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Preface to “Immunotherapies for Acute Myeloid

Leukemia”

This series on immunotherapies in acute myeloid leukemia (AML) aims to provide readers with

new insights on established and emerging immunotherapeutic approaches for AML patients. The

therapeutic landscape in AML is rapidly changing, and several drugs have been developed and their

use has been authorized. Thus, median overall survival for AML patients has increased; however, it

remains relatively low.

Immunotherapeutic approaches might be an option to prevent disease relapse and to eliminate

leukemic cells or leukemic stem cells (LSC) that survive intensive treatment approaches. The efficacy

of immunotherapeutic approaches has become ever more evident in solid tumors, especially immune

checkpoint inhibitors that are routinely used in several solid tumor entities, but also in lymphoma. In

this Special Issue, our focus is on different strategies of immunotherapeutic approaches in AML.
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This series on immunotherapies in acute myeloid leukemia (AML) aims to give readers new insights
on established but also emerging immunotherapeutic approaches for AML patients. The therapeutic
landscape in AML is rapidly changing, and several drugs have been developed and approved such as
first and second generation FLT3 inhibitors [1–3], IDH1 and 2-inhibitors [4,5], demethylating agents,
liposomal cytarabine and daunorubicin (CPX-351) [6], venetoclax [7,8] and the hedgehog pathway
inhibitor glasdegib. However, relapse after intensive chemotherapy or allogeneic hematopoietic stem
cell transplantation is one of the major obstacles impeding the complete elimination of all AML cells [9].
Thus, although the median overall survival for AML patients has increased, it still remains relatively
low [10].

Therefore, immunotherapeutic approaches might be an option to prevent disease relapse and
to eliminate leukemic cells or leukemic stem cells (LSC) that survive intensive treatment approaches.
The efficacy of immunotherapeutic approaches has become ever more evident in solid tumors,
especially immune-checkpoint inhibitors that are routinely used in several solid tumor entities, but
also lymphoma [11,12].

Our focus in this special issue is different strategies of immunotherapeutic approaches in AML.
Some of the immunotherapies in the treatment of AML, such as allogeneic hematopoietic stem

cell transplantation (HSCT) and donor lymphocyte infusion (DLI), have been part of routine clinical
practice in the treatment of AML for a long time, whereas other immunotherapeutic approaches have
only recently entered clinical practice or need to be further developed. A key aspect is the mechanisms
underlying the cure of AML patients, which are based on the graft-versus-leukemia (GvL) effect, in
which allogeneic T cells recognize target antigens on malignant cells by T cell approaches including DLI.
An effective and well-tolerated regimen for HSCT in patients with AML and MDS is the FLAMSA-RIC
regimen, and therefore novel data of this approach are presented in this issue [13].

It is very appropriate to utilize DLI after allogeneic HSCT to prevent relapse, to prolong
progression-free survival, to establish full donor chimerism, and to restore the GvL effect in patients
with hematological malignancies. There are different strategies to use DLI in a therapeutic setting for the
treatment of morphological relapse, and also for prophylactic use in AML/MDS and DLI administered
preemptively. There is also the approach of antigen-directed immunogenic and specifically stimulated
and modified DLI as well as virus-specific donor T cells and third-party DLI [14].

DC-based immunotherapies also have the potential to bring about demonstrable clinical responses
in AML patients, although there has not been a complete breakthrough for this type of therapy until
today. Van Acker et al. have highlighted different DC strategies in AML [15].

Leukemia-associated antigens (LAAs) represent immunogenic structures to target LSC [16,17], and
LAA might be relevant for the elimination of malignant cells by cytotoxic T lymphocytes. Therefore,
LAAs might be a good target for specific immunotherapeutic approaches. Several LAAs have been
identified in the context of malignant hematological diseases [16,18,19], and in clinical phase I/II peptide
vaccination trials, some LAAs showed immunological as well as clinical responses [20–23].

J. Clin. Med. 2019, 8, 2054; doi:10.3390/jcm8122054 www.mdpi.com/journal/jcm1



J. Clin. Med. 2019, 8, 2054

In this special issue, we also elucidate antibody-based therapies in AML, such as T cell activating
antibodies including immune-checkpoint inhibitors and diverse monoclonal antibodies [11,12,24].
Immune-checkpoint inhibitors have changed clinical treatment algorithms of malignant diseases
such as malignant melanoma, lung cancer, as well as lymphoma. Today, immune-checkpoint
inhibitors are not yet established in the routine treatment of AML but should be considered as
further immunotherapeutic options in the future, especially in the context of allogeneic stem cell
transplantation [24]. Further antibody-directed approaches such as unconjugated, toxin-conjugated,
radio-conjugated, and multivalent formats of antibody-based therapy, are demonstrating the potential
of a diverse leukemia-derived antibody strategy which is already established in acute lymphoblastic
leukemia and are summarized in one section of this issue [25].

Chimeric antigen receptor T cells (CARs) are highly effective in the treatment of refractory and
relapsed acute lymphoblastic leukemia, to some lower extent in aggressive lymphoma, but also in
multiple myeloma [26]. However, early CAR-T cell approaches are also being tested in AML with
interesting target structures, and these strategies are described in this issue [27]. Immune responses
are complex and are also influenced by T cell cross-talk and communication by cytokines and the
communication of leukemic cells with their microenvironment, as presented by Reikvam et al. [28] in
this issue.

All of these aspects emphasize the high potential of immunotherapeutic approaches to improve
the survival of AML patients in the future, where combination therapies utilizing immunotherapeutic
drugs could represent further innovation strategies to further improve the treatment of AML.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Acute myeloid leukemia (AML) is a heterogeneous disease, and this heterogeneity includes
the capacity of constitutive release of extracellular soluble mediators by AML cells. We investigated
whether this capacity is associated with molecular genetic abnormalities, and we compared the
proteomic profiles of AML cells with high and low release. AML cells were derived from 71 consecutive
patients that showed an expected frequency of cytogenetic and molecular genetic abnormalities.
The constitutive extracellular release of 34 soluble mediators (CCL and CXCL chemokines, interleukins,
proteases, and protease regulators) was investigated for an unselected subset of 62 patients, and they
could be classified into high/intermediate/low release subsets based on their general capacity of
constitutive secretion. FLT3-ITD was more frequent among patients with high constitutive mediator
release, but our present study showed no additional associations between the capacity of constitutive
release and 53 other molecular genetic abnormalities. We compared the proteomic profiles of two
contrasting patient subsets showing either generally high or low constitutive release. A network
analysis among cells with high release levels demonstrated high expression of intracellular proteins
interacting with integrins, RAC1, and SYK signaling. In contrast, cells with low release showed high
expression of several transcriptional regulators. We conclude that AML cell capacity of constitutive
mediator release is characterized by different expression of potential intracellular therapeutic targets.

