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Abstract
Background Acute myeloid leukemia (AML) is a highly aggressive hematological malignancy, and there has not been any 
significant improvement in therapy of AML over the past several decades. The mRNA vaccines have become a promising 
strategy against multiple cancers, however, its application on AML remains undefined. In this study, we aimed to identify 
novel antigens for developing mRNA vaccines against AML and explore the immune landscape of AML to select appropri-
ate patients for vaccination.
Methods Genomic data and gene mutation data were retrieved from TCGA, GEO and cBioPortal, respectively. GEPIA2 
was used to analyze differentially expressed genes. The single cell RNA-seq database Tumor Immune Single-cell Hub 
(TISCH) was used to explore the association between the potential tumor antigens and the infiltrating immune cells in the 
bone marrow. Consensus clustering analysis was applied to identify distinct immune subtypes. The correlation between the 
abundance of antigen presenting cells and the expression level of antigens was evaluated using Spearman correlation analy-
sis. The characteristics of the tumor immune microenvironment in each subtype were investigated based on single-sample 
gene set enrichment analysis.
Results Five potential tumor antigens were identified for mRNA vaccine from the pool of overexpressed and mutated genes, 
including CDH23, LRP1, MEFV, MYOF and SLC9A9, which were associated with infiltration of antigen-presenting immune 
cells (APCs). AML patients were stratified into two immune subtypes Cluster1 (C1) and Cluster2 (C2), which were character-
ized by distinct molecular and clinical features. C1 subtype demonstrated an immune-hot and immunosuppressive phenotype, 
while the C1 subtype had an immune-cold phenotype. Furthermore, the two immune subtype showed remarkably different 
expression of immune checkpoints, immunogenic cell death modulators and human leukocyte antigens.
Conclusion CDH23, LRP1, MEFV, MYOF and SLC9A9 were potential antigens for developing AML mRNA vaccine, and 
AML patients in immune subtype 1 were suitable for vaccination.

Keywords mRNA vaccine · Acute myeloid leukemia · Tumor immune microenvironment · Tumor antigen · Cancer 
vaccination
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AML  Acute myeloid leukemia
APCs  Antigen presenting cells
AUC   Area under the curve
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DEGs  Differently expressed genes
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FLT3  Fms-related tyrosine kinase 3
GTEx  Genotype-tissue expression
GEO  Gene expression omnibus
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NPM1  Nucleophosmin 1
OS  Overall survival
ROC  Receiver operating characteristic
ssGSEA  Single-sample gene set enrichment analysis
TAAs  Tumor-associated antigens
TARGET  Therapeutically applicable research to gener-

ate effective treatments
TCGA   The cancer genome atlas
TISCH  Tumor immune single-cell hub
TME  Tumor microenvironment
TIMER  Tumor immune estimation resource
UCSC  University of California Santa Cruz
WGCNA  Weight gene co-expression network analysis

Introduction

Acute myeloid leukemia (AML) is a highly heterogeneous 
hematological malignancy arose from a wild proliferation 
of undifferentiated myeloid blasts [1], and it is the second 
most common type of leukemia [2], occurring mostly in 
adults, with the average diagnosis age of 68 [2]. The stand-
ard therapy regime of AML consisted of induction phase 
and consolidation phase with chemotherapy and thereafter 
with possible allogeneic hematopoietic stem cell transplan-
tation (HSCT) [3]. However, this traditional therapy mode 
is commonly closely related to high toxicity and high risk 
of relapse, and there has not been any significant improve-
ment in the treatment field of AML over the past several 
decades [3]. Although the five-year survival rate for AML 
patients younger than 20 years old is around 60–75% [4], 
it is only dismal 3–8% for patients over 60 [5], [6]. The 
truncated long-term survival probability of AML patients 
is mainly due to the common relapse after treatment [3]. 
Thus, novel effective treatment methods that can eradicate 
the residual AML cells are expected to be necessary for the 
cure of AML.

Immunotherapy, which can eliminate cancer cells with-
out harming normal cells by establishing the immunosur-
vielling activity of the immune system against the cancer 
cells, could be a better therapeutic option for AML [7]. 
Immune checkpoint blockade (ICB) and chimeric antigen 
receptor T (CAR-T) cell therapy have gained tremendous 
success for the treatment of lymphoma but not for AML 
[8]. Cancer vaccination is a kind of immunotherapy that 
can induce specific T-cell responses potentially capable of 
specifically destroying cancer cells through the introduc-
tion of certain cancer antigens [9]. The potential of these 
vaccine-induced cancer antigen-specific T cell responses 
to persist and establish immunological memory make it 
possible for the cancer vaccines to create long-term pro-
tection against cancer recurrence [9]. Currently, there are 
several types of cancer vaccines explored in clinical trials, 

including DNA, peptides, dendritic cells (DCs) and RNA 
[10]. But for AML, only peptide and DC-based vaccines 
had been investigated to enhance leukemia-specific immune 
responses [11]. A phase II trial of WT1 (Wilms’ Tumor 1) 
peptide vaccination administered to 22 AML patients with 
a median age of 64 years after complete remission (CR1) 
showed that WT1 vaccinations in AML patients were safe 
and well tolerated, the median disease-free survival (DFS) 
from CR1 was 16.9 months, while the overall survival (OS) 
from diagnosis had not yet been reached but is poised to 
be ≥ 67.6 months [12], which were superior to published 
data for similar patients treated with conventional postrem-
ission therapies or HSCT [13], [14], [15]. Another clinical 
trial of personalized vaccination of 17 postremission AML 
patients with a hybridoma of AML cells and autologous 
dendritic cells (DCs) demonstrated that the vaccination 
was well tolerated and 12 of 17 vaccinated patients (71%) 
remain alive without recurrence at a median follow-up of 
57 months [16]. In 2021, the stunning success of the SARS-
CoV-2 RNA vaccines for the prevention of COVID-19 has 
led to considerable enthusiasm for mRNA vaccine [17]. 
There were a number of advantages to mRNA vaccine when 
compared with other treatments available in the clinic. First, 
the mRNA vaccine is quite safe since mRNA has no risk 
of insertional mutagenesis by gene integration which often 
happens to DNA vectors and mRNA can be easily degraded 
by normal cellular processes, the half-life of mRNA can 
be regulated using various RNA sequence modifications or 
delivery systems [18], [19]. Second, mRNA vaccines can 
be manufactured in vitro in a rapid and inexpensive way 
without the need for a complex process to produce antibody 
or viral vector drugs, hence it will save a lot of valuable time 
for patients with rapid-growing cancers [20], [21]. Thirdly, 
in vitro mRNA production is highly versatile and efficient 
since it is very easy to modify the mRNA sequence for dif-
ferent target proteins [22]. Fourthly, unlike DNA vector or 
protein drugs, there is almost no anti-vector immunity for 
mRNA [23]. Thus, the mRNA vaccine is highly practicable 
for targeting tumor-specific antigens as a promising immu-
notherapy scheme. Currently, dozens of phase 1/2 clinical 
trials are underway to prove the effectiveness of mRNA 
vaccines in patients with various types of cancer, including 
melanoma, lung cancer, pancreatic cancer, colorectal can-
cer, ovarian cancer, prostate cancer and relapsed/refractory 
lymphoma [24]. However, no effective mRNA vaccine for 
AML has been developed so far.

In this study, we aimed to identify novel antigens for 
developing mRNA vaccines against AML and explore the 
immune landscape of AML to choose appropriate patients 
for vaccination. Five neoantigen candidates associated poor 
prognosis and positively correlated to the infiltration of 
antigen-presenting cells (APCs) were identified in AML 
patients. Based on the clustering of immune-related genes, 



2206 Clinical and Translational Oncology (2023) 25:2204–2223

1 3

two robust immune subtypes were defined and then validated 
in independent cohorts. The two immune subtypes were 
associated with distinct molecular, cellular, and clinical fea-
tures. Finally, two functional modules closely correlated to 
immune subtypes were screened through gene co-expression 
network analysis (WGCNA). These findings might provide a 
theoretical basis for developing mRNA vaccine against AML 
and facilitate choosing appropriate patients for vaccination.

Materials and methods

Data acquisition

The normalized RNA sequencing (RNA-seq, TPM) data of 
70 normal bone marrow samples from the GTEx (Genotype-
Tissue Expression) database and 173 AML patients from 
the TCGA (The Cancer Genome Atlas) database with the 
corresponding clinical data were extracted from the “TCGA 
TARGET GTEX” dataset of Xena (https:// xenab rowser. net/ 
datap ages/). The RNA-seq data with clinical information of 
146 AML patients were downloaded from the GEO data-
base (https:// www. ncbi. nlm. nih. gov/ geo/, GSE147515) and 
were used as an independent cohort for external validation. 
The GSE147515 dataset consisted of transcriptomics data 
of 1523 samples from 11 datasets covering 10 AML cytoge-
netic subgroups, which were then merged with the tran-
scriptomic data of 198 healthy bone marrow samples. The 
gene mutation data of AML were acquired from cBioPortal 
(https:// www. cbiop ortal. org/) based on the AML samples 
in TCGA, the mutant genes in AML were screened with 
the R package “maftools” and the corresponding chromo-
some position of genes were plotted with the R package 
“RCircos”.

