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Abstract

Background: The clinical risk classification of acute myelocytic leukemia (AML] is largely
based on cytogenetic and molecular genetic detection. However, the optimal treatment for
intermediate-risk AML patients remains uncertain. Further refinement and improvement of
prognostic stratification are therefore necessary.

Objectives: The aim of this study was to identify serum protein biomarkers to refine risk

stratification in AML patients.
Design: This study is a retrospective study.

Methods: Label-free proteomics was used to identify the differential abundance of serum
proteins in AML patients. Transcriptomic data were combined to identify key altered markers
that could indicate the risk rank of AML patients. The survival status was assessed by
Kaplan-Meier and multivariate Cox regression analyses.

Results: We delineated serum protein expression in a population of AML patients. Many
biological processes were influenced by the identified differentially expressed proteins.
Association analysis of transcriptome data showed that intercellular adhesion molecule-2
(ICAM2) had a higher survival prediction value in the intermediate-risk AML group. ICAM2
was detrimental for intermediate-risk AML, regardless of whether patients received bone
marrow transplantation. ICAM2 well distinguishes the intermediate group of patients, whose
probability of survival is comparable to that of patients with the ELN-2017 according to

the reference classification. In addition, newly established stratified clinical features were

associated with leukemia stem cell scores.

Conclusion: The inclusion of ICAM2 expression into the AML risk classification according to
ELN-2017 was a good way to transfer patients from three to two groups. Thus, providing more
information for clinical decision-making to improve intermediate-risk stratification in AML

patients.
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Introduction

Molecular cytogenetics is the most important
prognostic factor of acute myeloid leukemia
(AML), which is the basis of the current risk clas-
sification of AML.! However, nearly 50% of
AML patients were classified into the intermedi-
ate-risk group, whose prognostic stratification

was limited by cytogenetic heterogeneity.? This
group encompasses patients characterized by
cytogenetically normal AML (CN-AML) and tri-
somy 8 (+8), #(9;11), or other chromosomal
changes.> The identification of effective bio-
markers may contribute to the development of
more precise risk adjustments, providing more
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information for clinical decision-making to
improve intermediate-risk stratification in AML
patients.

Genomic expression profiling has been demon-
strated as a reliable and efficient method in the
fields of cancer classification and prognostica-
tion.* However, instead of catalyzing and signal
transducing directly, genes perform their func-
tions by being translated into functional proteins.>
Moreover, the generation of protein diversity
from a single gene leads to inherent limitations in
genome discovery studies, including epigenetic
modification, alternative splicing, and posttrans-
lational modification.%’ High throughput prot-
eomics approaches create more possibilities for
studying complex human diseases and searching
for potential proteins as predictors or new thera-
peutic targets as well.%® Importantly, secreted
proteins originating from tumor cells have a
greater likelihood of reaching the systemic circu-
lation and can be used as biomarkers for early
detection.l® Serum proteomic analysis provides
insight into the specific pathological conditions
that cause protein alterations, especially in hema-
tologic diseases.

We have previously developed a ClinProt system
to identify serum candidate peptides for monitor-
ing minimum residual disease (MRD) in adult
leukemia, suggesting that FGA, GSTP1, PF4,
and CTAP-III could be potential biomarkers for
predicting leukemia recurrence and evaluating
treatment response.!! With the advent of the
post-genomic era and the development of prot-
eomics technology, the methods applied to quan-
titative protein detection are getting more
precise.1? Label-free mass spectrometry (MS) can
be applied to the quantitative analysis of proteins
in any sample, which demonstrated high data
portability and wide adaptability compared with
the quantitative data from different sources of the
same sample.13:14

Here, we combine label-free quantitative prot-
eomics with transcriptomics to figure out the crit-
ical altered proteins which can indicate the risk
rank of AML patients. Significantly altered serum
proteins expressed in AML bone marrow and
their potential clinical contributions are dis-
cussed. Our research shows that intercellular
adhesion molecule-2 (ICAM2) has an important
guiding value in the prognosis of intermediate-
risk AML, and patients could be further

subdivided into risk stratification based on
ICAM?2 expression, which could optimize the
2017 update of the European Leukemia Net rec-
ommendations on genetic (ELN-2017) risk clas-
sification to achieve individualized treatment.