Keywords: acute myeloid leukemia; gene mutations; differentiation; cytokines; proteomic profile;
integrin; RAC1; SYK

1. Introduction

Acute myeloid leukemia (AML) is a heterogeneous hematological malignancy characterized by
clonal proliferation of a hierarchically organized leukemia cell population that arises from hematopoietic
progenitors in the bone marrow [1–3]. AML is distinguished from other related blood disorders by
the presence of at least 20% myeloblasts in the bone marrow [1–3]. However, despite this common
characteristic, AML is very heterogeneous [1], and patients differ, for example, with regard to genetic
abnormalities [4–7], transcriptional [8] and cell cycle regulation [9], autocrine and paracrine growth
regulation [10–13], as well as the cellular metabolomic [14] and proteomic profiles [15–17]. This cell
population heterogeneity is also reflected in the biological characteristics of AML stem cells [8,10].

J. Clin. Med. 2019, 8, 970; doi:10.3390/jcm8070970 www.mdpi.com/journal/jcm5
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Most relapses occur within 2–3 years after diagnosis and the overall five-year leukemia-free survival
for younger AML patients able to receive intensive chemotherapy possibly combined with stem cell
transplantation is only 45–50%, and a major cause of death is chemoresistant AML relapse thought to
originate from remaining AML or preleukemic cells that recapitulate disease development [18–21]. Cure is
not possible for the large group of elderly/unfit patients who cannot receive such intensive therapy due
to an unacceptable high risk of severe treatment-related morbidity or treatment-related mortality [2].
Thus, there is a need for identification of new therapeutic targets and development of new therapeutic
strategies that are more efficient and better tolerated [22]. Targeting of the bidirectional communication
between AML cells and their neighboring leukemia-supporting stromal cells is a possible approach [23–28].
In a previous study investigating another patient cohort, we described that high constitutive mediator
release is associated with better long-term overall survival compared with low constitutive release [29].
The aims of the present study were, therefore, to characterize the in vitro secretome of primary human
AML cells, to investigate possible associations between the capacity of constitutive mediator secretion
and molecular genetic abnormalities, and to compare the proteomic profiles for primary AML cells with
generally high and low capacity of releasing extracellular soluble mediators.

2. Materials and Methods

2.1. AML Patients and Preparation of Primary AML Cells

The study was approved by the Regional Ethics Committee (REK) (REK III 060.02, 10th of June
2002; REK Vest 215.03, 12th of March 04; REK III 231.06, 15th of March 2007; REK Vest 2013/634,
19th of March 2013; REK Vest 2015/1410, 19th of June 2015), The Norwegian Data Protection Authority
02/1118-5, 22 October 2002, and The Norwegian Ministry of Health 03/05340 HRA/ASD, 16 February
2004. All samples were collected after written informed consent.

The study population included 71 consecutive AML patients with high peripheral blood blast
counts (>5 × 109/L) and a high percentage of leukemic blasts among peripheral blood leukocytes
(Table 1). Highly enriched AML cell populations (at least 95% leukemic blasts) could thereby be
prepared by density gradient separation alone (Lymphoprep, Axis-Shield, Oslo, Norway). The cells
were stored in liquid nitrogen until used in the experiments [30].

Table 1. The clinical and biological characteristics of the 71 acute myeloid leukemia (AML) patients
included in the study.

Age and gender Etiology

Median (years) 64 Previous chemo-radiotherapy 1
Range (years) 18–90 CML 1

Females 31 Li–Fraumeni’s syndrome 1
Males 40 Polycythemia vera 1

MDS 8
Relapse 10
de novo 49

FAB1 classification Cytogenetic abnormalities3

M0/1 26 Adverse 17
M2 14 Favorable 5

M4/5 22 Intermediate 43
M6 1 Normal 404

Unknown 8 Unknown 6

CD34 expression

Negative (<20%) 282

Positive (>20%) 43
1 The French–American–British classification. 2 The percentage of positive cells in flow cytometric analysis. 3 The
European Leukemia Net classification was used [2]. 4 The 43 patients classified as intermediate cytogenetics included
40 patients with normal karyotype. Abbreviations: CML, chronic myeloid leukemia; MDS, myelodysplastic syndrome.
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2.2. Mutation Profiling, Flow Cytometric Analyses, and Analysis of Global Gene Expression Profiles

Submicroscopic mutation profiling of 54 genes frequently mutated in AML was done by using
the Illumina TruSight Myeloid Gene Panel and sequenced using the MiSeq system and reagent kit
v3 (all from Illumina, San Diego, CA, USA). A detailed description of the methodology and the 54
genes is given in a previous publication [31]. Fragment analysis of FLT3 exon 14–15, NPM1 exon 12,
and sequencing of CEBPA were performed as described previously [32].

Immunophenotyping was performed as a part of the standard diagnostic workup using freshly
isolated cells [2], and analyses were performed by multiparametric flow cytometry (BD FACS Canto;
Franklin Lakes, NJ, USA).

Our methods for analysis of global mRNA profiles have been described previously [31]. All these
analyses were performed using the Illumina iScan Reader and based upon fluorescence detection
of biotin-labeled cRNA. For each sample, 300 ng of total RNA was reversely transcribed, amplified,
and biotin-16-UTP-labeled (Illumina TotalPrep RNA Amplification Kit; Applied Biosystems/Ambion;
San Diego, CA, USA). The amount and quality of the biotin-labeled cRNA was controlled by the
NanoDrop spectrophotometer and Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.; Santa Clara,
CA, USA). Biotin-labeled cRNA (750 ng) was hybridized to the HumanHT-12 V4 Expression BeadChip.
The Human HT-12 V4 BeadChip targets 47,231 probes that are mainly derived from genes in the NCBI
RefSeq database (Release 38). Data from the array scanning were investigated in GenomeStudio and
J-Express 2012. All arrays within each experiment were quantile normalized before being compiled
into an expression profile data matrix.

2.3. Analysis of Constitutive Mediator Release by Primary Human AML Cells

The studies of constitutive mediator release included a consecutive subset of 46 patients from the
original study population (see Section 2.1 and Table 1). AML cells (1 × 106/mL) were cultured for 48 h
in Stem Span SFEMTM medium in flat-bottomed 24-well (2 mL/well) culture plates (Nunc Micro-Well;
Sigma-Aldrich, Saint-Louis, MO, USA) before supernatants were collected and stored at −80 ◦C until
analyzed. The levels of the following 34 mediators were determined by Luminex analyses (R&D Systems;
Minnesota, MN, USA) or enzyme-linked immunosorbent assays (ELISA) (R&D Systems; Minnesota,
MN, USA): (i) the chemokines CCL2-5 and CXCL1/2/5/8/10/11; (ii) the interleukins IL-1β/1RA/6/10/33;
(iii) the matrix metalloproteinases MMP-1/2/9 together with the protease/protease regulators tissue
inhibitor of metalloproteinases 1 (TIMP-1), Cystatin B and C, polymorphonuclear (PMN) elastase,
serpin C1 and E, and CD147, plasminogen activator (PA), and complement factor D (CFD); (iv) the
immunomodulatory tumor necrosis factor-α (TNF); (v) the growth factors granulocyte-macrophage
colony-stimulating factor (GM-CSF), hepatocyte growth factor (HGF), heparin-binding EGF-like
growth factor (HB-EGF), basic fibroblast growth factor (bFGF), and vascular endothelial growth factor
(VEGF); and (vi) the soluble angiopoietin-1 receptor tyrosine kinase with immunoglobulin-like and
EGF-like domain 2 (Tie-2).

2.4. Proteomic Profiling: Selection of Patients, Sample Preparation, and Proteomic Analysis

The present study is based on mutational analysis of the leukemic cells for 71 consecutive and
thereby unselected AML patients with a high number and/or percentage of AML blasts in the peripheral
blood (Table 2). This selection based on the peripheral blood blast level (see Section 2.1) was used
to reduce the risk of inducing molecular alterations in the leukemia cells due to more extensive
separation procedures. The karyotyping (Table 1) as well as the mutational analyses showed an
expected frequency of both cytogenetic and molecular genetic abnormalities, suggesting that despite
the separation-dependent selection of patients, they are representative for AML in general. Constitutive
cytokine release was investigated for a consecutive and thereby unselected subset of 46 patients from
the original study population. Global proteomic profiling of enriched AML cells was performed
for 16 of the 46 patients included in the constitutive release study; and these 16 patients represent
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all patients in the secretomic cohort completing intensive antileukemic treatment with induction
chemotherapy followed by either 2–4 consolidation cycles or allogeneic stem cell transplantation as
the final consolidation. Thus, they represent an unselected subset of relatively young and fit patients
(Tables S1,S2).

Table 2. An overview of the mutational landscape of 71 consecutive AML patients. The table presents
the main classification and the number of mutations. For each main class the term total group refers to
the total number of mutations in this class (first number) together with the number of patients with
mutations belonging to this main class (second number). Those mutations that should be included as
a part of the prognostic evaluation in routine clinical practice are marked with arrows (↑ increased
survival; ↓ decreased survival) [2].

Classification Mutation
Number with

Mutation
Classification Mutation

Number with
Mutation

NPM1
↑NPM1 20

Chromatin
modification

↓ASXL1 12
Total group 20–20 EZH2 3

Signaling

↓FLT3-ITD 20 GATA2 4
FLT3-TKD 8 KDM6A 1

HRAS 1 Total group 20–15

JAK2 1
Myeloid

transcription factors
KIT 1 ↑CEBPA 8

KRAS 5 ↓RUNX1 13
NRAS 10 Total group 21–18

PTPN11 3

Spliceosome/
transcription

repressors

BCOR 4
Total group 49–42 BCORL1 4

Tumor
suppressors

CDKN2A 1 SF3B1 2
CUX1 1 SRSF2 8
IKZF1 7 ZRSB2 1
PHF6 3 Total group 19–15

TP53↓ 7

Cohesin

RAD21 2
WT1 5 SMC1A 1

Total group 24–21 STAG2 8

DNA
methylation

DNMT3A 19 Total group 11–11

IDH1 5

Others

CSF3R 3
IDH2 11 NOTCH1 2

KMT2A/MLL 2 SETBP1 1
TET2 12 Total group 6–5

Total group 49–39

We followed the step-by-step procedure published previously for proteomic sample preparation
and analysis of primary AML cells [15], except for the following two modifications: the 20 μg cell
lysates were analyzed as label-free samples in contrast to being spiked with an internal standard,
and no peptide fractionation was performed. The samples were analyzed on a QExactive HF Orbitrap
mass spectrometer (Thermo Fisher Scientific; Waltham, MA, USA) coupled to an Ultimate 3000 Rapid
Separation LC system (Thermo Fisher Scientific) [33,34]. The raw LC–MS files were searched against
a concatenated reverse-decoy Swiss-Prot Homo sapiens fasta file (downloaded 05.03.18, containing
42,352 entries) in MaxQuant version 1.6.1.0 [35,36].

2.5. Bioinformatical and Statistical Analyses and Presentation of the Data

All statistical analyses were performed in GraphPad Prism 5 (GraphPad Software, Inc., San Diego,
CA, USA). Unless otherwise stated, p-values<0.05 were regarded as statistically significant. The Fisher’s
Exact test was used to compare different groups (two-tailed p-values). Bioinformatical analyses were
performed using the J-Express 2009 analysis suite (MolMine AS, Bergen, Norway) [37]. Concentrations
were then median normalized and transformed to logarithmic values before differences were analyzed.
Unsupervised hierarchical clustering was performed with Euclidian correlation and complete distance
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measure for all analyses in J-Express. The Panther classification system (version PANTHER14.0) was
used to identify distinct functional classes [38].

The proteomics data processing of the raw data (i.e., filtering for reverse hits, contaminants and
proteins only identified by site, and log2 transformation of label-free quantification (LFQ) intensities),
and statistical analysis of two groups using Welch’s t-test was performed in Perseus version 1.6.1.1. [39].
Furthermore, Z-statistics were used to find the proteins with the most abundant fold changes (FCs), i.e.,
the proteins with highest or lowest FC when comparing the high-release with the low-release group and
calculating the FCs from the median log2 intensity per group as described by others [40]. Unsupervised
hierarchical clustering was performed with Euclidian correlation and complete distance measure for
all analyses in J-Express [37], and gene ontology analysis in DAVID version 6.8 [41]. Gene ontology
(GO) terms with false discovery rate (FDR) < 0.05, the number of proteins associated to the term,
and the fold enrichment were presented. The significantly different proteins were imported to the
STRING database version 11.0 [42] to obtain protein–protein interaction networks, using experiments
and databases as interaction sources at highest confidence (0.9). The networks were imported and
visualized in Cytoscape version 3.3.0 [43]. Venny 2.1 (http://bioinfogp.cnb.csic.es/tools/venny/) was
used to create Venn diagrams.

To summarize, due to the previously described AML heterogeneity and the fact that we sometimes
have unequal numbers of quantified values of a protein in the two groups, we assumed an unequal
variation in the groups and first applied the Welch t-test to identify proteins with significantly (p < 0.05)
different mean tests. Thereafter we used Z-statistics as an additional test to identify those proteins
with the most extreme/significant fold changes (fold change defined as the median intensity for
high-release patients relative to the median intensity for low-release patients; the intensities were then
log2-transformed).

3. Results

3.1. The Genetic Heterogeneity of AML Patients: TP53 Mutations are Associated with High-Risk Karyotypes
and NPM1 Mutations are Associated with Mutations in DNA Methylation Genes

We analyzed the submicroscopic mutational profile for all 71 patients. The profile included 54
frequent mutated genes in myeloid malignancies, 37 of them carried non-benign mutations in our
patients (Figure 1). At least one mutation was detected for 69 of the 71 patients, and one of patients
without detected mutations had a balanced translocation. The median number of mutations per patient
was 3.5 (range 0–7). The most frequently detected mutations were NPM1 exon 12 insertion and the
FLT3-ITD mutation (20 patients for each), followed by mutations in the DNMT3A (19), TET2 (13),
and RUNX1 (13) genes (Figure S1).

We used the same (and now generally accepted) classification of AML-associated mutations
in our present study as was used in two large previous studies, including 1540 and 200 patients,
respectively [6,7]. The following mutations were detected in our patients: (i) NPM1 insertion
(detected in 20 out of the 71 patients), (ii) mutations causing activation of intracellular signaling
(9 genes, 42 patients), (iii) mutated tumor suppressor genes (8 genes, 21 patients), (iv) mutations in
genes involved in DNA methylation (5 genes, 39 patients) or (v) chromatin modification (3 genes,
15 patients), (vi) mutations in genes encoding myeloid transcription factors (3 genes, 20 patients), (vii)
mutated genes important for the spliceosome (5 genes, 15 patients), (vii) mutated genes encoding
cohesion proteins (3 genes, 9 patients), and (viii) the three genes CSF3R, NOTCH1, and SETBP1 that
were mutated in 5 patients (Table 2). The median number of different class mutations per patient was
2.5 (range 0–5); 24% of the patients had mutations from two different main classes and 34% from three
main classes of mutations (Table S1).
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Figure 1. The total genomic profile and organization of mutations into defined categories; an overview
of the data for the 71 AML patients included in our study. The figure shows the somatic mutations
identified from a 54 gene mutation panel, the mutations being classified as described previously [6,7].
A majority of 69 patients had at least one detectable mutation. Risk classification of the karyotypes,
morphological signs of differentiation (i.e., FAB-classification), etiology, age, and gender are presented
in the right part of the figure. The patients selected for proteomic analyses are indexed with black in
the left part of the figure.

We compared the mutational status with karyotype, French–American–British (FAB) classification
(i.e., morphological differentiation), de novo versus secondary leukemia, age, and gender (Figure 1);
these statistical analyses are summarized in Table S3. Firstly, we observed a highly significant association
between NPM1 and DNA methylation gene mutations (Fisher’s Exact test, p = 0.0015), whereas the
association between FLT3-ITD and NPM1 mutations did not reach significance. Secondly, there was a
negative association between NPM1 and myeloid transcription factor mutations (Fisher’s Exact test,
p = 0.0001), and also between NPM1 and chromatin modifier mutations that occurred together only
for two patients. Thirdly, all patients with TP53 mutations had high-risk cytogenetic abnormalities
(Fisher’s Exact test, p < 0.0001). Fourthly, NPM1 mutations were associated with morphological signs
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of differentiation, i.e., FAB classification M2/M4/M5/M6 (Fisher’s Exact test, p = 0.0233). Finally, even in
this relatively small patient cohort, we observed that no patients with TET2 mutations (13 patients)
had IDH mutation (5 patients); this inverse correlation has been described in previous cohorts [6],
but did not reach statistical significance in our smaller cohort. We did not detect any significant
associations between individual mutation or mutational main classes and age, gender, or AML etiology
(de novo/secondary). A trend toward higher number of identified mutations in patients >65 years was
detected, (median 4 mutations >65 years, and median 3 mutations <65 years), although did not reach
statistical significance in this patient cohort. To summarize, the frequencies of individual mutations
and the various associations are similar to what has been described previously [7,44]; the observations
thus suggest that our patient cohort of consecutive patients with relatively high peripheral blood blast
counts is representative for AML in general.

3.2. Expression of Molecular Differentiation Markers by Primary AML Cells: The Expression of the CD34 Stem
Cell Markers Differs between Mutational Subsets

The AML cell expression of eight common differentiation markers (CD13, CD14, CD15, CD33,
CD34, CD45, CD117, and HLA-DR) was available for 62 unselected AML patients. We first did an
unsupervised hierarchical cluster analysis based on this expression profile (Figure S2). We could then
identify four main patient subsets, but no single mutation or mutational class showed significant
associations with any of the four main patient clusters.

We investigated whether there were any significant correlations between the CD34 stem cell
marker and any of the other differentiation markers, but no significant associations were then detected.

We finally investigated whether any of the mutations that are used as prognostic markers in
routine clinical practice [2] showed significant correlations with the expression of single differentiation
markers. These statistical analyses are summarized in Table S3. Firstly, NPM1 mutations showed a
significant correlation with CD33 expression (Fisher’s Exact test, p = 0.0107) and a negative association
with CD34 expression (Fisher’s Exact test, p < 0.0001). These NPM1 associations are similar to the
observations in a previous large study of 184 unselected patients [45], and they are consistent with the
observation that NPM1 mutations are frequently associated with morphological signs of differentiation
(see above). Secondly, neither FLT3-ITD nor DNMT3A mutations showed any association with
CD34 expression. NPM1 mutations are frequently combined with FLT3-ITD and DNA-methylation
mutations [6], but only the negative NPM1 association reached significance in our relatively small
cohort. Thirdly, patients with mutations in chromatin modifier genes showed an increased frequency
of CD34 expression by their AML cells (Fisher’s Exact test p = 0.0159). We detected the combination of
NPM1 and chromatin modifier mutations for only two patients, and this was similar to the observations
in previous studies [7]. Thus, these mutational subsets also differ in their expression of differentiation
markers, especially CD34 expression.

3.3. AML Patients Can Be Subclassified Based on Their Constitutive Release of Extracellular Mediators,
but this Capacity Shows no Association with the Mutational Profile

Primary AML cells from 46 of the patients were available for additional studies of constitutive
cytokine release during in vitro culture. This patient subset represents a constitutive and thereby
unselected subset among the 71 patients included in our present study. We investigated the
constitutive release of 34 soluble mediators, including several cytokines (interleukins, CCL
and CXCL chemokines, immunoregulatory cytokines, growth factors), proteases, and protease
regulators/inhibitors. A clustering analysis identified a subset of patients with generally high
constitutive mediator release; the other patients showed generally low or intermediate release (Figure 2).
Neither any single mutation nor mutational main class differed significantly when comparing the three
patient subsets identified in this clustering analysis.
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3.4. Comparison of Global Gene Expression Profiles for Patients with Generally High and Low Constitutive
Release of Extracellular Mediators

We have previously described differences in global gene expression profiles between AML cells
with generally high and low constitutive mediator release [46]. We performed a similar comparison for
the patients included in the present studies based on the differentially expressed genes, and we could
then identify two main patient subsets based on this expression (d-score >3.5; 149 genes identified).
However, these two subsets did not differ significantly with regard to the distribution of single
mutations or the overall mutational profiles of the AML cell populations (Figure S3).

3.5. Comparison of Proteomic Profiles for AML Cell Populations Showing Generally High and Low Constitutive
Release of Extracellular Mediators

Our proteomic analyses identified 5852 proteins, but 5586 proteins were left after leaving out
protein contaminants, reverse hits, and proteins only identified by site. Our further analyses were based
on 4350 proteins that could be detected in at least five patients for each of the two compared groups.
A significant difference (p < 0.05) in protein abundance between the two groups was detected for 256 of
these proteins (182 proteins increased in patients showing high constitutive release, 74 proteins being
increased in the others), i.e., determined by Welch’s t-test and Z-statistics (a list of selected proteins are
described more in detail in Table S4 and the complete list of all 256 proteins is given in Table S5).

We first performed an unsupervised hierarchical cluster analysis (Euclidean measure, and complete
distance) based on the 256 differentially expressed proteins (Figure 3). Our analysis identified two
main clusters/subsets of patients corresponding to patients with generally high and low constitutive
release by their AML cells; only one of the high release patients clustered as an outlier. Furthermore,
we performed GO term overrepresentation analyses based on the 256 differentially abundant proteins.
The analysis of those proteins showing increased expression (n = 74) in patients with low constitutive
mediator release and returned significantly increased GO terms, which reflected an altered regulation
of nuclear functions/transcription/RNA metabolism (Table 3 and Table S4). It can be seen that a major
part of these genes are important for transcriptional regulation/RNA expression/RNA metabolism.

We then analyzed those proteins showing increased expression in AML cells with high constitutive
cytokine release; the most significant GO-terms are listed in Table 4. When analyzing the proteins with
regard to cell compartment the four largest terms (extracellular exosomes, cytosol, membrane, and
cytoplasm) were only partly overlapping with regard to individual proteins and included 153 of the
182 proteins that were significantly increased in high-release AML cells (Figure 4). These four GO terms
reflect cytoplasmic/cytosolic structures/functions together with the terms actin filament and phagocytic
vesicle membrane. One of the terms reflects metabolic functions (NADPH oxidase complex), whereas
the two last terms reflect cell surface functions/cellular communication (focal adhesion, membrane
rafts). Analysis of biological processes and molecular functions included several relatively small GO
terms that also reflect intracellular signaling, protein interactions, or cell surface receptor signaling
(Table 4). Table S4 gives a more detailed description of those proteins that were identified both in
the GO term analyses (Table 4, Figure 4) and in the network analysis (Figure 5; proteins in the large
network to the left in the figure with increased levels in high-secreting cells).

The proteins with increased expression in patients with generally high constitutive release are
presented in Figure 4 (all proteins included in the GO-terms GO:0070062—extracellular exosome,
GO:0005829—cytosol, GO:0016020—membrane, or GO:0005737—cytoplasm); Table 3 (classification of
proteins showing p < 0.01); Table S4 (description of proteins from Table 3 with p < 0.01); and Table
S5 (the complete list of all 256 differentially expressed proteins). These more detailed analyses and
classifications of individual proteins from Table 3 and Table S4 also show that AML cells showing
generally high or low constitutive release of extracellular mediators differ especially with regard to
transcriptional regulation, cell surface molecular profile, intracellular signaling, intracellular trafficking,
and cell adhesion/migration.
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We finally did a molecular network analysis based on the 256 differentially abundant proteins,
and Figure 5 shows all molecular connections identified in this analysis (those molecules without any
connections are left out). A total of 129 proteins were included in various networks; most of them
appeared in a large network linked to the nodes spleen tyrosine kinase (SYK), NCF4 (a cytosolic regulator
of superoxide-producing NADPH-oxidase), ARRB2 (regulator of G-protein-coupled receptor activity),
ACTR3 (a major constituent of the ARP2/3 complex located at the cell surface and being essential
for cell motility), and RAC1 (a GTPase belonging to the RAS superfamily of small GTP-binding
proteins). Our overrepresentation analysis showed that exosomal proteins as well as proteins
important for intracellular trafficking were differentially expressed; both these groups are important
for communication from the leukemic cells to neighboring AML supporting stromal cells [47]. On the
other hand, our network analysis showed that these AML cells had increased levels of several members
of a signaling pathway, including cell surface integrins (αLβ2, αMβ2) known to mediate downstream
signaling involving SYK and SRC kinase family members (FGR, HCK) [48–51]. Toll like receptor (TLR)
2 together with its downstream NFκB complex are also linked to this network [49]. Taken together
these observations suggest that high constitutive extracellular release of soluble mediators is only a part
of a more complex cellular phenotype that is characterized by differences in the bidirectional crosstalk
between the leukemic cells and their neighboring AML-supporting cells. This bidirectional crosstalk
involves cytokine-mediated signaling directed from the AML cells to the stromal cells. At the same
time the stromal cells may influence the AML cells through soluble mediators or cell–cell contact with
ligation of cell surface molecules, followed by downstream signaling (involving kinases and G-protein
initiated signaling), and finally NFκB mediated modulation of cytokine/chemokine expression [48–52].
Finally, this crosstalk involves integrins that can mediate both inside–out and outside–in effects [48].

4. Discussion

AML is a heterogeneous disease, and this can also be seen from our present studies of primary
human AML cells derived from a cohort of consecutive patients. In this study we focused on the
molecular genetic abnormalities and the proteomic profiles of the leukemic cells [53]. Both the number
and the nature of the molecular genetic abnormalities differed between the patients (number of
detected mutations per patients 0–7, median 3.5 mutations). The frequencies of the various mutations
were comparable to previous studies [6,7], NPM1 mutations were associated with molecular and
morphological signs of differentiation [45], and TP53 mutations were associated with adverse
karyotypes [54]. Taken together, these observations suggest that we investigated a representative
AML patient population, even though we selected patients with relatively high peripheral blood blast
counts/percentages.

In the present study, we included a group of consecutive and thereby unselected AML patients
with a high percentage of leukemic blasts in peripheral blood. We used this selection of patients so
that highly enriched AML cell populations could be prepared by density gradient separation alone;
the risk of inducing molecular and/or functional alterations in the AML patients by more extensive
cell separation procedures was thereby avoided [55]. Our results may therefore be representative
only for this selected subset of patients, but several observations suggest that they possibly are
representative for AML in general. Firstly, our patients showed an expected fraction of secondary
versus de novo AML [56,57]. Secondly, as previously described in detail patients selected according to
these criteria show a similar distribution of cytogenetic abnormalities as AML patients in general [30].
Thirdly, our present study shows that the distribution of various molecular genetic abnormalities is
also similar to AML in general [6,7,44,58]. Finally, we have described in detail the selection of the 16
AML patients included in our proteomic studies (see Section 3.5), and they should then be regarded as
representative for relatively young AML patients.

Extensive separation procedures will influence the functional characteristics of primary human
AML cells, and one would expect that in vitro incubation in culture medium would have similar effects.
However, previous studies have shown that the characteristics of even long-term cultured primary
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human AML cells are associated with patient survival [59], an observation suggesting that even in vitro
cultured cells will reflect functional characteristics of clinical relevance.

Distinct immunophenotype profiles may be associated with specific mutations, and search for
immunophenotype-based screening approaches have therefore been suggested [60,61]. We investigated
the immunophenotype profiles of individual patients based on the expression of eight differentiation
markers commonly used for classification of myeloid cells. We identified four different main
clusters/patient subsets based on this profiling, but no single mutation or mutation main classes
showed significant associations to any of these profiles. However, associations between mutations and
single differentiation markers were observed, especially expression of the CD34 stem cell marker that
was negatively associated with NPM1 mutations as well as FLT3-ITD and DNMT3 mutations, whereas
chromatin modifier mutations were positively associated with CD34 expression. Such associations
have also been described previously [45,62]. A possible explanation for this is that single mutations
may have a major impact on the expression of single or related markers, whereas the overall mutational
profile has a major impact on the overall differentiation profile.

In previous studies we showed that the constitutive release of a wide range of soluble mediators
by primary AML cells varied considerably between patients, and a subset of patients then showed
a generally high release compared with other patients that either showed intermediate or low
release [11,52]. This capacity of constitutive mediator release was tested in a highly standardized
in vitro model. We investigated the constitutive release for a consecutive subset of our patients,
and again we found that a subset of patients showed generally higher release of most mediators
compared with the other patients. We then selected those samples that were derived before the first time
of diagnosis for all relatively young patients that completed intensive chemotherapy. We compared
the proteomic profiles of the primary AML cells for eight patients showing high and another group of
eight patients showing generally lower mediator release.

Several proteins were differentially expressed when comparing patients with generally high and
low constitutive cytokine release. The high release patients showed high expression, especially of
proteins involved in intracellular signaling, intracellular transport/trafficking and communication
between cells (soluble mediators, exosomes, cell surface molecules, and intracellular mediators
downstream to cell surface receptors). We did not identify any of the soluble mediators when analyzing
differentially abundant cell proteins between the two patient subsets; this is not unexpected because
there is often not a strong correlation between cellular levels and extracellular release of soluble
mediators during culture [34].

The high constitutive mediator release should in our opinion be regarded as only a part of a
more complex communication phenotype with neighboring non-leukemic stromal cells. In contrast,
the cell populations with low constitutive release showed increased abundance proteins involved in or
regulating gene transcription/RNA synthesis/RNA metabolism. A possible hypothesis may be that cells
with high constitutive release have a higher dependency on neighboring AML-supporting stromal cells
than leukemia cells showing low constitutive release. We would emphasize that primary AML cells
have a wide range of secreted biomolecules, which can be useful in classification/prognostication and
as therapeutic targets [11,52,63]. The mediators included in the present study are well-characterized
and are released at detectable levels for most patients. For these reasons they should be regarded
as biologically important in the disease, but they probably represent only a part of the AML cell
secretome that is involved in the bidirectional crosstalk between leukemic and non-leukemic cells in
their common bone marrow microenvironment.

5. Conclusions

We conclude that the high constitutive extracellular release of soluble mediators by primary
human AML cells seems to reflect a complex functional phenotype with regard to communication
between AML cells and their neighboring non-leukemic stromal cells in their common bone marrow
microenvironment. Our proteomic comparison has identified high expression in this patient subset of
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several intracellular molecules that are regarded as possible therapeutic targets in human AML. Dual
targeting of intracellular signaling and extracellular communication should therefore be considered for
these patients.
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Abstract: Allogeneic stem cell transplantation (allo-SCT) is the preferred curative treatment for
several hematological malignancies. The efficacy of allo-SCT depends on the graft-versus-leukemia
(GvL) effect. However, the prognosis of patients with relapsed acute myeloid leukemia (AML)
following allo-SCT is poor. Donor lymphocyte infusion (DLI) is utilized after allo-SCT in this setting
to prevent relapse, to prolong progression free survival, to establish full donor chimerism and to
restore the GvL effect in patients with hematological malignancies. Thus, there are different options
for the administration of DLI in AML patients. DLI is currently used prophylactically and in the
setting of an overt relapse. In addition, in the minimal residual disease (MRD) setting, DLI may be a
possibility to improve overall survival. However, DLI might increase the risk of severe life-threatening
complications such as graft-versus-host disease (GvHD) as well as severe infections. The transfusion
of lymphocytes has been tested not only for the treatment of hematological malignancies but also
chronic infections. In this context, manipulated DLI in a prophylactic or therapeutic approach are
an option, e.g., virus-specific DLI using different selection methods or antigen-specific DLI such
as peptide-specific CD8+ cytotoxic T lymphocytes (CTLs). In addition, T cells are also genetically
engineered, using both chimeric antigen receptor (CAR) genetically modified T cells and T cell receptor
(TCR) genetically modified T cells. T cell therapies in general have the potential to enhance antitumor
immunity, augment vaccine efficacy, and limit graft-versus-host disease after allo-SCT. The focus of
this review is to discuss the different strategies to use donor lymphocytes after allo-SCT. Our objective
is to give an insight into the functional effects of DLI on immunogenic antigen recognition for a better
understanding of the mechanisms of DLI. To ultimately increase the GvL potency without raising the
risk of GvHD at the same time.

Keywords: allogeneic stem cell transplantation (allo-SCT); donor lymphocyte infusion (DLI);
graft-versus-leukemia (GvL) effect; relapse; virus-specific T cells; α/β T depletion

1. Introduction

Donor lymphocyte infusion (DLI) holds curative potential for acute myeloid leukemia (AML)
patients due to the augmentation of the graft-versus-leukemia (GvL) effect. However, DLI may cause
graft-versus-host disease (GvHD), which could become life threatening. A better understanding of
specific T cell responses against leukemic cells could escalate GvL potency without increasing the risk
of GvHD.
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DLI has been in use for approximately 30 years as a kind of adoptive T cell therapy and was first
administered in chronic myeloid leukemia (CML) patients suffering from relapse after allogeneic stem
cell transplantation (allo-SCT) [1]. DLI is a potent approach to enable remission after relapse, despite
the risk of inducing GvHD (Figure 1). The best response rates were achieved in CML (80%), while in
other hematological diseases, it was less effective [2]. Delayed DLI as a T cell boost as well as gradual
dose escalation with repeated DLI is utilized to date in clinical practice to reduce GvHD risk [3]. Some
technologies are under development and could play a significant role in the future. It has become clear
that DLI can be administered at a much later time point. This allows for the manipulation of the T cell
response, such as the selective depletion of alloreactive T cells or the introduction of molecular kill
switches, which enable the termination of T cell activity in severe GvHD. These technologies could be
particularly important in a haploid setting.

Figure 1. Different modalities and conditions of unmanipulated and manipulated donor lymphocyte
infusion (DLI). Unmanipulated DLI is administered to prevent relapse in a prophylactic situation as
well as to treat relapse. This has an immunological and, in the majority of cases, also a clinical impact.
As to manipulated DLI, this manipulation may take place in vivo or ex vivo. GvHD, graft-versus-host
disease; MRD, minimal residual disease; allo-SCT, Allogeneic stem cell transplantation.

Additional new immunotherapeutic T cell approaches are genetically modified affinity enhanced
T cell receptor (TCR) against several leukemia-associated antigens (LAAs). LAAs such as New York
esophageal squamous cell carcinoma-1 (NYESO-1) in multiple myeloma [4] or Wilms tumor antigen
1 (WT1)-TCR in AML and myelodysplastic syndrome (MDS) [5–7] have been clinically investigated
and can be employed both in a autologous and in a allogeneic setting. Some were tested in clinical
phase I/II peptide vaccination trials and showed immunological as well as clinical responses. Another
approach includes T cell receptor (TCR)-gene modified T cells as well as chimeric antigen receptor
(CAR) gene-modified T cells [8,9].

Many of these approaches may be applied to selected patients in the future, but there are several
challenges. The best combinations and targets with high GvL potency and reduced GvHD risk have to
be selected and the ideal cytokine milieu for therapy as well as the right T cell composition have to be
discovered (Table 1).
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A better comprehension of the interaction between DLI and the corresponding targets might
facilitate the increase in GvL potency, without escalating the GvHD risk, which is of utmost importance.

2. Understanding the Functionality of DLI—Immunological Effects of Unmanipulated DLI

Although unmanipulated DLI is commonly used in the clinical setting, the immunological
mechanisms have to be further elucidated. In particular, the role of antigen-specific T cell responses
after DLI and a more extensive comprehension of leukemia elimination by T cells is mandatory in
established immunotherapies such as allo-SCT and DLI. The main goal is to increase the GvL potency
without raising the risk of GvHD at the same time. The most applied technique is the infusion of
unmanipulated DLI after unmanipulated or in vivo T cell depleted transplantation from matched
sibling or unrelated donors in patients with AML or MDS. After allo-SCT, tissue damage is gradually
repaired. In this process, donor dendritic cells (DCs) replace the recipient DCs within the first 6 months
after allo-SCT. Accordingly, the host and donor immune subsets do progressively adapt. This explains
the clinical observation that a higher number of T cells can be administered without induction of severe
GvHD (less than 105/kg body weight after 3 months, to 106/kg body weight at 6 months) [10]. Therefore,
DLI should only be administered in the absence of tissue damage and inflammatory circumstances, for
example without GvHD and uncontrolled infections. To date, these infusions are not guided by the
diversity of the TCR repertoire or the subsets of lymphocytes [11,12].

For a better comprehension of the immunological function of DLI and for the recognition of
immunogenic leukemia-associated antigens (LAAs), Hofmann et al. [13] assessed the frequency and
diversity of LAA-specific cytotoxic T cells in a small patient cohort, before and after DLI. Patients were
screened for LAA-specific cytotoxic T lymphocyte (CTL) responses, number of Tregs and cytokine
levels before and after DLI. Several LAAs—among them, preferentially expressed antigen in melanoma
(PRAME), WT1, receptor for hyaluronan acid-mediated motility (RHAMM), and NYESO-1—were
tested for specific CTL responses before and after DLI. A significant increase in the number of LAAs
recognized by CTLs in clinical responders after DLI and an enhanced LAA diversity in T cell responses
were detected. Thus, clinical responses after allo-SCT and DLI might be dependent on an increase in
the frequency and diversity of LAA-specific T cell responses. The assumption is that several LAAs
play a role in CTL response after DLI and the increase in CTL specific LAA-detection is especially
decisive for a successful clinical response to DLI. The diversity of antigen-specific T cells seems to have
a strong influence on the GvL effect after allo-SCT and DLI. The conjunction of all these factors may
contribute to the clinical outcome of patients treated with several DLI applications.

Moreover, clinical responders showed a significant decrease in the frequency of the highly
immunosuppressive CD4+ Tregs. The quantity of Tregs remained stable in non-responders [13].
Tregs play a central role in the maintenance of self-tolerance and promote malignant cell progression
by suppressing effective antitumor immunity [14], and thus it is truly striking that clinical responders
in the analyzed patient cohort show a significant reduction of Treg. Further studies detected an
association with a higher frequency of Treg and unfavorable clinical outcome in several other tumor
entities including hematological malignancies [15–19].

These data imply that DLI may not only qualify for mono-therapeutic use but also for combined
approaches. Thus, the reduction of Treg could improve the efficacy of other immunotherapies or
immune checkpoint inhibitors [20].

In another analysis, patients with Nucleophosmin 1 (NPM1)-mutated AML were treated with
DLI after allo-SCT. The authors detected immune responses against different LAAs, especially against
NPM1-derived epitopes of the mutated region of NPM1. The detection of the immune responses was
linked to minimal residual disease (MRD) negativity, therefore suggesting a correlation of GvL and
LAA-specific CTL response [21]. Interestingly, in a cohort of 25 patients with NPM1-mutated AML,
the presence of CTL responses against the immunogenic region of NPM1 was associated with a longer
overall survival [22]. Due to a lack of tolerance against mutant-derived neoantigen epitopes, these are
promising targets for immunotherapy and are currently particularly in the focus for checkpoint inhibitor
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therapies. Moreover, a correlation of mutational antigen load and clinical benefit was described for
melanoma and non-small-cellular lung cancer [23,24]. Neoantigens derived from the mutated region
of NPM1 are interesting targets in AML.

The cytokine milieu may influence the function of DLI. Moore et al. [25] show that interleukin-7
(IL-7) and IL-2 are homeostatic cytokines for naive CD4+ and CD8+ T cells. Furthermore, in high
concentrations, IL-15 provides a setting for the directed expansion of in vitro-derived memory/effector
CD8+ T cell populations that have been adoptively transferred. Yet, IL-15 has to be further tested in
phase I trials.

Based on this concept, cytokine-induced killer (CIK) cells have been developed. CIK cells are
memory T lymphocytes, which have acquired CD56 expression. In several experimental allogeneic
models, CIK cells have demonstrated in vitro and in vivo antitumor activity, direct intratumor homing
following intravenous administration and, more importantly, reduced GvHD activity. Finally, the
study suggests that CIK cells may be effective in the treatment of post-transplant relapse [26]. Further
scientific studies are necessary to improve the understanding of DLI and to increase the efficacy of DLI
and DLI in combination with other drugs.

3. Clinical Impact of Unmanipulated DLI in AML

3.1. Therapeutic DLI for the Treatment of Morphological Relapse

Therapeutic DLI is well established in the treatment of clinical relapse in different hematological
malignancies. The response rate and survival after DLI vary from entity to entity and depend on
several factors, such as disease characteristics and the genotype of the disease, disease burden, the
proliferative rate of the disease, donor origin, as well as the clinical situation of the patient.

In 1997, Collins et al. [27] published a retrospective study with 140 patients in 25 North American
programs with relapsed malignancies (CML, AML, ALL, MDS and myeloma) after allo-SCT. In this
study, a high percentage of patients with relapsed chronic-phase CML, DLI administration resulted in
complete remission. While complete remission was observed less frequently in patients with advanced
CML and acute leukemia [27]. Similar results were oberserved by Posthuma et al. [28], where DLI
resulted in complete cytogenetic remission (CCR) of relapsed chronic-phase chronic myeloid leukemia
(CML-CP) after allo-SCT in up to 80% of patients.

With GvHD as the main complication, in 1998, Verdonck et al. [29] evaluated the efficacy and
toxicity of different doses of donor T cells. T cell doses varied from 0.1 × 107 to 33 × 107 T cells/kg body
weight. They observed that higher T cell doses (> or = 10 × 107/kg) induced serious GvHD as well as
marrow aplasia [29].

Based on this, Posthuma et al. [28] reduced the dosage of DLI in CML patients, which was
associated with less GvHD but also with a longer interval between treatment and CCR. Posthuma also
observed that DLI resulted in complete cytogenetic remission (CCR) of relapsed chronic-phase chronic
myeloid leukemia (CML-CP) after allo-SCT in up to 80% of patients. Because of the longer interval
between treatment and CCR, they postulated that combining alpha-interferon (alpha-IFN) with DLI
would make it feasible to decrease the dose of DLI, thereby limiting GvHD, and at the same time decrease
the interval between DLI and CCR for patients with either a hematologic or cytogenetic relapse. This
concept is still used today in patients with AML as well as in other hematological malignancies. Further
generated methods include chemotherapy, immunosuppressive medications, and the use of selected
T cell subsets and/or modified T cells (for instance, suicide gene insertion) [26,30–32]. In addition,
composition approaches have been used to try to improve the outcome of the treatment with DLI. There
are strategies to combine DLI with other drugs that stimulate the immune system and T cells such as
interferon derivates, cytokines or immune checkpoint inhibitors as well as combinations of DLI with
other drugs such as hypomethylating substances and other immunomodulatory agents [30,33–35].

To evaluate the role of DLI in the treatment of relapsed AML in comparison to further strategies,
Schmid et al. analyzed 399 patients retrospectively. In total, 177 patients were treated with DLI and
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228 were the controls. The survival rate two years after allo-SCT was 21% for patients receiving DLI
and 9% for patients without DLI treatment (p = 0.04). Among DLI recipients, a lower tumor burden at
relapse (<35% of bone marrow blasts; p = 0.006) and favorable cytogenetics (p = 0.004) were predictive
for survival in a multivariate analysis. Two-year survival was 15% ± 3% if DLI was administered in
aplasia or in active disease [36].

The European Society for Blood and Marrow Transplantation (EBMT) Acute Leukemia Working
Group conducted a retrospective study of AML patients in complete remission (CR) and relapse after
allo-SCT. In 32%, CR could be reinduced, but long-term survival was almost exclusively achieved
after successful induction of CR by cytoreductive therapy, followed either by DLI or by a second
allo-SCT [37].

Retrospective studies found the combination of Sorafenib with DLI in FLT3-ITD+AML with relapse
after allo-SCT to be superior to treatment with DLI alone [38,39]. De Freitsas et al. retrospectively collected
data of Sorafenib, partially in combination with hypomethylating agents and DLI. Hematological
response was documented in 12 of 13 patients (92%), and five of 13 (38%) achieved CR. GvHD was
frequently observed in association with DLI. Therefore, Sorafenib might represent a valid treatment
option; however, prospective and larger studies are needed [40].

In particular, the combination of DLI with hypomethylating agents seems to be a very effective
therapy for relapsed MDS and AML patients after allo-SCT [41–43]. In a phase I study [43], a phase II
study [42] and several retrospective analyses [44–46], this was shown. A relevant number of the patients
included showed significantly improved survival rates with acceptable toxicity [41–43]. For example,
in a retrospective study with azacytidine and DLI, the overall response rate was 33% and the 2 year
overall survival (OS) was 29% [45]. Nonetheless, it has to be considered that molecular relapse alone,
diagnosis of MDS and low marrow blast count at the time of relapse are associated with better OS [38].
In a retrospective study, treatment with decitabine and DLI as alternative substance showed a response
rate of 25%, including patients with previous azacytidine failure, and a 2 year OS of 11% [42]. There was
no significant incidence of acute GvHD (aGvHD) or chronic GvHD (cGvHD). According to these data,
hypomethylating agents in combination with DLI may be considered in patients who might not be
eligible for a more aggressive remission induction [38]. For long-term disease control after relapse,
a second allo-SCT has to be considered [38]. Patients with an MDS relapse or AML with low disease
burden after allo-SCT seem to benefit more from azacytidine and DLI therapy, than patients with
AML [45]. There are currently no specific data on these aspects.

If possible, in the case of bulky and fast-growing disease, intensive chemotherapy should be
chosen rather than hypomethylating agents, as in a retrospective analysis, chemotherapy was superior,
considering OS [47].

Especially in cases of high tumor burden, conventional chemotherapy should be considered.
However, chemotherapy alone generally has no curative potential in this setting. To overcome the
reduced effectiveness of DLI in these circumstances, Levine et al. used a chemotherapy strategy to debulk
disease before administration of DLI. 65 patients were prospectively treated with cytarabine-based
chemotherapy, followed by DLI. In total, 27 of 57 assessable patients achieved CR. GvHD was observed
in 56% of the patients. Overall survival at 2 years for the entire cohort was 19%. Patients in CR were
more likely to survive, with 1 and 2 year survival rates of 51% and 41%, respectively. In conclusion,
treatment with chemotherapy before DLI can help patients with advanced myeloid relapse. However,
patients with short remissions after allo-SCT are unlikely to benefit from this approach [48].

The possibility of combining DLI with chemotherapy was also evaluated in several other
studies [49]. In the combination therapy, DLI is administered either at the time of the leukocyte nadir
or after regeneration. DLI administration in the leukocyte nadir does not require sustained response
but has a higher risk of toxicity. DLI after regeneration could reduce the GvHD risk but might not
be appropriate in some patients without sustained response. Furthermore, in a retrospective study,
it was demonstrated that intensive chemotherapy administered with a second allo-SCT or DLI is
superior to chemotherapy alone in relapsed MDS after allo-SCT; OS was 32% in the immunotherapy
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group, 6% in the cyto-reductive chemotherapy only group, and 2% in the palliative care-only group
(p < 0.001) [49]. