig. 2D). These results suggest that genes co-
expressed with FLT3 are closely related to the TME in most solid cancers, which contrasts with its role in AML.

FLT3 was positively correlated with the formation of TLSs in solid cancers, but exhibited a negative correlation
with TLSs in AML

Numerous experimental studies have established that TLSs in TME are independent predictors of better
prognosis, primarily through the recruitment of functional T cells to the cancer site and their role in mediating
an effective antitumor immune response!®!”. Based on relevant literature, we selected eight biomarkers that
represent TLSs in cancer tissues, including CD4, CD8, CD163, FOXP3, MS4A1, CD3, FCER2, and PECAM1
18,19 The mRNA levels of these biomarkers, indicative of TLSs, were assessed across different human cancer types
using the GEPIA2 database. No significant differences were observed among the solid cancers, nor between
solid cancers and AML (Fig. 3A). Next, we compared immune cell infiltration characteristics in AML and three
selected solid cancers (HNSC, LIHC, and SKCM). Notable differences in immune cell infiltration were identified,
with AML showing a higher proportion of monocytes, macrophages, and T cells compared to solid cancers
(Fig. 3B). To further investigate the relationship between FLT3 expression and the TLS biomarkers, we examined
29 cancer types. FLT3 expression was positively correlated with these biomarkers in 27 out of 28 solid cancer
types, particularly in HNSC, SKCM, COAD, ESCA, READ, BLCA, STAD, and UVM. However, MESO showed
weak or no correlation with the biomarkers. In contrast, AML exhibited negative or no correlations between
FLT3 expression and the TLS biomarkers. Specifically, CD3 and CD8 (p=0.0025) showed negative correlations
with FLT3 expression in AML, while the mRNA levels of CD4, CD163, FOXP3, FCER2, and PECAM1 showed
no correlation with FLT3 expression in AML (Fig. 3C). These results suggest that FLT3 is positively correlated
with TLSs formation in solid cancers but exhibits a negative correlation in AML.

FLT3 mainly correlated with TH1 immune cells, especially central memory T cells in solid
cancers, but exhibited a negative correlation with TH1 in AML

T cells are classified into several subtypes based on their functions and surface markers, each playing distinct
roles in the initiation and progression of malignant cancers. THI1 effector cells produce cytokines such as

Dataset Cancer type Subtype Endpoint | N | p-value | HR [95% CI]

GSE12417-GPL96 | Blood cancer AML (o] 163 | 0.022265 | 1.26 [1.03-1.53]
GSE11121 Breast cancer - DMFS 200 | 0.000397 |0.46 [0.30-0.71]
GSE19615 Breast cancer - DMEFS 115 | 0.004782 |0.22 [0.08-0.63]
GSE1456-GPL96 | Breast cancer - [oN 159 |0.034667 | 0.43 [0.20-0.94]
GSE1456-GPL96 | Breast cancer - DSS 159 | 0.037424 | 0.38 [0.15-0.94]
GSE12276 Breast cancer - RFS 204 | 0.014298 | 0.85 [0.75-0.97]
GSE17536 Colorectal cancer | - [oN 177 | 0.014674 | 0.18 [0.05-0.71]
RGSE17536 Colorectal cancer | - DSS 177 |0.033747 | 0.18 [0.04-0.88]
GSE19234 Skin cancer Melanoma (e 38 | 0.006952 | 0.36 [0.17-0.76]
GSE22138 Eye cancer Uveal melanoma | DMFS 63 | 0.039404 | 0.00 [0.00-0.31]

Table 1. High expression of FLT3 was associated with a poor prognosis in AML, opposite to its role in solid
cancers.
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Fig. 2. Functions of genes that co-expressed with FLT3 in solid cancers were associated with the tumor
microenvironment. (A) The top 100 genes correlated with FLT3 were analyzed using the LinkedOmics
database in BRCA, LIHC, HNSC, and SKCM. (B) The top 20 clusters with enriched GO/KEGG terms were
performed using Metascape, and the genes that co-expressed with FLT3 were significantly enriched in
lymphocyte activation and the adaptive immune response. (C) The top 100 genes correlated with FLT3 were
analyzed using the LinkedOmics database in AML. (D) Genes that co-expressed with FLT3 were significantly
enriched in RNA degradation, according to Metascape.

interleukin (IL)-2, interferon (IFN)-y, and tumor necrosis factor (TNF)-a, which primarily mediate antitumor
immunity?. In this study, FLT3 expression was positively correlated with the infiltration of TH1 cells in 27 out of
28 solid cancer types, particularly in HNSC, SKCM, CESC, COAD, cholangiocarcinoma (CHOL), ESCA, LUAD,
READ, STAD, TGCT, and THCA. However, MESO showed weak or no correlation with FLT3. In contrast, in
AML, FLT3 mRNA levels exhibited a negative correlation with THI cell infiltration (Fig. 4A).

Additionally, FLT3 expression strongly correlated with the infiltration of effector T cells, effector memory T
cells, and central memory T cells in 27 out of 28 solid cancer types, with the most notable correlation seen with
central memory T cells (Fig. 4B). We further validated the positive correlation between FLT3 expression and the
surface markers of central memory T cells, including CCR7, SELL, and IL7R, in the selected 28 cancer types. In
AML, however, FLT3 expression showed a negative or no correlation with these surface markers, which was in
stark contrast to the trend observed in solid cancers (Fig. 4C). These findings suggest that FLT3 is predominantly
associated with the TH1 immune response, especially central memory T cells, in solid cancers, while exhibiting
a negative correlation with TH1 cells in AML.

FLT3 was positively correlated with the infiltration of NK cells, B cells, and DCs, and with the
occurrence of apoptosis in solid cancers, but exhibited opposite roles in AML

B cell-, NK cell-, and macrophage-mediated immune responses are crucial components of the immune system,
particularly in TLSs, and play significant roles in antitumor immunity?!. NK cells, part of the innate immune
system, do not require antigen recognition in the context of MHC class I. Their activity is modulated by a balance
between inhibitory and activating receptors. In this study, we observed that FLT3 expression was positively
correlated with the markers CD11b, CCR7, CXCR3, and NKG2D in 26 out of 28 solid cancer types, except
for MESO and BRCA, which showed a weak positive correlation with FLT3 expression. In AML, FLT3 mRNA
levels exhibited no or negative correlations with NK cell-related markers. Additionally, FLT3 expression showed
a positive correlation with the surface markers of B cells, such as CD11C and CD20, in 26 out of 28 cancers. A
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Fig. 3. FLT3 correlation with the formation of tertiary lymphoid structures (TLSs) in solid cancers. (A) Eight
biomarkers that represent the TLSs exhibited no significant differences among a variety of cancers using the
GEPIA2 database. (B) The characteristics of immune cell infiltration in AML. Three selected solid cancers were
compared and the differences in immune cell infiltration were found using the TIMER database. (C) Eight
biomarkers that represent the TLSs exhibited a positive correlation with the expression of FLT3 in most solid
cancers using the GEPIA2 database.

positive correlation was also observed between FLT3 expression and dendritic cell (DC) biomarkers, including
CD83 and CDla, in 19 out of 28 cancers (Fig. 5A).

To further explore the relationship between FLT3 expression and macrophage subtypes, we focused on
markers for monocytes and M1/M2 macrophages using GEPIA2. A positive correlation was found between
FLT3 expression and the surface markers CD86 and CD115 in monocytes across 25 out of 28 selected cancers.
Moreover, FLT3 expression was positively correlated with infiltrating M2 macrophages in 24 out of 28 cancers,
particularly in SKCM, COAD, CHOL, KICH, BLCA, THCA and UVM. The correlations between FLT3
expression and M1 macrophages were weak or absent. In contrast, in AML, FLT3 expression showed negative or
no correlation with the markers of B cells, NK cells, monocytes and macrophages (Fig. 5B).

EMT is a critical process in metastasis??. To evaluate the correlation between FLT3 expression and
mesenchymal markers, we focused on epithelial and mesenchymal phenotype markers in 28 cancer types using
GEPIA2. No significant differences were observed between solid cancers and AML (Supplementary Fig. 2A).
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Fig. 4. FLT3 correlation with the TH1 immune system in solid cancers. (A) Based on surface markers, T cells
are categorized into TH1 and TH2 cells. FLT3 expression was positively correlated with the levels of infiltrating
TH1 cells in 27/28 types of solid cancer and exhibited a negative correlation with TH1 cells in AML. (B) FLT3
expression exhibited a strong positive correlation with the levels of infiltrating effector T, effector memory

T, and central memory T cells in 27/28 types of solid cancer. (C) CCR7, SELL, and IL7R represented central
memory T cells and exhibited a strong positive correlation with the expression of FLT3.

Furthermore, we assessed the correlation between FLT3 expression and apoptosis markers. We found that BLD,
a pro-apoptosis gene, was positively correlated with FLT3 mRNA levels in 26 out of 28 solid cancers. In AML,
there was only a weak correlation between FLT3 expression and BLK. We also observed that BCLW, an anti-
apoptosis gene, showed weakly positive or negative correlations with FLT3 expression in 26 out of 28 solid
cancers but had a significantly positive correlation in AML (Supplementary Fig. 2B).

These findings indicate that FLT3 is partially positively correlated with the infiltration of NK cells, B cells, and
DCs, as well as with the occurrence of apoptosis in solid cancers. However, the role of FLT3 in AML is opposite
to its role in solid cancers.

Lymphotoxins, chemokines, and adhesion molecules involved in the formation of TLSs
were positively correlated with the level of FLT3 in solid cancers, but exhibited a negative
correlation in AML

The genesis of TLSs is driven by a set of chemotactic cytokines that regulate cell positioning and interactions
In this study, FLT3 expression was positively correlated with 22 biomarkers related to TLS formation, including
lymphotoxins, chemokines, cytokines, and adhesion molecules. In AML, the mRNA levels of these biomarkers
showed negative or no correlation with FLT3 expression. In contrast, these biomarkers exhibited significantly
positive correlations with FLT3 expression in solid cancers, such as LTA (25/28), LTB (26/28), CCL2 (25/28),
CCL19 (27/28), CXCL9 (27/28), VCAM1 (27/28), TIGIT (28/28) and CSF1 (26/28). Notably, significant positive
correlations were observed in several solid cancers, including HNSC, SKCM, COAD and THCA. In contrast,
FLT3 mRNA levels in AML were negatively correlated with these biomarkers (Fig. 5C). These findings suggest
that FLT3 expression in solid cancers is positively correlated with the formation of TLSs, whereas in AML, the
correlation is negative.

23,24

FLT3 could serve as a predictive indicator of PD-1 treatment efficacy

To further support the above conclusions, we conducted validation in HCC samples (Fig. 6A; Table 2). The
results demonstrated a significant correlation between FLT3 expression levels and DC infiltration in HCC.
Specifically, high FLT3 expression was associated with increased levels of CD1a + DC, while low FLT3 expression
corresponded to lower levels of CD1la+DC (Fig. 6B, Supplementary Fig. 3A). However, this correlation was
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Fig. 5. FLT3 correlation with the infiltration of NK cells, B cells, monocytes, and DCs in solid cancers. (A)
FLT3 was partially positively correlated with the infiltration of NK cells, B cells, and DCs in solid cancers,
but exhibited no or negative correlations with these markers in AML. (B) Monocytes exhibited a positive
relationship with the expression of FLT3 in most of the solid cancers, but M1 cells were not correlated with
the expression of FLT3 in AML. (C) Lymphotoxins, chemokines, and adhesion molecules involved in the
formation of TLSs correlated with the level of FLT3 in solid cancers.

not observed in para-carcinoma tissue (Fig. 6B). Spearman analysis further confirmed a significant positive
correlation between FLT3 expression and CDla+DC infiltration in HCC, which was absent in peritumoral
tissues (Fig. 6C). Interestingly, the expression of FLT3 in cirrhotic tissue was significantly higher compared to
tissue from patients without cirrhosis (Fig. 6D; Table 2), potentially reflecting liver cell regeneration during
cirrhosis. Of course, we also examined the correlation between FLT3 expression levels and infiltration of other
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Fig. 6. The expression of FLT3 was associated with CD1a*DC immune infiltration in HCC. (A) The
information of HCC cohort. (B-C) FLT3 expression was positively correlated with CD1a*DC immune
infiltration in HCC. (B): IHC results, (C): correlation analysis. (D) The expression levels of FLT3 was
significantly correlated with liver cirrhosis. ***: p<0.001.

immune cells in HCC. The results showed that there was a correlation between the expression level of FLT3 and
the infiltration of CD8 + T cells, NK cells, and B cells in HCC (Supplementary Fig. 3B). When FLT3 was highly
expressed, the infiltration of these cells also increased significantly. However, the correlation between these cells
and FLT3 expression levels was not as strong as that of CD1la+DC cells (Supplementary Fig. 3B-C).
Additionally, using the median FLT3 expression as a cutoff, we found that high FLT3 expression tended
to correlate with better OS and RFS, although the difference was not statistically significant (Fig. 7A-B).
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Relative expression levels of

FLT3

High Low
Characteristics (n=149) (n=148) P value
Age, mean +sd 51.013+10.705 | 52.142+9.9878 0.348
Gender, n (%) 0.052
Male 116 (39.1%) 128 (43.1%)
Female 33(11.1%) 20 (6.7%)
Liver cirrhosis, n (%) <0.001
Yes 128 (43.1%) 91 (30.6%)
No 21 (7.1%) 57 (19.2%)
AFP, n (%) 0.594
Normal 48 (16.2%) 52 (17.5%)
Increased 101 (34%) 96 (32.3%)
ALT, n (%) 0.129
Normal 12 (4%) 20 (6.7%)
Increased 137 (46.1%) 128 (43.1%)
Tumor size, n (%) 0.176
<5cm 125 (42.1%) 115 (38.7%)
>5cm 24 (8.1%) 33 (11.1%)
Tumor Number, n (%) 0.767
Single 143 (48.1%) 141 (47.5%)
Multiple 6 (2%) 7 (2.4%)
Tumor differentiation, n (%) 0.760
I+11 115 (38.7%) 112 (37.7%)
III+1v 34 (11.4%) 36 (12.1%)
T stage, n (%) 0.067
T1+T2 99 (33.3%) 83 (27.9%)
T3+T4 50 (16.8%) 65 (21.9%)
BCLC, n (%) 0.100
A 48 (16.2%) 48 (16.2%)
B 101 (34%) 113 (38%)

Table 2. The expression of FLT3 and its clinical relevance.

Furthermore, we examined FLT3 expression in samples from patients treated with PD-1 inhibitors (including
Tirelizumab, Sintilimab, Toripalimab, and Camrelizumab) (Table 3). The samples were categorized into PD-1
effective (24 complete remission, 21 partial remission) and PD-1 ineffective (24 ineffective) groups (Fig. 7C).
The results showed that FLT3 expression was significantly higher in patients who responded to PD-1 treatment
(Fig. 7D). These findings suggest that FLT3 expression could serve as a potential predictive marker for the
efficacy of PD-1-based therapies.

Discussion

Solid cancers that appear in sites such as the head and neck, lung, breast, liver, stomach, colon, prostate, and
skin are constructed by different proportions and types of malignant cells, endowing diverse features of cancer
malignancy and drug responses®. And there are significant differences between these solid cancers and AML in
various aspects. Therefore, understanding these differences is crucial for identifying why the same drug can have
varying effects on different types of cancers. Receptor tyrosine kinases (RTKs) are key mediators of signaling
pathways involved in the development of stem and progenitor cells, thereby contributing to cancer development?.
FLT3 is an RTK predominantly expressed in hematopoietic stem and progenitor cell populations, and it has
garnered significant attention in pharmacotherapy. Mutations in FLT3 are found in 25-35% of patients with
AML. Recently, RNA sequencing revealed that FLT3 mRNA is not only expressed in AML but also in several
human organs, including the appendix, lymph nodes, and spleen?. In solid cancers, the gene alterations and
roles of FLT3 remain unclear, and the sensitivity of solid cancers to FLT3 inhibition is unknown. In this study,
we identified six types of cancers—AML, SKCM, UCEC, COAD, ESCA, and STAD—that exhibited a relatively
higher frequency of FLT3 gene alterations, with alteration frequencies of more than 5%. In contrast to solid
cancers, AML has the highest frequency of FLT3 alterations, accounting for more than 30%. FLT3 alteration
is also associated with a poor prognosis in AML, with a shorter OS compared to those in the FLT3-unaltered
group. The mRNA levels of FLT3 were higher in AML than in solid cancers, and high FLT3 expression was
associated with a poor prognosis only in AML. Multi-kinase inhibitors, such as sunitinib and sorafenib—first-
generation FLT3 inhibitors—could improve outcomes in AML?®. However, according to published reports, the
therapeutic effect of these inhibitors in solid cancers has been unsatisfactory. A better understanding of the
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Fig. 7. FLT3 could serve as a predictive indicator of PD-1 treatment efficacy in HCC. (A-B) High expression
of FLT3 could indicate better OS and RFS, but there was no statistically significant difference. (C-D) The
expression level of FLT3 was significantly increased in patients with PD-1 treatment effectiveness. ***: p<0.001.

genetic alterations of FLT3 in solid cancers is crucial for evaluating the reasons why FLT3 inhibitors show poor
curative effects and for defining suitable therapeutic strategies.

Cancers support a complex microenvironment characterized by the presence of various immune cell
populations, reflecting the capacity of the immune system to sense cancer cells. Cancer development is closely
associated with the physiological state of the TME, which orchestrate permissive niches for cancer progression®.
In human cancer, a series of genetic and phenotypic changes, along with corresponding cytokines, chemokines,
and metabolites derived from cancer cells, have a significant impact on the TME®. The genetics of AML also
inform the composition of the immune microenvironment and contribute to leukemia cell growth3!. A series
of studies suggest that these soluble factors may be hijacked by cancer cells, promoting disease progression
and recurrence. Recently, structural factors of the bone marrow (BM) niche were found to contribute to
treatment resistance and relapse in AML, highlighting opportunities to manipulate, target, and evade the anti-
inflammatory leukemic microenvironment®. Taking this as a reference, targeting the altered TME of cancer
cells is a promising therapeutic approach to prevent cancer progression and relapse®’. However, the differences
between the BM microenvironment of AML and the TME of solid cancers remain vague. The development of
effective anti-cancer therapies is challenged by the TME. So, it is necessary to explore more suitable treatment
options for solid cancers. In this study, we explored the correlation between FLT3 and immune infiltration in
solid tumors. We also evaluated lymphotoxins, chemokines, and adhesion molecules involved in the formation
of TLSs, showing a positive correlation with FLT3 levels in solid cancers.
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PD-1 Treatment
Characteristics Effective (n=45) | Ineffective (n=24) | P value
Age, mean +sd 50.244+11.458 52.583+10.189 0.405
Gender, n (%) 0.989
Male 36 (52.2%) 20 (29%)
Female 9 (13%) 4 (5.8%)
Liver cirrhosis, n (%) -
Yes 45 (65.2%) 24 (34.8%)
No - -
AFP, n (%) 0.561
Normal 12 (17.4%) 8 (11.6%)
Increased 33 (47.8%) 16 (23.2%)
ALT, n (%) 1.000
Normal 4 (5.8%) 2(2.9%)
Increased 41 (59.4%) 22 (31.9%)
Tumor size, n (%) 0.816
<5cm 35 (50.7%) 20 (29%)
>5cm 10 (14.5%) 4 (5.8%)
Tumor Number, n (%) 1.000
Single 44 (63.8%) 23 (33.3%)
Multiple 1 (1.4%) 1(1.4%)
Tumor differentiation, n (%) 0.255
I+1I 34 (49.3%) 15 (21.7%)
II+1v 11 (15.9%) 9 (13%)
T stage, n (%) 0.839
T1+T2 27 (39.1%) 15 (21.7%)
T3+T4 18 (26.1%) 9 (13%)
BCLGC, n (%) 0.456
A 11 (15.9%) 4(5.8%)
B 34 (49.3%) 20 (29%)

Table 3. The information of HCC patients with PD-1 treatment.

The prognostic value of TLSs has been evaluated in many types of cancers®. In general, TLSs in cancers
are influenced by the number, location, and frequency of cellular components, and are correlated with active
immune responses and a favorable prognosis'®. In this study, we showed varying kinds of immune cell infiltration
in different types of cancers. However, no significant differences or observable trends were found in TLSs across
various cancer types, including AML. We also found that FLT3 was positively correlated with the formation
of TLSs and the TH1 immune system, especially with central memory T cells, in solid cancers. Interestingly,
FLT3 exhibited a negative correlation with TH1 in AML. Therefore, we concluded that FLT3 inhibitors could
improve the survival of AML patients but may not be suitable for treating solid cancers, which is consistent with
published reports’. Furthermore, the in-depth mechanisms were further analyzed. At present, it is generally
believed that the structure of CD20 + B cells surrounded by T cells is the main feature of TLSs. Therefore, based
on the results of our HCC cohort, we speculated that there was a significant correlation between the expression
level of FLT3 and TLSs in HCC. However, due to the uniqueness of TLSs, they do not conform to the classical
definition of organs and require numerous markers for display. There is still a lack of direct evidence in our HCC
cohort.

DCs are professional antigen-presenting cells (APCs), whose primary function is to process and present
antigens to B and T lymphocytes, thereby mediating adaptive immunity®. FLT3 is highly expressed in DCs, a
specific mature hematopoietic lineage, and activation of FLT3 signaling dramatically increases the number of
DCs in humans®®. DCs with high FLT3 expression represent a unique population of APCs capable of sensitizing
T cells to both new and recalled antigens®”. AML cells exploit stromal-dependent pro-survival signals and shape
the BM microenvironment to create a permissive niche favorable for the maintenance and progression of AML.
In this study, we demonstrated a positive relationship between the mRNA level of FLT3 and the biomarkers
of DCs, CD83 and CDla, in most solid cancers, with a negative relationship observed only in AML. In solid
cancers, the positive correlation between FLT3 expression and the TME prompted the hypothesis that poor
drug efficacy could drive the formation of a negative TME following FLT3 inhibition. These conclusions were
further validated in our HCC cohort, where FLT3 was shown to serve as a predictive indicator of PD-1 treatment
efficacy. However, its role in other solid cancers warrants further investigation.

We showed that although FLT3 acts as an oncogene in AML, it functions as a cancer suppressor gene in
most solid cancers. In AML, FLT3 inhibition, combined with the regulation of the immune microenvironment

Scientific Reports |

(2025) 15:2477 | https://doi.org/10.1038/s41598-025-86185-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

using the cytokines mentioned above, could enhance its anti-cancer efficacy. In solid cancers, FLT3 inhibitors
or multi-kinase agents targeting FLT3 are not recommended unless supplemented with the aforementioned
immune factors. In summary, the role of FLT3 differs between AML and solid cancers. FLT3 is associated
with dendritic cell infiltration, tertiary lymphoid structure formation, and can predict response to checkpoint
inhibitor immunotherapy in HCC. Combining immune-modulating agents may be key to effective control in
most solid cancers. It is critical to adopt a comprehensive therapeutic approach.

Data availability

Our own dataset used and/or analyzed during the current study are available from the corresponding authors
on reasonable request. The data are not publicly available due to privacy. Some data that supports the findings of
this study are available from the repository of TCGA (https://portal.gdc.cancer.gov).
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