GEPIA analysis

Differentially expressed genes (DEGs) of AML was ana-
lyzed using the online database Gene Expression Profiling 
Interactive Analysis (GEPIA, http:// gepia2. cancer- pku. cn/) 
based on samples from the TCGA and the GTEx databases. 
The differential analysis was performed by comparing AML 
to paired normal samples with the “limma” package, and the 
chromosomal distribution of over- or under-expressed genes 
were plotted in differential expressed genes with a cutoff of 
|Log2FC|> 1 and q-value < 0.01.

ESTIMATE analysis

The immune and stromal scores of each AML sample 
were computed using the R package “estimate”. The AML 
samples were then divided into high and low-score groups 

according to the median value of their stromal and immune 
scores, the immune-related DEGs and stromal-related DEGs 
between the high-score and low-score groups were screened 
by the “limma” package, and they were then intersected by 
the “venn” package.

Prognosis analysis

To evaluate the prognostic value of potential AML antigens, 
overall survival (OS) and disease-free survival (DFS) anal-
ysis was performed using the Kaplan–Meier method with 
a 50% (Median) cutoff for the gene expression. Log-rank 
P-values < 0.05 were considered statistically significant.

TISCH analysis

The single-cell RNA-seq database Tumor Immune Single-
cell Hub (TISCH, http:// tisch. comp- genom ics. org/) was used 
to investigate the distribution of potential tumor antigens 
in the infiltrating immune cells of the bone marrow. The 
TISCH database GSE116256 was divided into 22 cell clus-
ters and 13 major cell types, the individual gene expression 
was visualized on various immune cell types.

Identification and validation of the immune 
subtypes

RNA sequencing data of 173 AML patients from the TCGA 
cohort were transformed using log2(x + 0.001), consensus 
clustering analysis was applied to identify distinct immune 
subtypes based on 2,483 immune-related genes by using 
the “ConsensusClusterPlus” package of R. Cluster sets var-
ied from 2 to 9 and the optimal k value as the number of 
clusters was defined by assessing the consensus matrix and 
the consensus cumulative distribution function. The overall 
survival between the immune subtypes were compared by 
using Kaplan–Meier analysis. In addition, the correlation 
between immune subtypes and clinical features including 
gender, cytogenetic risk (favorable, intermediate, poor), age, 
survival status, white blood cell, blasts of bow marrow or 
peripheral blood and status of mutated genes were explored. 
To evaluate the reliability of the identified immune subtypes, 
another independent AML cohort from the GEO database 
(GSE147515) was used as the validation group with the 
same algorithm.

Differential analysis of HLA, ICPs, TMB, and ICDs

The distribution of tumor mutational burden (TMB) and 
tumor stemness index mRNAsi was compared between the 
immune subtypes. Moreover, the expression level of human 
leukocyte antigen (HLA) genes, immune checkpoint genes 

https://xenabrowser.net/datapages/
https://xenabrowser.net/datapages/
https://www.ncbi.nlm.nih.gov/geo/
https://www.cbioportal.org/
http://gepia2.cancer-pku.cn/
http://tisch.comp-genomics.org/
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and immunogenic cell death modulators (ICDs) were com-
pared among different immune subtypes.

Immune cell infiltration analysis

The immune cell infiltration of TCGA samples based on gene 
expression profiling were calculated by the current acknowl-
edged algorithms including XCELL, QUANTISEQ, Micro-
environment Cell Populations-counter (MCPcounter), EPIC, 
CIBERSORT-ABS and CIBERSORT as already published 
[25]. The correlation between the abundance of APCs and the 
expression level of the potential tumor antigens was evalu-
ated using Spearman correlation analysis. The difference in 
immune cell infiltration between the AML immune subtypes 
were analyzed using t test. Immune cells were filtered with 
P < 0.05 and visualized utilizing the R package “pheatmap”. 
Moreover, a total of 28 immune gene sets [26] representing 
diverse adaptive and innate immunity were quantified for their 
enrichment scores within the respective AML samples using 
single-sample gene set enrichment analysis (ssGSEA) by the 
R package “GSVA”. The ssGSEA score were then compared 
between the AML immune subtypes and the results were plot-
ted by the “ggplot2” package.

Weighted gene Co‑expression network analysis

The R package “WGCNA” was used to identify co-expres-
sion modules by clustering the samples. Gene modules 
were then examined by dynamic hybrid cut. Univariate and 
multivariate Cox regression models were used for analyz-
ing the independent prognostic value of the gene modules. 
Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) analysis were performed to annotate 
the functions of the identified modules with the “cluster-
Profiler” package. A protein–protein interaction (PPI) net-
work was built using the STRING website (https:// string- db. 
org/) with a cutoff of 0.7 to assess the relationship between 
the eigengenes of the finally identified gene module, and 
the results were visualized using the Cytoscape software 
(https:// cytos cape. org/, version 4.0.4), the hub genes were 
screened using the “cytoHub” plug-in.

Results

Identification of potential antigens for mRNA 
vaccine of AML

To identify potential antigens of AML, we first screened 
out 6595 significantly overexpressed genes (Log2 fold 
change > 1) that could encode tumor-associated antigens 
(Fig. 1A). Considering tumor-associated antigens are sig-
nificantly related to gene mutations, a total of 406 mutated 
genes with mutation number ≥ 3 in AML were filtered, and 

their corresponding positions in human chromosomes were 
labeled as shown in Fig. 1B. The mutation landscape of the 
top 30 genes with the highest mutation frequency was shown 
(Fig. 1C, Figure S1). Since immune infiltration is an impor-
tant determinant of the effect of cancer immunotherapy, 997 
genes were obtained by intersecting 1290 immune-related 
DEGs and 1189 stromal-related DEGs (Fig. 1D). Finally, 
9 genes including CACNA2D3, CDH23, SLC9A9, MYOF, 
TNFSF10, CXCL16, CYBB, MEFV, LRP1 were screened out 
for encoding potential tumor-associated antigens in AML 
through the intersection of overexpressed genes, mutant 
genes, and immune infiltration related DEGs, the numbers 
and intersections of which were shown in Fig. 1E. The 
related genes were listed in Supplementary Table1.

Evaluation of the prognosis value and correlation 
with APCs of the nine potential tumor antigens 
in AML

To evaluate the prognosis value of the 9 potential tumor 
antigens, survival analysis was performed to further filtered 
prognostically associated antigens as candidates for mRNA 
vaccine development in AML. A total of 5 genes (CDH23, 
LRP1, MEFV, MYOF, SLC9A9) significantly correlated with 
the DFS of AML were identified, of which two (CDH23, 
MYOF) were significantly related to the OS (Fig. 2). Patients 
with elevated expression of CDH23, LRP1, MEFV, MYOF 
and SLC9A9 showed significant shorter DFS compared to 
the lower expression group (Fig. 2 F-J). The five antigens 
also demonstrated inferior OS in the high expression group, 
however, only CDH23 and MYOF showed significance 
(Fig. 2 A–E). Thus, 5 candidate genes were identified that 
are critical for the progression of AML. Considering profes-
sional APCs including dendritic cells (DCs), macrophages 
and B cells playing significant roles in the onset of protective 
immunity and effectiveness of mRNA vaccines by captur-
ing and cross-presenting the antigens to activate T cells, the 
immune cell infiltrations in AML samples were estimated 
through XCELL, QUANTISEQ, MCPCOUNTER, EPIC, 
CIBERSORT-ABS and CIBERSORT algorithms [25], 
respectively. Spearman correlation analysis showed that 
the expression level of CDH23, LRP1, MEFV, MYOF and 
SLC9A9 were significantly positively associated with infil-
trations of myeloid dendritic cell, naïve B cell, macrophage, 
macrophage M1 and macrophage M2, except for some nega-
tive correlation with naïve B cell using the CIBERSORT 
algorithm (Fig. 3). These findings suggest that the five 
identified tumor antigens can be processed and presented 
by APCs to trigger a robust immune response. Further-
more, single-cell analysis of various immune cell types of 
the bone marrow from AML patients in the TISCH dataset 
GSE116256 demonstrated that the five candidate genes were 
highly expressed in macrophages (Fig. 4). Taken together, 

https://string-db.org/
https://string-db.org/
https://cytoscape.org/
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Fig. 1  Identification of potential tumor antigens for mRNA vaccine in 
AML. (A) The chromosomal distribution of upregulated and down-
regulated genes in AML. (B) A circle plot of the chromosomal dis-
tribution of mutated genes in AML. (C) The waterfall plot of the dis-
tribution of the top 30 mutated genes in AML. (D) A venn diagram 
of immune-related DEGs and stromal-related DEGs. (E) The upset 

plot of the intersections of genes screened under different conditions. 
AML, acute myeloid leukemia; MutGenes, mutated genes; Stro-
malDiff, differentially expressed genes among low and high stromal 
score groups; ImmuneDiff, differentially expressed genes among low 
and high immune score groups; DEGs, differently expressed genes; 
UpGenes, upregulated genes in AML
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Fig. 2  The prognostic value 
of the nine potential antigens 
for mRNA vaccine in AML. 
Kaplan–Meier curves showed 
the overall survival (A–E) and 
disease-free survival (F–J) of 
AML patients in the differ-
ent expression levels of (A, F) 
CDH23, (B, G) LRP1, (C, H) 
MEFV, (D, I) MYOF and (E, J) 
SLC9A9 
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CDH23, LRP1, MEFV, MYOF and SLC9A9 were identi-
fied as potential tumor-specific antigens for mRNA vaccine 
in AML.