Materials and methods

Patient population

The participants were recruited from the Zhongnan
Hospital of Wuhan University (Wuhan, China).
The diagnosis and classification criteria of AML
were made according to the 2016 World Health
Organization Classification for AML.!5 The sub-
jects enrolled in this study were newly diagnosed
AML patients, none of whom had received DNA-
demethylating drugs or other medical treatment
before obtaining plasma samples. Bone marrow
plasma samples from 10 AML patients and three
healthy volunteers were used for proteomic analy-
sis, and all participants were required to obtain
written informed consent before sample collection
began. This study was approved by the Ethics in
Research Committee of the Zhongnan Hospital of
Wuhan University in Wuhan, China.

Proteomics analysis and data processing

The processing process of serum protein samples
includes protein preparation and digestion, tan-
dem mass tagging (TMT) labeling, high-perfor-
mance liquid chromatography (HPLC) fractional
separation, LC-MS/MS analysis, and data analy-
sis. A label-free quantitation method was sup-
ported by Jingjie PTM BioLabs. The data matrix
was normalized to mean the expression of proteins
with duplicate names, and proteins with missing
values were excluded. In addition, the R package
clusterProfiler was used for Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis, and the R package
ggplot was used for data visualization.

Data availability

To assess coverage and differential expression
between proteomics and transcriptome approaches,
we performed a joint analysis of publicly available
transcriptome sequencing datasets, including two
datasets from Gene Expression Omnibus (GEO)
with accession numbers GSE12662 and
GSE13159. Clinical information and ICAM2
expression data were analyzed from the Oregon
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Figure 1. Proteomic analysis of serum from bone marrow in normal and AML patients. (a) Schematic of general protein quantitation
by mass spectrometry. Healthy, n=3; AML, n=10. (b) Most proteins correspond to more than two peptides, and multiple specific
peptides for each protein can increase the accuracy and reliability of quantitative results. (c) Percentage of protein coverage by the
identified peptides. (d) Distribution of proteins of different molecular weights.

Health and Science University (OHSU)-AML
project (405 patients) and the Cancer Genome
Atlas (TCGA)-AML (151 patients).

Statistical analyses

Statistical analysis and data visualization were
performed using GraphPad Prism (version 8.02).
Univariate and multivariate Cox regression analy-
ses were performed using survival packages to test
independent prognostic factors in R software
(version 3.5.2). Kaplan—Meier survival analysis
was used to evaluate the prognostic value of
ICAM2 cutoff value, and intermediate-risk AML
patients were grouped according to the optimal
difference in overall survival (OS). The Chi-
square test or Fisher’s exact test was used for cat-
egorical variables comparison, and the Student
unpaired t-test or Mann—Whitney U test was used
for continuous variables comparison between the

two groups. A p-value less than 0.05 was consid-
ered statistically significant. The reporting of this
study conforms to the STROBE statement.!%17 A
checklist of the STROBE statement for cohort
studies is shown in Supplemental Table S1.

Results

Global serum proteins expression in AML

The proteome of bone marrow serum samples
from AML patients was analyzed by label-free
relative quantitative proteomics. The experimen-
tal flow chart of protein preparation, trypsin
digestion, chemical labeling, and HPLC-MS/MS
treatment is shown in Figure 1(a). Details of the
clinical characteristics of the subjects are provided
in Supplemental Table S2. With the strategy and
methods described above, 1297 serum
proteins were detected from 15,704 matched
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Figure 2. Proteomics analysis reveals differential protein expression in the bone marrow of AML patients. (a) Principal component
analysis (PCA) showed a correlation between bone marrow serum proteomics data of healthy subjects and AML patients. (b) Volcano
plots for expression of differentially expressed proteins, red and green separately represent upregulation and down-regulation. (c) A
total of 157 upregulated proteins and 52 downregulated proteins were identified. (d) The heat map shows the top 50 differential proteins
with significant changes. (e} The bar chart details the number of related proteins that are significantly altered in a particular pathway.

peptides. Notably, 89.82% of identifications were
based on three or more matching peptides, and
multiple specific peptides for each protein increase
the accuracy and reliability of quantitative results
[Figure 1(b)]. In addition, most proteins were
identified with good peptide coverage, and the
coverage of ~30% protein sequence was 61.60%
[Figure 1(c)]. In terms of protein molecular
weight (MW) distribution, 90.05% of the mass
values were between 10 and 140kDa, indicating a
wide average coverage across the board [Figure
1(d)]. Overall, the data quality of the key varia-
bles was acceptable.

Differential serum protein abundance in AML

Principal component analysis (PCA) and three-
dimensional scatter plots were used to show dif-
ferences between samples, and bone marrow

serum proteomics could significantly distinguish
between healthy and AML samples [Figure 2(a)].
To determine the proteins rich in the serum of
AML patients, we compared 1297 serum pro-
teins after quality control and found that 157 pro-
teins were upregulated and 52 proteins were
down-regulated [Figure 2(b)-(c)]. The heat map
shows the top 50 differential proteins with signifi-
cant changes [Figure 2(d)], and details of all
abnormally expressed proteins identified are pro-
vided in Supplemental Table S3. To understand
the biological processes and pathways of abnor-
mally expressed proteins in AML patients, we
conducted the GO and KEGG enrichment analy-
sis. The enriched GO networks are shown in
Supplemental Figure S1, the biological processes
(BP) included °‘acute inflammatory response’,
‘neutrophil degranulation’, etc. In addition, the
most enriched GO terms in cellular component

journals.sagepub.com/home/tah


https://journals.sagepub.com/home/tah

N Zhang, X Liu et al.

(CC) was ‘collagen-containing extracellular
matrix’, and that in molecular function (MF) was
‘extracellular matrix structural constituent’, and
the details are in Supplemental Table S4. The
KEGG results elucidated the potential biological
functions (p-value < 0.05), and a total of 20 sig-
nificantly enriched pathways were obtained
(Supplemental Table S5). These pathways involve
five aspects, including human diseases, organismal
systems, cellular processes, environmental infor-
mation processing, and metabolism [Figure 2(e)].

Comparison of transcriptome and proteome

data to identify predictors of clinical value

More recently, these AML bone marrow aspirates
were analyzed using transcriptome to identify dif-
ferentially expressed genes shared in a publicly
available data set (Supplemental Figure S2).
Therefore, we compared our proteomic results
with two previously published transcriptome
datasets.!81° By comparing proteome and tran-
scriptome data sets, we found 28 upregulated
genes and nine downregulated genes in AML
[Figure 3(a)]. Further exploring the clinical value
of these overlapping genes, we performed a uni-
variate Cox regression analysis using two inde-
pendent AML study cohorts (Supplemental
Table S6). In the OHSU-AML cohort, the
results showed four major risk determinants
including CAPM [hazard ratio (HR) = 0.9259,
95% confidence interval (CI) = 0.8603-0.9965,

$»=0.0401], ICAM2 (HR = 1.3863, 95%
CI = 1.0425-1.8435, »=0.0247), C5
(HR = 1.2249, 95% CI = 1.0098-1.4858,

»=0.0395), and ADAMTSL4 (HR = 1.2000,
95% CI = 1.0359-1.3900,p=0.0151). However,
three risk genes were associated in the TCGA
cohort, including ENPP2 (HR = 1.6123, 95%
CI = 1.2190-2.1324, p=0.0008), ICAM2
(HR = 1.9890, 95% CI = 1.1110-3.5611,
»=0.0207), and SORD (HR = 0.3819, 95%
CI = 0.1932-0.7550, p=0.0056). Therefore, we
are more confident that ICAM?2 has a predictive
risk value in AML because of consistent results
across cohorts [Figure 3(b)]. Considering the
relationship between ELN-2017 risk classifica-
tion and AML outcomes, we assessed the predic-
tive value of ICAM2 with each risk stratification
by time-dependent receiver operating characteris-
tic (ROC). The results suggest that the expres-
sion level of ICAM2 has a superior predictive
value in the intermediate-risk group, compared
with the favorable-risk group and the adverse-risk

group. We confirmed that this trend was also evi-
dent in the TCGA-AML cohort [Figure 3(c)].
Details of area values under curves of 1, 3, and
5years for each group are shown in Supplemental
Figure S3. Based on this, we next focused on the
potential significance of ICAM2 in intermediate-
risk AML patients.

ICAM?Z status stratifies patients with

intermediate prognosis

Risk stratification for the choice of treatment in
intermediate-risk AML is currently a challenge.
In the cytogenetic intermediate-risk group,
patients with a high ICAM?2 status at diagnosis
had poorer OS (HR = 1.971, 95% CI = 1.296—
2.998, p=0.0037) than patients with a low
ICAM2 status [Figure 4(a)]. Insofar as stratifica-
tion at diagnosis is currently based on the ELN-
2017 risk classification, we determined that
ICAM2 status refines this stratification, especially
in the intermediate-risk group [Figure 4(b)].
Among these patients, the OS trends in patients
with high ICAM2 expression were very similar to
those in the ELN-2017 adverse-risk group
(p=0.9677). Interestingly, there were no signifi-
cant differences between low ICAM?2 expression
and the ELN-2017 favorable-risk group in
patients (p=0.2795). Therefore, ICAM2 better
discriminates AML patients in the intermediate-
risk group and does not influence the results of
the traditional ELN-2017 [Figure 4(c)]. Next, we
performed a univariate Cox regression analysis to
correlate ICAM?2 status with clinical variables.
The results showed that variables with p less than
0.1 included age, FLT3-ITD, NPM1, transplant,
and ICAM2 status. Multivariate Cox regression
analysis showed that age over 60 years, transplant
treatment, and high ICAM2 expression indepen-
dently predicted OS in intermediate-risk AML
(Table 1). To confirm this finding, we also used
data of 151 patients from the TCGA-AML cohort
for validation (Supplemental Table S7). ICAM2
can indeed differentiate intermediate-risk stratifi-
cation well, thus optimizing ELLN-2017 stratifica-
tion [Figure 4(d)-(f)]. Moreover, we compared
the disease-free survival (DFS) of each group,
and we observed that the highly expressed ICAM2
group had shorter DFS, although not statistically
significant [Figure 4(g)]. Similarly, we compared
high-expression ICAM2 with the adverse-risk
group, and low-expression ICAM2 with the
favorable-risk group, which were also relatively
consistent [Figure 4(h)]. However, ELN-2017
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Figure 3. Compare the differences between proteome and transcriptome analyses. (a) The overall analysis of our serum
proteomic changes in AML with two previously reported transcriptome datasets (GSE13159 and GSE12662). (b) Univariate Cox
regression analysis of overlapping differential genes in OHSU-AML and TCGA-AML cohorts. (c] Time-dependent receiver operating
characteristic (ROC] curves of ICAM2 for 1, 3, and 5years overall survival in ELN-2017 stratification.

stratification based on ICAM?2 optimization can
still effectively distinguish DFS (HR = 2.250,
95% CI = 1.374-3.682, p»p=0.0041) in AML
patients [Figure 4(i)]. Finally, we define ICAM2-
based optimization stratification as risk_new,
which can be divided into two groups: favorable_
new and adverse_new.

Effect of bone marrow transplantation and

ICAM?Z status with intermediate-risk AML
Currently, chemotherapy and hematopoietic
stem cell transplantation are the main treatments
for AML.2° To verify the effect of ICAM2
between treatment groups in intermediate-risk
AML, we compared the survival curves of patients
who received and did not receive bone marrow
transplantation. Compared with the standard
chemotherapy group, the OS of intermediate-risk
AML patients receiving bone marrow transplan-
tation was significantly prolonged (HR = 0.316,
95% CI = 0.207-0.482, p < 0.0001) [Figure 5(a)].

We examined which treatments were more bene-
ficial to patients based on ICAM2 expression lev-
els, and found that bone marrow transplantation
remained an effective treatment in both high
ICAM2 (HR = 0.264, 95% CI = 0.162-0.431,
p <0.0001) and low ICAM2 (HR = 0.398,
95% CI = 0.276-0.903, p=0.0298) expression
groups [Figure 5(b)-(c)]. Of note, for bone mar-
row transplant recipients, median survival was
32.2months in the high ICAM2 expression
group, but 60 months in the low ICAM?2 expres-
sion group. Therefore, we believe that ICAM2
still plays a role in AML patients undergoing
transplantation. Similarly, we performed the
same analysis on the TCGA-AML cohort, and
the data was validated [Figure 5(d)—(f)]. In addi-
tion, we analyzed DFS in the intermediate-risk
group of AML patients who received bone mar-
row transplantation. However, survival distribu-
tion curves with patients who underwent bone
marrow  transplantation demonstrated no
improvement in DFS time compared with the
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Figure 4. Optimization of AML ELN-2017 risk stratification based on ICAM2 expression. (a-c) High expression of ICAM?2 is associated
with poor prognosis in the intermediate-risk AML and combined with ICAM2 expression improved ELN2017 risk stratification into
two groups. (d-f] The possibility and accuracy of ICAM2 to optimize ELN-2017 risk stratification was verified in the TCGA-AML cohort.
(g-i) TCGA-AML cohort showed that ICAM2 could not distinguish disease-free survival (DFS) in the intermediate-risk group, but the
improved ELN-2017 stratification had a good predictive effect on DFS.

standard chemotherapy [Figure 5(g)]. We also
did not observe significant differences in DFS
among patients with standard chemotherapy or
transplantation based on ICAM2 expression
[Figure 5(h) and (i)]. One of the reasons we con-
sidered was related to the sample size of ICAM?2
low expression in the TCGA-AML cohort. More
importantly, DFS is affected by complications
following bone marrow transplantation, such as
graft-versus-host disease, early mortality, drug
response rate, and so on.

Clinical features of new risk stratification based

on ICAMZ2 status

To distinguish the differences in the risk_new
stratification, we compared clinical characteristics
(sex, age, white blood cell count, ELN-2017 risk,
gene fusion, NPM1, FLT3-ITD, and trans-
plant) between favorable_new and adverse_new

[Figure 6(a)]. To explore the association between
risk_new stratification and leukemia stem cells
(LSCs), the landscape of LSC17 signatures for
each AML case was plotted. The progression and
recurrence of AML are attributed to the persis-
tence of leukemia stem cells (ILSC), which pos-
sess many stem cell properties, including a
quiescent state associated with therapeutic resist-
ance. The 17-gene LSC score (ILSC17) devel-
oped by Ng and colleagues has been confirmed by
numerous studies, and patients with higher
LSC17 scores have a relatively poor prognosis.?!
By calculating the LSC17 score of each patient
according to the reported algorithm, we found
that LSC17 scores were higher in the adverse_
new group than in the favorable_new group
[Figure 6(b) and (c)]. Due to the high heteroge-
neity of AML patients, the LSC17 score results
overlap between the two groups. ROC analysis
found that the variable LSC17_score actually had
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Table 1. Univariate and multivariate Cox regression for intermediate-risk stratification with AML.

Variable Univariate analysis Multivariate analysis

HR 95% CI p-value HR 95% ClI p-value
Gender (male versus 1.0143  0.6630-1.5518 0.9478
female)
Age (=60 versus <60 years) 2.2094  1.4315-3.4100  0.0003 1.8418  1.1486-2.9532 0.0112
WBC (=50 X 10° versus 1.4126  0.7638-2.6123  0.2708
<Negative)
FLT3-ITD (Positive versus 1.7145  1.0647-2.7611  0.0266 1.5551  0.5542-4.3642 0.4016
Negative)
NPM1 (Positive versus 1.5553  0.9352-2.5866  0.0888 1.1198  0.3703-3.3864  0.8412
Negative)
Transplant (yes versus no) 0.3044  0.1788-0.5180 <0.0001 0.3674 0.2112-0.6390 0.0004
ICAM2_status (high versus 2.0038  1.2426-3.2314  0.0044 1.97 1.2130-3.1997  0.0061

low)

Cl, confidence interval; HR, hazard ratio; WBC, white blood cell.
Variables with p<0.1 in the univariate analysis were included in the multivariate analysis. The p-value in bold type denotes

a significant difference (p < 0.05).

a low predictive ability (AUC = 0.637, 95%
CI = 0.582-0.692). Interestingly, analysis of
LSC17 signatures expression showed that several
LSC-related genes were up-regulated in the
adverse_new group, including CD34, DNMT3B,
GPR56, KIAA0125, LAPTM4B, MMRNI,
NGFRAP1, NYNRIN, SOCS2, and ZBTB46
[Figure 6(d)]. These results were largely confirmed
in the cohort of TCGA-AML (Supplemental
Figure S5).

Proposed risk stratification algorithm based on
ELN-2017 risk classification refined by ICAMZ2
status

When incorporating ICAM?2 expression in the inte-
grated risk classification of AML based on ELN-
2017 risk classification, patients were well moved
from three to two groups [Figure 7(a)]. In the
OHSU-AML cohort, 60% (22% of intermediate-
risk ELLN-2017 patients) were reclassified in the
adverse-new risk group, and 40% (11% of interme-
diate-risk ELLN-2017 patients) were re-classified in
the favorable-new risk group [Figure 7(b)]. In
another cohort of TCGA-AML, 72% (47% of
intermediate-risk ELLN-2017 patients) were reclas-
sified in the adverse-new risk group, and 28% (8%
of intermediate-risk ELN-2017 patients) were

re-classified in the favorable-new risk group [Figure
7(c)]. We evaluated the prognostic value of
ICAM?2 in patients with intermediate-risk AML
based on ELLN-2017. In the OHSU-AML cohort,
the 1-, 3-, and 5-year survival rates in the adverse_
new stratification were 47%, 15%, and 6%, respec-
tively, compared with 51%, 17%, and 6% for
ELN-2017 risk stratification. Similarly, 1-, 3-,
and 5-year survival rates were 73%, 39%, and
22%, respectively, for patients with favorable_new
stratification, compared with 75%, 41%, and
35%, respectively, for patients with ELN-2017
risk stratification. The TCGA-AML cohort results
were also consistent. Thus, ICAM2 well distin-
guishes the intermediate group of patients, whose
probability of survival is comparable to that of
patients with poor prognosis according to the refer-
ence classification [Figure 7(d)].

Discussion

Currently, AML patients can be divided into
three groups based on genetic and molecular
abnormalities, including favorable, intermediate,
and adverse prognoses. The proportion of patients
with an intermediate prognosis is the highest
and the clinical treatment decision is difficult.22
Therefore, a detailed classification of this
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Figure 5. Effect of bone marrow transplantation and ICAM2 status with intermediate-risk AML. (a) Bone marrow transplantation

is an effective treatment for intermediate-risk AML. (b) Overall survival of AML patients receiving bone marrow transplantation

in the high ICAM2 expression group. (c) Overall survival of AML patients receiving bone marrow transplantation in the low ICAM2
expression group. (d) The TCGA cohort verifies the efficacy of bone marrow transplantation with intermediate-risk AML. (e and f)
Overall survival of AML patients receiving bone marrow transplantation in low and high ICAM2 expression groups from the TCGA
cohort. (g) Effect of bone marrow transplantation on disease-free survival of intermediate-risk patients with AML. (h and i) Disease-
free survival of AML patients receiving bone marrow transplantation in low and high ICAM2 expression groups from the TCGA cohort.

subgroup of patients is required. In general, the
intensity and type of treatment for AML patients
are adjusted according to the risk status, and
standard chemotherapy is considered reasonable
for favorable-risk AMIL, whereas allogeneic
hematopoietic stem cell transplantation is used
for adverse-risk AMIL.??> For intermediate-risk
AML, bone marrow transplantation and chemo-
therapy are commonly used after the first com-
plete remission, but it is still controversial which
method can improve the prognosis of patients.?*
New molecular markers have been shown to
affect prognosis and have been included in the
revision of the ELN classification.?>-27 Qur study
attempted to identify novel markers to refine risk
stratification in intermediate-risk AML patients.

Proteomic-based approaches are increasingly
being used in the discovery of leukemia biomark-
ers.?8 In this study, label-free proteomics was
used for proteomic analysis of the bone marrow
serum of AML patients. By analyzing differences
in protein abundance in different databases, func-
tional and pathway differences between AML
patients and healthy volunteers were revealed. We
pursued ICAM2 as our lead candidate for its con-
sistent abnormal expression in both proteome and
transcriptome. There are four main families of cell
adhesion molecules, including integrin, cadherin,
selectin, and immunoglobulin superfamily.2?
ICAM2 (also known as CD102), a member of
the immunoglobulin superfamily, binds to the leu-
kocyte adhesion LFA-1(CD11a/CD18) protein.3°
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Figure 6. Clinical features of new risk stratification based on ICAM2 status. (a] Heatmap of clinical characteristics (sex, age, white
blood cell count, ELN-2017 risk, gene fusion, NPM1, FLT3-ITD, and transplant] between favorable_new and adverse_new. (b) LSC17
score predicted the overall survival rate of AML. (c) The adverse_new group had a higher LSC17 score, but only a lower accuracy in
predicting the outcome (AUC = 0.637). (d) In the adverse_new group, several LSC-related genes were up-regulated.

The interaction between LFA-1 and ICAM-2
mediates leukocyte function and promotes
immunoglobulin production and T/NK cytotox-
icity.3! Peptides in the ICAM-2 domain were
found to be more effective leukocyte adhesion
activators than ICAM-1 and ICAM-3.32 Earlier
studies showed that retinoic acid-induced leuke-
mic cell aggregation through LFA-1 and
ICAM2.33 Soluble ICAM2 is elevated in the
plasma of leukemia patients, but decreases rap-
idly during treatment and chemotherapy.3*
Several studies have reported that ICAM2 plays
an important role in the occurrence and develop-
ment of malignant tumors.?53% Human proteins
circulate in the serum due to secretion and leak-
age from various tissues, which makes serum
proteomics more valuable in the study of hema-
tologic diseases.

Although the molecular mechanism and regula-
tory network of ICAM2 have been studied

extensively in previous studies, its key clinical
application relevance value remains unclear. We
first found that ICAM2 has a high predictive
value for survival in the moderate-risk group of
AMUL and that high expression is associated with
poor prognosis. Hitherto, most studies on AML
stratification have focused on molecular genetic
changes that significantly improve AML patient
stratification.3” With the development of next-
generation sequencing, several AML scores have
been established to predict survival based on gene
expressions, such as metabolism-related genes,
immune-related genes, and stem-cell-related
genes.?®40 In a systematic analysis of cellular
adhesion molecule expression signatures, addi-
tional data showed that ICAM2 was inversely
associated with overall survival in AML patients,
which further supported our results.*! We dem-
onstrated that patients with intermediate ELN-
2017 risk were still significantly stratified by
ICAM?2 expression, which was an independent
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Figure 7. Proposed risk stratification algorithm based on ELN-2017 risk classification refined by ICAM2 status. (a) ICAM2 expression
was included in the comprehensive risk classification of AML according to the ELN-2017 risk classification. (b and c) AML patients

in TCGA and OHSU cohorts were divided into two groups according to the new stratified protocol. (d) ICAM2 well differentiated the
intermediate group of patients, and the probability of survival was comparable to the ELN-2017 risk classification.

predictor of clinical outcome in multivariate
regression analysis. There was a strong associa-
tion between ICAM?2 status and OS, even after
accounting for age and the potential effects of
bone marrow transplantation. However, for
patients in the low-expression group, a smaller
proportion of transplant participants did not have
a statistically significant relationship with treat-
ment modality.

To ensure reliable results, our conclusions hold in
both independent data sets. The TCGA cohort
showed consistent results when comparing ELLN-
2017 with our new_risk stratification [Figure
7(d)]. In the TCGA-AML cohort, 1-, 3-, and
5-year survival rates for the ELLN-2017 adverse-
risk group were 33%, 27%, and 21%, respec-
tively, and for the adverse_new group were 48%,
27%, and 18%. And again, 1-, 3-, and 5-year sur-
vival rates for the ELLN-2017 favorable-risk group
were 84%, 74%, and 62%, respectively, and for
the favorable_new group were 81%, 68%, and

60%. These conclusions apply to the simulation
conditions of our training set. Therefore, we opti-
mized the ELLN-2017 risk stratification from three
groups to two without affecting the survival prob-
ability of the original adverse-risk group and the
favorable-risk group. Of note, 5-year survival was
significantly longer in the TCGA cohort, which
we speculate was related to the median age or
race of the cohort. The median age in the OHSU
cohort was 61, and the 25th and 75th percentile
sites were 46 and 71, respectively. The median
age in the TCGA cohort was 56, and the 25th
and 75th percentiles were 42 and 66.5, respec-
tively. The Mann—Whitney U test statistical value
was p=0.036. The effect of age, race, and ethnic-
ity on overall survival in AML patients is interest-
ing.4>-4* In addition, we also assessed the LSC17
score in this study and found that most LSC-
related gene expressions were upregulated in the
adverse-new risk group. ROC analysis found that
the predictive specificity of LSC17_score was not
very high, perhaps because of the heterogeneous
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effect of AML patients. To explore the biological
pathways involved in ICAM2, we performed
GSEA between high and low ICAM2 levels data
sets. As shown in Supplemental Figure S5. The
enrichment results showed that there was a sig-
nificant correlation between high- and low-
ICAM2 expression groups: ‘peroxisome’, ‘alanine
aspartate and glutamate metabolism’, ‘selenoam-
ino acid metabolism’, ‘fatty acid metabolism’,
and ‘retinol metabolism’ were also metabolism-
related pathways. The pathway details of the gene
sets are arranged in order of importance in
Supplemental Table S8. These results may pro-
vide a mechanistic explanation for the scientific
value and clinical significance of ICAM2.

Although we further reveal the clinical value of
ICAM?2 in AML, there are still some limitations to
our study. In a comprehensive analysis of the pro-
motion of ICAM?2 in clinical practice, other clini-
cal factors, such as the uniformity of treatment
regimens, need to be considered. Second, although
multicenter cohort studies with public databases
are intended to compensate for the shortcomings
of single-center cohort studies, inconsistent inter-
ventions and lack of information are the limitations
of retrospective studies. Therefore, prospective
studies should be conducted in the future to bal-
ance the bias caused by retrospective studies.

Conclusion

Our study demonstrated that the up-regulation of
ICAM?2 is closely related to the poor prognosis of
AML in intermediate-risk groups through serum
proteomics analysis, and adding the expression
level of ICAM2 examination can optimize ELLN-
2017 risk stratification. Improving the sensitivity
and specificity of patient classification can pro-
vide a reliable basis for clinical decision-making.
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