Identification of immune subtypes of AML

Since the tumor microenvironment (TME) of AML is het-
erogeneous, it is important to identify patients suitable 

for a vaccination with the mRNA vaccine. A consensus 
clustering analysis was performed in the TCGA AML 
cohorts based on the 2483 immune gene profiles. Accord-
ing to the corresponding cumulative distribution function 
(CDF) and function delta area of k value (Fig. 5 A, B), 
the subtype clustering appeared to be stable while k = 2, 
thus two robust immune subtypes (Cluster 1, Cluster 2) 
were obtained (Fig. 5C). Survival analysis demonstrated 

Fig. 3  Correlations between the five candidate genes and immune 
cell infiltrations of TCGA AML samples. The infiltrating immune 
cells of TCGA AML samples were estimated using current acknowl-
edged methods such as XCELL, QUANTISEQ, MCPcounter, EPIC, 

CIBERSORT-ABS and CIBERSORT. Spearman correlation analysis 
was performed to evaluate the correlation between the five candidate 
genes (A) CDH23, (B) LRP1, (C) MEFV, (D) MYOF, (E) SLC9A9 
and the immune cells. Only data with P < 0.05 were shown
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Fig. 4  Analysis of the expres-
sion level of the five candidate 
genes in various cell types 
in GSE116256 from the 
TISCH database. (A) Annota-
tion of the major cell types 
in the GSE116256 dataset. 
(D–F) Expression levels of (B) 
CDH23, (C) LRP1, (D) MEFV, 
(E) MYOF, (F) SLC9A9 in 
a variety of cell types of the 
GSE116256 dataset. (G) Com-
parison the expression level of 
CDH23, LRP1, MEFV, MYOF 
and SLC9A9 in different cell 
types of the GSE116256 dataset
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Fig. 5  AML clustering based on the 2483 immune genes. (A) Cumu-
lative distribution function (CDF) curve and (B) delta area plot of 
the immune-related genes in the TCGA cohort (k = 2 ~ 9). (C) Con-
sensus clustering matrix for k = 2 in the TCGA cohort. (D) Kaplan–
Meier overall survival curves of the two clusters in the TCGA cohort. 
(E) Kaplan–Meier overall survival curves of the two clusters in the 

GEO cohort. (F–G) Differential analysis of clinicopathological char-
acteristics and expression level of the five potential vaccine antigens 
in the two subgroups of the TCGA cohort (F) and GEO cohort (G). 
C1, Cluster1; C2, Cluster2; BM, bow marrow; PB, peripheral blood; 
WBC, white blood cell
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a significant difference between the two different immune 
subtypes, where Cluster1 (C1) group displayed a sig-
nificantly worse prognosis than the Cluster2 (C2) group 
(P < 0.05, Fig. 5D). Consistent with the data obtained 
from the TCGA cohort, C1 group showed inferior prog-
nosis compared to the C2 group in the GEO cohort as 
well (P < 0.001, Fig. 5E), suggesting the stability and 
reproducibility of the results. Therefore, immunotyp-
ing can be employed to predict the prognosis of AML 
patients, and patients in the C2 group will have a better 
prognosis. Furthermore, the gene expression profile of the 
five potential tumor antigens and the clinicopathological 
characteristics were compared among the two immune 
subtypes. The clinical characteristics including gender, 
cytogenetic risk (favorable, intermediate, poor), age 
(< 60 or >  = 60 years), WBC (white blood cell) (< 100 
*  109/L, >  = 100 *  109/L), blasts of BM (bow marrow) 
or PB (peripheral blood) (< 50%, >  = 50%), status of 
mutated genes (RUNX1, NRAS, KRAS, TET2, DNMT3A, 
TP53, IDH1, NPM1, WT1, FLT3) and cluster group were 
plotted in a heatmap. It was found that in the C1 group, 
there are significantly more cases with the clinical fea-
tures of older age (> = 60 years), less blasts of BM or 
PB, poor cytogenetic risk, more mutations of RUNX1 and 
TP53 (Fig. 5F). There are more samples with the higher 
expression level of CDH23, LRP1, MEFV, MYOF and 
SLC9A9 found in the C1 subtype, indicating patients in 
this subtype may have higher specificity for mRNA vac-
cine treatment in AML. For the GEO cohort, the muta-
tion data were lacking, but the expression level of the 
candidate genes was also found to be higher in the C1 
group (Fig. 5G).

Correlation analysis of immune subtypes and tumor 
mutational burden

Mutations in cancer cells will produce new epitopes of 
self-antigens (neoantigens), which can elicit antitumor 
immunity mediated by cytotoxic T cells. Cancer cells with 
high tumor mutational burden (TMB) are tended to pos-
sess more candidate neoantigens for vaccine development 
[27]. At first, the general mutation analysis of TCGA-
AML was shown in Figure S1. Then the TMB and muta-
tions were compared between the two immune subtypes, 
but no significant differences were found (Figure S2A & 
B). Moreover, 20 genes including FLT3, NPM1, RUNX1 
and TP53 were most frequently mutated in both subtype 
(Figure S2C). Cancer stem cell characteristics are related 
to the development of AML, but no significant variation 
was observed between the stemness of the two subtypes 
by quantifying the cancer stemness of each tumor sam-
ples using the stem cell-associated index mRNAsi (Figure 
S2D, P = 0.051).

Correlation of immune subtypes with and immune 
modulators and HLA

Given the important roles of immune checkpoints (ICPs) 
and immunogenic cell death (ICD) modulators in cancer 
immunity, which can affect the efficacy of the mRNA vac-
cine, the expression levels of ICPs and ICD were assessed 
in the two immune subtypes. A total of 59 ICPs-related 
genes were detected in the TCGA and GEO cohorts. 
Twenty-eight genes were distinctly expressed in the 
two subtypes in the TCGA cohort, and C1 had signifi-
cantly higher expression of CD40, CD226, ICOS, CD80, 
BTN3A1, ICOSSLG, KIR2DL4, ADORA2A, BTN2A2, 
CD28, BTN2A1, CD274, CEACAM1, CD40LG, TNFRSF9, 
TNFSF14, CTLA4, KIR2DL3, TIGIT, KIR2DL1, KIR2DS4, 
PDCD1 (PD-1), CD160, BTLA, KIR3DL1, PDCD1LG2 
(PD-L2) and CD27 (Fig. 6A). However, 25 genes were 
differentially expressed in the two subtypes in the GEO 
cohort, and C1 had higher C10orf54, CD86, LGALS9, 
SIRPA, TNFSF4 and TNFSF9 expressions (Fig. 6B). More-
over, 33 ICD-related genes were detected in both TCGA 
and GEO cohorts, of which 16 genes and 11 genes were 
differentially expressed in the two immune subtypes of the 
TCGA and GEO cohort, respectively (Fig. 6C & D). C1 
had significant upregulation of PRF1, CD8B, EIF2AK3, 
FOXP3, IL1R1, CASP1, NT5E, CD4, CXCR3, LY96, IL10, 
IFNG and CD8A in the TCGA cohort (Fig. 6C), and higher 
expression of BAX, CASP1, IFNGR1, IL17RA, MYD88, 
NLRP3, P2RX7 and TLR4 in the GEO cohort (Fig. 6D). 
Human leukocyte antigens (HLA) play critical roles in 
antigen processing and presentation, the expression level 
of 54 HLA genes were assessed in the two immune sub-
types. The expression levels of 24 HLA genes were sig-
nificantly elevated in C1 compared to C2, C1 showed 
higher expression of HLA-DOB, HLA-DQB2, HLA-F, 
HLA-DQA1, HLA-DMB, PSMB8, HLA-DMA, HLA-B, 
HLA-C, HLA-E, HLA-DRB6, HLA-DPB1, TAP2, HLA-
DPA1, HLA-K, HLA-L, PSMB9, HLA-DRA, HLA-DOA, 
TAP1, MICD, HLA-DRB1, MICE and HLA-H in the TCGA 
cohort (Fig. 6E). Collectively, the response of patients in 
C1 group to the mRNA vaccine treatment could be more 
effective and promising.

Difference of immune microenvironment features 
in immune subtypes

The tumor immune microenvironment (TME) is extraor-
dinarily important for the effectiveness of mRNA vaccine, 
thus the immune status between the two subtypes was ana-
lyzed. The immune cell infiltrations in TCGA AML sam-
ples were estimated through XCELL, QUANTISEQ, MCP-
COUNTER, EPIC, CIBERSORT-ABS and CIBERSORT 
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algorithms, as previously published [25]. The results 
showed that C1 had significantly higher infiltration of 
CD4 + T cell, CD8 + T cell, myeloid dendritic cell, naïve 
B cell, monocyte, macrophage, macrophage M2, NK cell 
and regulatory T cell (Fig. 7A). C1 also demonstrated a 
higher immune score than C2 using the XCELL algorithm 

(Fig. 7A). The immune cell abundance in the two immune 
subtypes was further defined by determining the scores 
of 28 previously reported immune signature gene sets in 
both TCGA and GEO cohorts using ssGSEA [26]. The 
immune cell components were found to be remarkably 
distinct between the two subtypes (Fig. 8B, C). C1 had 

Fig. 6  Association of immune subtypes with ICPs, ICD modula-
tors and HLA genes in AML. (A, B) Differential expression of 
ICPs genes between the two immune subtypes in (A) TCGA and 
(B) GEO cohorts. (C, D) Differential expression of ICD modulator 
genes between the two immune subtypes in (C) TCGA and (D) GEO 

cohorts. (E) Difference in the expression of HLA genes between 
the two immune subtypes in TCGA cohort. HLA, human leukocyte 
antigens; ICPs, immune checkpoints; ICD, immunogenic cell death. 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
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Fig. 7  Difference of immune microenvironment characteristics in two 
immune subtypes. (A) The immune cell infiltrations in TCGA AML 
samples were estimated by using XCELL, QUANTISEQ, MCP-
COUNTER, EPIC, CIBERSORT-ABS and CIBERSORT algorithms, 
the infiltration level was compared between the two groups C1 and 

C2. Only data with P < 0.05 were shown in the heatmap. (B, C) The 
difference in immune scores based on the results of single-sample 
gene-set enrichment analysis (ssGSEA) of 28 immune-related signa-
tures between two immune subtypes in the TCGA cohort (B) or GEO 
cohort (C). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
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Fig. 8  Identification of co-expression modules of TCGA AML cohort 
by WGCNA. (A) Scale-free fit index for various soft-thresholding 
powers (β). (B) Mean connectivity for various soft-thresholding pow-
ers. (C) Differentially expressed genes were clustered using hier-

archical clustering with a dynamic tree cut and merged based on a 
dissimilarity measure (1-TOM). (D) Gene numbers of each module. 
(E) Differential distribution of each module in two AML immune 
subtypes. *P < 0.05; **P < 0.01; ns, not significant
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significantly higher scores in activated B cell, activated 
CD4 + T cell, activated CD8 + T cell, central memory 
CD4 + T cell, effector memory CD8 + T cell, gamma delta 
T cell, immature B cell, T follicular helper cell, type 1 T 
helper cell, type 2 T helper cell, activated dendritic cell, 
CD56dim natural killer cell, myeloid-derived suppressor 
cells (MDSC), natural killer cell, natural killer T cell and 
plasmacytoid dendritic cell in the TCGA cohort (Fig. 7B). 
For the GEO cohort, compared to C2, the C1 also showed 
higher level of central memory CD4 T cell, central mem-
ory CD8 T cell, eosinophil, immature dendritic cell, mac-
rophage, mast cell, monocyte and plasmacytoid dendritic 
cell (Fig. 7C). Thus, C1 is an immune-hot and immuno-
suppressive phenotype, while C2 is an immune-cold phe-
notype, and C1 could be more promising to respond to the 
mRNA vaccine. The immune landscape based on the two 
immune subtypes can be used to identify suitable patients 
for personized mRNA vaccine therapy.

Identification of co‑expression modules and hub 
genes

WGCNA was used to identify co-expression modules by 
clustering the samples with a soft threshold of 8 for a scale-
free network (Fig. 8A and B). The representation matrix 
was then converted to adjacency and next to a topological 
matrix. The average-linkage hierarchy clustering procedure 
was applied with a minimum of 30 genes for each network 
in line with the standard of a hybrid dynamic shear tree. 
Eigengenes of each module were determined and the close 
modules were consolidated into a new one (height = 0.25, 
deep split = 4 and min module size = 60) (Fig. 8C). Con-
sequently, 14 co-expression modules with 4904 transcripts 
were acquired (Fig. 8D). The eigengenes of the 14 modules 
were then analyzed in the two immune subtypes, C1 showed 
significantly higher eigengenes in black, lightgreen and pink 
modules than C2 (Fig. 8E). Moreover, the univariate Cox 
regression analysis revealed that the expression of genes in 
the brown, grey, magenta, pink and tan modules were signifi-
cantly associated with the poor prognosis of AML patients 
(Fig. 9A). Multivariate analysis further indicated that only 
brown and pink modules were independent survival prog-
nostic factors (Fig. 9B). Furthermore, Gene ontology (GO) 
enrichment analysis and Kyoto Encyclopaedia of Genes and 
Genomes (KEGG) pathway analysis suggested that ribonu-
cleoprotein complex biogenesis and ribosome were signifi-
cantly enriched in brown module (Fig. 9 C and E), while 
pink model was significantly enriched with MHC protein 
complex binding, positive regulation of leukocyte mediated 
immunity, macrophage activation, B cell proliferation, posi-
tive regulation of T cell differentiation, antigen processing 
and presentation signaling (Fig. 9 D, F). Thus, only pink 
module is related to immune genes. Consistently, patients 

with higher scores of genes clustered into brown (Fig. 9G) 
and pink (Fig. 9H) modules had poor survival compared to 
those with lower scores in the TCGA cohort. Therefore, the 
mRNA vaccine could be effective in patients with highly 
expressing genes clustered into the pink module. Finally, 5 
hub genes including CD4, ITGB2, ITGAM, FCGR2A and 
TLR2 were identified in the pink module (Fig. 9i), which can 
be potential biomarkers for predicting the response of AML 
patients to mRNA vaccine.

Discussion

AML is a highly aggressive cancer that are mostly treated 
with chemotherapeutic drugs [1]. But this traditional therapy 
method is commonly closely related to high toxicity and 
high risk of relapse, and there has not been any significant 
improvement in the overall survival of AML over the past 
several decades [3]. Especially, old AML patients still have 
a very poor prognosis [4]. The mRNA vaccines have become 
trending in cancer immunotherapy since its successful appli-
cation in preventing COVID-19 [17]. However, there were 
rare studies exploring in treatment of AML with mRNA vac-
cine. Considering that the shortened overall survival of AML 
patients is by and large related to the relapse after chemo-
therapy [3], the potential of the mRNA vaccine-boosted 
antigen-specific T cell responses to persist and establish 
post-treatment immunological memory will provide the 
chance of long-term protection against AML recurrence. 
In this study, the prospective tumor-associated antigens in 
AML were screened out through the intersection of aber-
rantly expressed genes, mutant genes and immune infiltra-
tion-related DEGs, of which CDH23, LRP1, MEFV, MYOF 
and SLC9A9 were significantly correlated with the DFS 
of AML. Further analysis showed that those five antigens 
were significantly positively correlated with the infiltration 
of APCs, including dendritic cells, B cells and macrophages. 
And single cell analysis of various immune cell types of 
the bone marrow from AML patients demonstrated that 
the five candidates were highly expressed in macrophages. 
Thus, CDH23, LRP1, MEFV, MYOF and SLC9A9 were 
identified as potential tumor-specific antigens for mRNA 
vaccine development in AML. They can be processed and 
presented by APCs to cytotoxic T cells triggering a robust 
immune response that will attack the tumor cells. CDH23 
(Cadherin-23) is a member of the calcium-dependent cell 
adhesion glycoproteins that constitutes the cadherin super-
family [28]. Studies showed that CDH23 played a critical 
role in cancer progression. For instance, CDH23 was upreg-
ulated in breast cancer and was associated with early metas-
tasis [29], methylated depletion of CDH23 was related to 
poor prognosis in Diffuse large B-cell lymphoma (DLBCL) 
[30], germline mutations of CDH23 were linked with both 
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Fig. 9  Identification of immune hub genes of AML. (A) Forest plot 
of univariate analysis of 14 identified modules of AML. (B) Forest 
plot of multivariate analysis of the 5 prognosis-related modules of 
AML. (C) Bar plot for GO enrichment of the brown module. (D) Bar 
plot for GO enrichment of the pink module. (BP: biological process, 
CC: cellular component, MF: molecular function). (E) Dot plot for 
top 10 KEGG enrichment of the brown module. (F) Dot plot for top 

10 KEGG enrichment of the pink module. The dot size and color 
intensity represent the gene count and enrichment level, respectively. 
(G) Differential prognosis in brown module with high and low scores 
stratified by the mean. (H) Differential prognosis in pink module with 
high and low scores. (I) Hub Genes of the pink Module, which is 
shown with the Degree Sorted Circle layout of Cytoscape, with the 
nodes' color reflective of the level of connectivity within the network
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familial and sporadic pituitary adenoma [31]. LRP1 (Low-
density lipoprotein receptor-related protein 1, also known 
as CD91) is a ubiquitously expressed endocytic receptor 
belonging to the low-density lipoprotein receptor (LDLR) 
superfamily, of which LRP1 is the most multifunctional one 
[32]. Studies have demonstrated that LRP1 is involved in 
two prime physiological activities: endocytosis and modula-
tion of signaling pathways [33], indicating that LRP1 may 
play multiple roles in tumorigenesis and tumor progression. 
It was reported that LRP1 inhibition induced suppression 
of Notch signaling and reduced tumorigenesis in leukemia 
models [34]. Another study reported that the expression of 
membrane-associated proteinase 3 (mP3) in AML blasts 
inhibits T cell proliferation via direct LRP1 and mP3 inter-
action, suggesting the importance of LRP1 in regulating the 
immunity environment in AML [35]. MEFV (Mediterranean 
fever) encoding pyrin is expressed in certain white blood 
cells including neutrophils, eosinophils and monocytes that 
is involved in the regulation of inflammation and in fighting 
infection by interacting with the cytoskeleton [36]. MEFV 
mutations lead to reduced or malformed pyrin that can-
not perform its presumed role in controlling inflammation, 
result in an inapplicable or extended inflammatory response 
[36]. In a study with a colitis mouse model, it was found 
that MEFV was required for inflammasome activation and 
IL18 maturation, which can avert colon inflammation and 
tumorigenesis [37]. Moreover, there is evidence that activa-
tion of autoinflammatory pathways including MEFV in the 
clonal cells of myelodysplastic syndrome and AML may be 
related with neutrophilic dermatoses [38]. MYOF (Myofer-
lin) is a member of the Ferlin family involved in membrane 

trafficking, membrane repair and exocytosis [39]. Accumu-
lating evidence has revealed that MYOF is an oncogene that 
is overexpressed in a variety of cancers [40]. MYOF drives 
the progression of cancer by promoting tumorigenesis, pro-
liferation, migration, epithelial-to-mesenchymal transition, 
invasiveness and angiogenesis [40]. For example, depletion 
of MYOF in breast cancer can significantly reduce tumor 
development and metastatic progression that was linked with 
degradation of the epidermal growth factor (EGF) receptor 
(EGFR) [41]. Clinically, MYOF overexpression is associated 
with poor prognosis in patients with breast cancer, lung can-
cer, and pancreas cancer [42]. SLC9A9 (also called NHE9), 
a member of the Na + /H + exchanger (NHE) superfamily, is 
a transmembrane protein that localizes mostly on the recy-
cling endosome and plays a crucial role in regulating the 
pH of endosomes [43]. It has been reported that SLC9A9 
was involved in attention autism and deficit hyperactivity 
disorder (ADHD) [44]. Recently, some studies revealed that 
SLC9A9 gene was implicated in cancer as well. In esopha-
geal squamous cell carcinoma, elevated expression level 
of SLC9A9 was associated with cancer advancement and 
inferior prognosis [45]. In glioblastoma, SLC9A9 was over-
expressed and promoted the proliferation and invasiveness 
of glioblastoma cells through the activated EGFR signaling 
pathway [46]. In colorectal cancer, SLC9A9 was upregu-
lated and can promote the progression of colorectal cancer, 
which is closely related to EGFR pathway [47]. In addition, 
high level of SLC9A9 was involved in poor prognosis in 
colorectal cancer [47]. In this study, CDH23, LRP1, MEFV, 
MYOF and SLC9A9 were also markedly associated with the 
prognosis of AML patients, which had not been reported 
previously. Moreover, to the best of our knowledge, this is 
the first study to screen antigens for developing an mRNA 
vaccine for AML patients.

AML is a hematological malignancy with a high degree 
of genetic and immunological heterogeneity [48], which has 
fundamental implications for the efficacy of immunotherapy 
and will restrict the widespread application of mRNA vac-
cine in AML patients. Therefore, it is essential to stratify 
AML patients according to their immune profiling which 
will be used to identify appropriate patients for mRNA vac-
cination. In this study, two reproducible immune subtypes 
of AML (C1 and C2) were identified based on the expres-
sion profile of 2483 immune genes. The two immune sub-
types were associated with distinctive clinical features, for 
example, in the C1 immune subtype, there were significantly 
more patients with older age (> = 60 years), less blasts of 
bone marrow or peripheral blood, poor cytogenetic risk, 
mutations of RUNX1 and TP53. Moreover, the C1 subtype 
showed a higher expression level of the five candidate anti-
gens compared to the C2 subtype. Furthermore, the C1 sub-
type displayed an inferior prognosis than C2 subtype in both 
TCGA and GEO cohorts. These data suggested completely 

Fig. 9  (continued)
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different immunological and molecular patterns between the 
two immune subtypes.

Successful antitumor effect of the mRNA vaccine requires 
optimal tumor microenvironment (TME) [49]. Within the 
TME, natural killer (NK) cells, macrophages and neutrophils 
of the innate immune system are required for immediate 
recognition and attacking of tumor cells, while APCs cross-
present the antigens through interaction with T cell receptor 
(TCR) to activate T cells of the adaptive immune system, 
which are ultimately responsible for killing the cancer cells 
and eradicating the tumor [50]. A phase II trial of a multiva-
lent WT1 peptide vaccine administered to 22 AML patients 
after the first CR reported the immunologic responses were 
documented in 64% of patients, including increased CD4 + T 
cell proliferation and CD8 + T cell IFN-γ secretion, and 
the immunologic response seemed to be associated with 
improved survival outcomes [12]. In another phase II study, 
DCs electroporated with WT1 mRNA were administered 
to 30 patients with AML at very high risk of relapse, the 
long-term clinical response and outcome were linked with 
the induction of WT1-specific CD8 + T cell reaction [51]. In 
this study, C1 subtype had a significantly higher infiltration 
of antigen-presenting cells (APCs) and anti-cancer lympho-
cytes, such as CD4 + T cell and CD8 + T cell, indicating that 
the mRNA vaccine should trigger a more potent immune 
response against AML cells within the C1 subtype than the 
C2 subtype and AML patients with the C1 subtype should be 
more promising to respond to the mRNA vaccine. Thus, the 
immune landscape based on the two immune subtypes can 
be used to identify suitable patients for personized mRNA 
vaccine therapy. However, the C1 subtype was also more 
abundant with immunosuppressive immune cells such as 
regulatory T cells (Tregs) and myeloid-derived suppressor 
cells (MDSCs), two vital factors in tumor immune escape, 
which could compromise the effect of anti-cancer immune 
response mediated by the immune effector cells. Therefore, 
C1 subtype was considered as an immune-hot and immu-
nosuppressive phenotype, whereas C2 was an immune-cold 
phenotype, which may also explain why the C1 subtype had 
a worse prognosis than C2. Evidence showed that ‘cold’ 
tumors are refractory to immunotherapy and ‘hot’ tumors are 
more responsive to immunotherapy [52], suggesting that the 
mRNA vaccine could be more successful for AML patients 
with the C1 subtype. However, to ensure long-term protec-
tion against tumor relapse, theoretically, memory T cells 
induced via mRNA vaccination should persist for a long-
time following tumor eradication. Thus, the memory T cell 
populations should be investigated in preclinical models and 
in AML patients in future studies.

The mRNA vaccine transported via lipid nanoparticle 
enters the APCs to encode the target tumor antigens, which 
can be presented on the surface of APCs by MHC (also 
known as HLA in human) to evoke an antitumor response 

via interactions with TCR [24]. In this study, the C1 sub-
type showed higher expression of HLA, which may have 
a greater response to the therapy with mRNA vaccine. It 
is now appreciated that the immunosuppressive TME sub-
stantially hinders the efficacy of mRNA vaccines [53]. The 
implementation of immune checkpoint inhibition (ICI) such 
as anti-CTLA-4, anti-PD1 and anti-PDL1 antibodies, suc-
cessfully reprogramed one or more immunosuppressive 
signals in the TME to allow T cell to unleash its function, 
substantially increasing response rates and even leading to 
potential cures [54]. In clinical trials, mRNA vaccines have 
been applied to treat solid tumors, including non-small cell 
lung cancers, melanoma, prostate cancer, and glioblastoma 
[9]. The combination of mRNA vaccines with ICI may fur-
ther improve their antitumor efficacy. For example, a study 
of melanoma patients intranodally administered mRNA vac-
cine that encoded ten personalized neoantigens, showed an 
extraordinary vaccine-specific anticancer T cell response 
and a sustained progression-free survival. One relapsed 
patient exhibited a complete response following anti-PD1 
therapy. Another relapsed patient did not show up to anti-
PD1 therapy but turned out to have a complete loss of HLA 
class I presentation on tumor cells due to β2M deficiency 
[55]. In another study of melanoma patients intravenously 
administered with mRNA vaccine consisting of four mela-
noma-associated antigens (NY-ESO-1, MAGE-A3, tyrosi-
nase and transmembrane phosphatase with tensin homology 
(TPTE)), strong T cell responses were found to be corre-
lated with durable clinical responses when combined with 
anti-PD1 therapy in patients with anti-PD1 resistance [56]. 
These results demonstrate that successfully induced anti-
cancer responses require the co-delivery of ICI in addition 
to the mRNA vaccination since ICI can overcome immu-
nological tolerance to tumor antigens. In the current study, 
the C1 subtype had significantly higher expression of ICPs 
such as CTLA4, ICOS, CD28, CD274, PDCD1 (PD-1) and 
PDCD1LG2 (PD-L2). Moreover, C1 subtype also had sig-
nificant upregulation of immunogenic cell death (ICD) mod-
ulators including CD8B, EIF2AK3, FOXP3, IL1R1, CASP1, 
CD4, CXCR3 and IL10. These findings suggest that AML 
patients with the C1 subtype may get a better prognosis by 
administering mRNA vaccination along with or in parallel 
with immune checkpoint inhibition. Moreover, a study dem-
onstrated that the hypomethylating agent (HMA) markedly 
enhanced antigen presentation and the immunogenicity of 
AML cells and augments the immune response of a DC/
AML vaccination in a murine model resulting in prolonged 
survival [57]. Thus, a combination of the mRNA vaccine 
and HMA holds great potential to develop a novel therapy 
regime for AML patients as well. However, a clinical ben-
efit for those assumptions can only be confirmed in further 
research such as clinical trials.
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Furthermore, the mRNA vaccination approaches may 
be combined with CAR-T cell that was pretty successful in 
treating hematological malignancies such as diffuse large 
B-cell lymphoma [58]. Combination of CAR-T cell therapy 
with cancer vaccines could increase the durability of CAR-T 
cells and even establish lasting protection against cancer 
relapse. Currently, some researchers are investigating the 
effect of combinations of therapeutic CAR-T cell therapy 
with DC vaccines and RNA vaccines [59], [60]. However, 
such endeavor for AML therapy is still lacking.

Conclusions

In conclusion, CDH23, LRP1, MEFV, MYOF and SLC9A9 
were potential antigens for AML mRNA vaccine develop-
ment, and patients in immune subtype C1 were suitable 
candidates for such vaccination. This study will provide 
theoretical justification for constructing AML mRNA vac-
cine and selecting appropriate AML patients for vaccination.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12094- 023- 03108-6.

Acknowledgements The results published here are in part based upon 
data generated by the Therapeutically Applicable Research to Generate 
Effective Treatments (https:// ocg. cancer. gov/ progr ams/ target) initia-
tive, phs000465. The data used for this analysis are available at https:// 
portal. gdc. cancer. gov/ proje cts. The author(s) also would like to thank 
the GTEx, TCGA, UCSC Xena, TISCH data portal and GEO databases 
for the availability of the data.

Author contributions FW came up with the conceptualization, meth-
odology, software, data curation, writing, visualization, validation and 
funding acquisition.

Funding This work was supported by the National Natural Science 
Foundation of China, No. 82070174. The funder had no role in the 
study design, collection, analysis and interpretation of data, decision 
to publish, or preparation of the manuscript.

Availability of data and materials The datasets analyzed during this 
study are available at TCGA, TARGET, UCSC Xena and GEO data-
base (https:// portal. gdc. cancer. gov/, https:// ocg. cancer. gov/ progr ams/ 
target/, https:// xenab rowser. net/, and https:// www. ncbi. nlm. nih. gov/ 
geo/; GSE147515).

Declarations 

Conflict of interest The author(s) declare that they have no conflict of 
interest.

Research involving human and animal participants This article does 
not contain any studies with human participants or animals performed 
by any of the authors.

Ethical approval Ethical approval were not required.

Informed consent Informed consent were not required.

References

 1. Bullinger L, Döhner K, Döhner H. Genomics of acute myeloid 
Leukemia diagnosis and pathways. J Clin Oncol. 2017;35(9):934–
46. https:// doi. org/ 10. 1200/ jco. 2016. 71. 2208.

 2. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics 2021. 
CA Cancer J Clin. 2021;71(1):7–33. https:// doi. org/ 10. 3322/ caac. 
21654.

 3. Newell LF, Cook RJ. Advances in acute myeloid leukemia. BMJ. 
2021;375:n2026. https:// doi. org/ 10. 1136/ bmj. n2026.

 4. Creutzig U, Kutny MA, Barr R, Schlenk RF, Ribeiro RC. Acute 
myelogenous leukemia in adolescents and young adults. Pediatr 
Blood Cancer. 2018;65(9):e27089. https:// doi. org/ 10. 1002/ pbc. 
27089.

 5. Juliusson G, Antunovic P, Derolf A, Lehmann S, Möllgård L, 
Stockelberg D, et al. Age and acute myeloid leukemia: real world 
data on decision to treat and outcomes from the Swedish Acute 
Leukemia Registry. Blood. 2009;113(18):4179–87. https:// doi. 
org/ 10. 1182/ blood- 2008- 07- 172007.

 6. Oran B, Weisdorf DJ. Survival for older patients with acute 
myeloid leukemia: a population-based study. Haematologica. 
2012;97(12):1916–24. https:// doi. org/ 10. 3324/ haema tol. 2012. 
066100.

 7. Vago L, Gojo I. Immune escape and immunotherapy of acute 
myeloid leukemia. J Clin Investig. 2020;130(4):1552–64. https:// 
doi. org/ 10. 1172/ JCI12 9204.

 8. Döhner H, Wei AH, Löwenberg B. Towards precision medicine 
for AML. Nat Rev Clin Oncol. 2021;18(9):577–90. https:// doi. 
org/ 10. 1038/ s41571- 021- 00509-w.

 9. Saxena M, van der Burg SH, Melief CJM, Bhardwaj N. Therapeu-
tic cancer vaccines. Nat Rev Cancer. 2021;21(6):360–78. https:// 
doi. org/ 10. 1038/ s41568- 021- 00346-0.

 10. Hu Z, Ott PA, Wu CJ. Towards personalized, tumour-spe-
cific, therapeutic vaccines for cancer. Nat Rev Immunol. 
2018;18(3):168–82. https:// doi. org/ 10. 1038/ nri. 2017. 131.

 11. Barbullushi K, Rampi N, Serpenti F, Sciumè M, Fabris S, De 
Roberto P, et al. Vaccination therapy for acute Myeloid Leukemia: 
Where Do We Stand? Cancers (Basel). 2022. https:// doi. org/ 10. 
3390/ cance rs141 22994.

 12. Maslak PG, Dao T, Bernal Y, Chanel SM, Zhang R, Frat-
tini M, et al. Phase 2 trial of a multivalent WT1 peptide vac-
cine (galinpepimut-S) in acute myeloid leukemia. Blood Adv. 
2018;2(3):224–34. https:// doi. org/ 10. 1182/ blood advan ces. 20170 
14175.

 13. Löwenberg B, Ossenkoppele GJ, van Putten W, Schouten 
HC, Graux C, Ferrant A, et  al. High-dose daunorubicin in 
older patients with acute myeloid leukemia. N Engl J Med. 
2009;361(13):1235–48. https:// doi. org/ 10. 1056/ NEJMo a0901 409.

 14. Saber W, Opie S, Rizzo JD, Zhang MJ, Horowitz MM, Schriber J. 
Outcomes after matched unrelated donor versus identical sibling 
hematopoietic cell transplantation in adults with acute myelog-
enous leukemia. Blood. 2012;119(17):3908–16. https:// doi. org/ 
10. 1182/ blood- 2011- 09- 381699.

 15. Walter RB, Kantarjian HM, Huang X, Pierce SA, Sun Z, Gun-
dacker HM, et al. Effect of complete remission and responses less 
than complete remission on survival in acute myeloid leukemia: 
a combined Eastern Cooperative Oncology Group, Southwest 
Oncology Group, and M.D Anderson Cancer Center Study. J Clin 
Oncol. 2010;28(10):1766–71. https:// doi. org/ 10. 1200/ jco. 2009. 
25. 1066.

 16. Rosenblatt J, Stone RM, Uhl L, Neuberg D, Joyce R, Levine 
JD, et al. Individualized vaccination of AML patients in remis-
sion is associated with induction of antileukemia immunity and 
prolonged remissions. Sci Transl Med. 2016;8(368):368ra171-
368ra171. https:// doi. org/ 10. 1126/ scitr anslm ed. aag12 98.

https://doi.org/10.1007/s12094-023-03108-6
https://ocg.cancer.gov/programs/target
https://portal.gdc.cancer.gov/projects
https://portal.gdc.cancer.gov/projects
https://portal.gdc.cancer.gov/
https://ocg.cancer.gov/programs/target/
https://ocg.cancer.gov/programs/target/
https://xenabrowser.net/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://doi.org/10.1200/jco.2016.71.2208
https://doi.org/10.3322/caac.21654
https://doi.org/10.3322/caac.21654
https://doi.org/10.1136/bmj.n2026
https://doi.org/10.1002/pbc.27089
https://doi.org/10.1002/pbc.27089
https://doi.org/10.1182/blood-2008-07-172007
https://doi.org/10.1182/blood-2008-07-172007
https://doi.org/10.3324/haematol.2012.066100
https://doi.org/10.3324/haematol.2012.066100
https://doi.org/10.1172/JCI129204
https://doi.org/10.1172/JCI129204
https://doi.org/10.1038/s41571-021-00509-w
https://doi.org/10.1038/s41571-021-00509-w
https://doi.org/10.1038/s41568-021-00346-0
https://doi.org/10.1038/s41568-021-00346-0
https://doi.org/10.1038/nri.2017.131
https://doi.org/10.3390/cancers14122994
https://doi.org/10.3390/cancers14122994
https://doi.org/10.1182/bloodadvances.2017014175
https://doi.org/10.1182/bloodadvances.2017014175
https://doi.org/10.1056/NEJMoa0901409
https://doi.org/10.1182/blood-2011-09-381699
https://doi.org/10.1182/blood-2011-09-381699
https://doi.org/10.1200/jco.2009.25.1066
https://doi.org/10.1200/jco.2009.25.1066
https://doi.org/10.1126/scitranslmed.aag1298


2222 Clinical and Translational Oncology (2023) 25:2204–2223

1 3

 17. Baden LR, El Sahly HM, Essink B, Kotloff K, Frey S, Novak R, 
et al. Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vac-
cine. N Engl J Med. 2020;384(5):403–16. https:// doi. org/ 10. 1056/ 
NEJMo a2035 389.

 18. Thess A, Grund S, Mui BL, Hope MJ, Baumhof P, Fotin-Mleczek 
M, et al. Sequence-engineered mRNA Without Chemical nucleo-
side modifications enables an effective protein therapy in large 
animals. Mol Ther. 2015;23(9):1456–64. https:// doi. org/ 10. 1038/ 
mt. 2015. 103.

 19. Karikó K, Muramatsu H, Welsh FA, Ludwig J, Kato H, Akira S, 
et al. Incorporation of Pseudouridine Into mRNA Yields Superior 
Nonimmunogenic Vector With Increased Translational Capacity 
and Biological Stability. Mol Ther. 2008;16(11):1833–40. https:// 
doi. org/ 10. 1038/ mt. 2008. 200.

 20. Sahin U, Karikó K, Türeci Ö. mRNA-based therapeutics 
— developing a new class of drugs. Nat Rev Drug Discov. 
2014;13(10):759–80. https:// doi. org/ 10. 1038/ nrd42 78.

 21. Karikó K, Muramatsu H, Ludwig J, Weissman D. Generating the 
optimal mRNA for therapy: HPLC purification eliminates immune 
activation and improves translation of nucleoside-modified, pro-
tein-encoding mRNA. Nucleic Acids Res. 2011;39(21):e142-e. 
https:// doi. org/ 10. 1093/ nar/ gkr695.

 22. Kwon H, Kim M, Seo Y, Moon YS, Lee HJ, Lee K, et al. Emergence 
of synthetic mRNA: In vitro synthesis of mRNA and its applica-
tions in regenerative medicine. Biomaterials. 2018;156:172–93. 
https:// doi. org/ 10. 1016/j. bioma teria ls. 2017. 11. 034.

 23. Pardi N, Hogan MJ, Porter FW, Weissman D. mRNA vaccines — 
a new era in vaccinology. Nat Rev Drug Discov. 2018;17(4):261–
79. https:// doi. org/ 10. 1038/ nrd. 2017. 243.

 24. Deng Z, Tian Y, Song J, An G, Yang P. mRNA vaccines: the 
dawn of a new era of cancer immunotherapy. Front Immunol. 
2022;13:887125. https:// doi. org/ 10. 3389/ fimmu. 2022. 887125.

 25. Sturm G, Finotello F, Petitprez F, Zhang JD, Baumbach J, Frid-
man WH, et al. Comprehensive evaluation of transcriptome-based 
cell-type quantification methods for immuno-oncology. Bioinfor-
matics. 2019;35(14):i436–45. https:// doi. org/ 10. 1093/ bioin forma 
tics/ btz363.

 26. Charoentong P, Finotello F, Angelova M, Mayer C, Efremova 
M, Rieder D, et al. Pan-cancer Immunogenomic Analyses Reveal 
Genotype-Immunophenotype Relationships and Predictors of 
Response to Checkpoint Blockade. Cell Rep. 2017;18(1):248–62. 
https:// doi. org/ 10. 1016/j. celrep. 2016. 12. 019.

 27. Blass E, Ott PA. Advances in the development of personal-
ized neoantigen-based therapeutic cancer vaccines. Nat Rev 
Clin Oncol. 2021;18(4):215–29. https:// doi. org/ 10. 1038/ 
s41571- 020- 00460-2.

 28. Sotomayor M, Gaudet R, Corey DP. Sorting out a promiscuous 
superfamily: towards cadherin connectomics. Trends Cell Biol. 
2014;24(9):524–36. https:// doi. org/ 10. 1016/j. tcb. 2014. 03. 007.

 29. Apostolopoulou M, Ligon L. Cadherin-23 mediates heterotypic 
cell-cell adhesion between breast cancer epithelial cells and fibro-
blasts. PLoS ONE. 2012;7(3):e33289. https:// doi. org/ 10. 1371/ 
journ al. pone. 00332 89.

 30. Cao B, Guo X, Huang L, Wang B, Wang W, Han D, et al. Methyla-
tion silencing CDH23 is a poor prognostic marker in diffuse large 
B-cell lymphoma. Aging (Albany NY). 2021;13(13):17768–88. 
https:// doi. org/ 10. 18632/ aging. 203268.

 31. Zhang Q, Peng C, Song J, Zhang Y, Chen J, Song Z, et al. Ger-
mline mutations in CDH23, encoding cadherin-related 23, are 
associated with both familial and sporadic pituitary adenomas. 
Am J Hum Genet. 2017;100(5):817–23. https:// doi. org/ 10. 1016/j. 
ajhg. 2017. 03. 011.

 32. Herz J, Strickland DK. LRP: a multifunctional scavenger and sign-
aling receptor. J Clin Invest. 2001;108(6):779–84. https:// doi. org/ 
10. 1172/ jci13 992.

 33. van der Geer P. Phosphorylation of LRP1: regulation of transport 
and signal transduction. Trends Cardiovasc Med. 2002;12(4):160–
5. https:// doi. org/ 10. 1016/ s1050- 1738(02) 00154-8.

 34. Bian W, Tang M, Jiang H, Xu W, Hao W, Sui Y, et al. Low-
density-lipoprotein-receptor-related protein 1 mediates Notch 
pathway activation. Dev Cell. 2021;56(20):2902-19.e8. https:// 
doi. org/ 10. 1016/j. devcel. 2021. 09. 015.

 35. Yang TH, St John LS, Garber HR, Kerros C, Ruisaard KE, Clise-
Dwyer K, et al. Membrane-associated proteinase 3 on granulo-
cytes and acute Myeloid Leukemia Inhibits T cell proliferation. J 
Immunol. 2018;201(5):1389–99. https:// doi. org/ 10. 4049/ jimmu 
nol. 18003 24.

 36. Mansfield E, Chae JJ, Komarow HD, Brotz TM, Frucht DM, 
Aksentijevich I, et al. The familial Mediterranean fever protein, 
pyrin, associates with microtubules and colocalizes with actin fila-
ments. Blood. 2001;98(3):851–9. https:// doi. org/ 10. 1182/ blood. 
v98.3. 851.

 37. Sharma D, Malik A, Guy CS, Karki R, Vogel P, Kanneganti TD. 
Pyrin inflammasome regulates tight junction integrity to restrict 
colitis and tumorigenesis. Gastroenterology. 2018;154(4):948-64.
e8. https:// doi. org/ 10. 1053/j. gastro. 2017. 11. 276.

 38. Lepelletier C, Bouaziz JD, Rybojad M, Bagot M, Georgin-
Lavialle S, Vignon-Pennamen MD. Neutrophilic dermatoses 
associated with Myeloid Malignancies. Am J Clin Dermatol. 
2019;20(3):325–33. https:// doi. org/ 10. 1007/ s40257- 018- 00418-2.

 39. Davis DB, Delmonte AJ, Ly CT, McNally EM. Myoferlin, a can-
didate gene and potential modifier of muscular dystrophy. Hum 
Mol Genet. 2000;9(2):217–26. https:// doi. org/ 10. 1093/ hmg/9. 2. 
217.

 40. Dong Y, Kang H, Liu H, Wang J, Guo Q, Song C, et al. Myoferlin, 
a membrane protein with emerging oncogenic roles. Biomed Res 
Int. 2019;2019:7365913. https:// doi. org/ 10. 1155/ 2019/ 73659 13.

 41. Turtoi A, Blomme A, Bellahcène A, Gilles C, Hennequière V, 
Peixoto P, et al. Myoferlin is a key regulator of EGFR activity in 
breast cancer. Can Res. 2013;73(17):5438–48. https:// doi. org/ 10. 
1158/ 0008- 5472. Can- 13- 1142.

 42. Zhu W, Zhou B, Zhao C, Ba Z, Xu H, Yan X, et al. Myoferlin, a 
multifunctional protein in normal cells, has novel and key roles 
in various cancers. J Cell Mol Med. 2019;23(11):7180–9. https:// 
doi. org/ 10. 1111/ jcmm. 14648.

 43. Kondapalli KC, Hack A, Schushan M, Landau M, Ben-Tal N, 
Rao R. Functional evaluation of autism-associated mutations in 
NHE9. Nat Commun. 2013;4(1):2510. https:// doi. org/ 10. 1038/ 
ncomm s3510.

 44. Zhang-James Y, Middleton FA, Sagvolden T, Faraone SV. Dif-
ferential Expression of SLC9A9 and Interacting Molecules in the 
Hippocampus of Rat Models for Attention Deficit/Hyperactivity 
Disorder. Dev Neurosci. 2012;34(2–3):218–27. https:// doi. org/ 10. 
1159/ 00033 8813.

 45. Chen J, Wen J, Zheng Y, Yang H, Luo K, Liu Q, et al. Prognostic 
significance of SLC9A9 in patients with resectable esophageal 
squamous cell carcinoma. Tumour Biol. 2015;36(9):6797–803. 
https:// doi. org/ 10. 1007/ s13277- 015- 3392-4.

 46. Kondapalli KC, Llongueras JP, Capilla-González V, Prasad H, 
Hack A, Smith C, et al. A leak pathway for luminal protons in 
endosomes drives oncogenic signalling in glioblastoma. Nat Com-
mun. 2015;6:6289. https:// doi. org/ 10. 1038/ ncomm s7289.

 47. Ueda M, Iguchi T, Masuda T, Hisateru Komatsu SHO, Nambara 
SS, et al. Up-regulation of SLC9A9 Promotes Cancer Progression 
and Is Involved in Poor Prognosis in Colorectal Cancer. Antican-
cer Res. 2017;37(5):2255–63.

 48. Khaldoyanidi S, Nagorsen D, Stein A, Ossenkoppele G, Subklewe 
M. Immune Biology of Acute Myeloid Leukemia: Implications 
for Immunotherapy. J Clin Oncol. 2021;39(5):419–32. https:// doi. 
org/ 10. 1200/ jco. 20. 00475.

https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.1038/mt.2015.103
https://doi.org/10.1038/mt.2015.103
https://doi.org/10.1038/mt.2008.200
https://doi.org/10.1038/mt.2008.200
https://doi.org/10.1038/nrd4278
https://doi.org/10.1093/nar/gkr695
https://doi.org/10.1016/j.biomaterials.2017.11.034
https://doi.org/10.1038/nrd.2017.243
https://doi.org/10.3389/fimmu.2022.887125
https://doi.org/10.1093/bioinformatics/btz363
https://doi.org/10.1093/bioinformatics/btz363
https://doi.org/10.1016/j.celrep.2016.12.019
https://doi.org/10.1038/s41571-020-00460-2
https://doi.org/10.1038/s41571-020-00460-2
https://doi.org/10.1016/j.tcb.2014.03.007
https://doi.org/10.1371/journal.pone.0033289
https://doi.org/10.1371/journal.pone.0033289
https://doi.org/10.18632/aging.203268
https://doi.org/10.1016/j.ajhg.2017.03.011
https://doi.org/10.1016/j.ajhg.2017.03.011
https://doi.org/10.1172/jci13992
https://doi.org/10.1172/jci13992
https://doi.org/10.1016/s1050-1738(02)00154-8
https://doi.org/10.1016/j.devcel.2021.09.015
https://doi.org/10.1016/j.devcel.2021.09.015
https://doi.org/10.4049/jimmunol.1800324
https://doi.org/10.4049/jimmunol.1800324
https://doi.org/10.1182/blood.v98.3.851
https://doi.org/10.1182/blood.v98.3.851
https://doi.org/10.1053/j.gastro.2017.11.276
https://doi.org/10.1007/s40257-018-00418-2
https://doi.org/10.1093/hmg/9.2.217
https://doi.org/10.1093/hmg/9.2.217
https://doi.org/10.1155/2019/7365913
https://doi.org/10.1158/0008-5472.Can-13-1142
https://doi.org/10.1158/0008-5472.Can-13-1142
https://doi.org/10.1111/jcmm.14648
https://doi.org/10.1111/jcmm.14648
https://doi.org/10.1038/ncomms3510
https://doi.org/10.1038/ncomms3510
https://doi.org/10.1159/000338813
https://doi.org/10.1159/000338813
https://doi.org/10.1007/s13277-015-3392-4
https://doi.org/10.1038/ncomms7289
https://doi.org/10.1200/jco.20.00475
https://doi.org/10.1200/jco.20.00475


2223Clinical and Translational Oncology (2023) 25:2204–2223 

1 3

 49. Huff AL, Jaffee EM, Zaidi N. Messenger RNA vaccines for cancer 
immunotherapy: progress promotes promise. J Clin Invest. 2022. 
https:// doi. org/ 10. 1172/ JCI15 6211.

 50. Bejarano L, Jordāo MJC, Joyce JA. Therapeutic Targeting of the 
Tumor Microenvironment. Cancer Discov. 2021;11(4):933–59. 
https:// doi. org/ 10. 1158/ 2159- 8290. Cd- 20- 1808.

 51. Anguille S, Van de Velde AL, Smits EL, Van Tendeloo VF, 
Juliusson G, Cools N, et al. Dendritic cell vaccination as pos-
tremission treatment to prevent or delay relapse in acute myeloid 
leukemia. Blood. 2017;130(15):1713–21. https:// doi. org/ 10. 1182/ 
blood- 2017- 04- 780155.

 52. Liu YT, Sun ZJ. Turning cold tumors into hot tumors by improv-
ing T-cell infiltration. Theranostics. 2021;11(11):5365–86. https:// 
doi. org/ 10. 7150/ thno. 58390.

 53. Barbier AJ, Jiang AY, Zhang P, Wooster R, Anderson DG. The 
clinical progress of mRNA vaccines and immunotherapies. 
Nat Biotechnol. 2022;40(6):840–54. https:// doi. org/ 10. 1038/ 
s41587- 022- 01294-2.

 54. Robert C. A decade of immune-checkpoint inhibitors in cancer 
therapy. Nat Commun. 2020;11(1):3801. https:// doi. org/ 10. 1038/ 
s41467- 020- 17670-y.

 55. Sahin U, Derhovanessian E, Miller M, Kloke B-P, Simon P, 
Löwer M, et al. Personalized RNA mutanome vaccines mobi-
lize poly-specific therapeutic immunity against cancer. Nature. 
2017;547(7662):222–6. https:// doi. org/ 10. 1038/ natur e23003.

 56. Sahin U, Oehm P, Derhovanessian E, Jabulowsky RA, Vormehr 
M, Gold M, et al. An RNA vaccine drives immunity in check-
point-inhibitor-treated melanoma. Nature. 2020;585(7823):107–
12. https:// doi. org/ 10. 1038/ s41586- 020- 2537-9.

 57. Nahas MR, Stroopinsky D, Rosenblatt J, Cole L, Pyzer AR, 
Anastasiadou E, et al. Hypomethylating agent alters the immune 
microenvironment in acute myeloid leukaemia (AML) and 
enhances the immunogenicity of a dendritic cell/AML vaccine. 
Br J Haematol. 2019;185(4):679–90. https:// doi. org/ 10. 1111/ bjh. 
15818.

 58. Schuster SJ, Bishop MR, Tam CS, Waller EK, Borchmann 
P, McGuirk JP, et  al. Tisagenlecleucel in Adult Relapsed or 
Refractory Diffuse Large B-Cell Lymphoma. N Engl J Med. 
2018;380(1):45–56. https:// doi. org/ 10. 1056/ NEJMo a1804 980.

 59. Akahori Y, Wang L, Yoneyama M, Seo N, Okumura S, Miya-
hara Y, et al. Antitumor activity of CAR-T cells targeting the 
intracellular oncoprotein WT1 can be enhanced by vaccina-
tion. Blood. 2018;132(11):1134–45. https:// doi. org/ 10. 1182/ 
blood- 2017- 08- 802926.

 60. Reinhard K, Rengstl B, Oehm P, Michel K, Billmeier A, Hayduk 
N, et al. An RNA vaccine drives expansion and efficacy of claudin-
CAR-T cells against solid tumors. Science. 2020;367(6476):446–
53. https:// doi. org/ 10. 1126/ scien ce. aay59 67.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1172/JCI156211
https://doi.org/10.1158/2159-8290.Cd-20-1808
https://doi.org/10.1182/blood-2017-04-780155
https://doi.org/10.1182/blood-2017-04-780155
https://doi.org/10.7150/thno.58390
https://doi.org/10.7150/thno.58390
https://doi.org/10.1038/s41587-022-01294-2
https://doi.org/10.1038/s41587-022-01294-2
https://doi.org/10.1038/s41467-020-17670-y
https://doi.org/10.1038/s41467-020-17670-y
https://doi.org/10.1038/nature23003
https://doi.org/10.1038/s41586-020-2537-9
https://doi.org/10.1111/bjh.15818
https://doi.org/10.1111/bjh.15818
https://doi.org/10.1056/NEJMoa1804980
https://doi.org/10.1182/blood-2017-08-802926
https://doi.org/10.1182/blood-2017-08-802926
https://doi.org/10.1126/science.aay5967

	Identification of tumor antigens and immune subtypes of acute myeloid leukemia for mRNA vaccine development
	Abstract
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Data acquisition
	GEPIA analysis
	ESTIMATE analysis
	Prognosis analysis
	TISCH analysis
	Identification and validation of the immune subtypes
	Differential analysis of HLA, ICPs, TMB, and ICDs
	Immune cell infiltration analysis
	Weighted gene Co-expression network analysis

	Results
	Identification of potential antigens for mRNA vaccine of AML
	Evaluation of the prognosis value and correlation with APCs of the nine potential tumor antigens in AML
	Identification of immune subtypes of AML
	Correlation analysis of immune subtypes and tumor mutational burden
	Correlation of immune subtypes with and immune modulators and HLA
	Difference of immune microenvironment features in immune subtypes
	Identification of co-expression modules and hub genes

	Discussion
	Conclusions
	Anchor 28
	Acknowledgements 
	References




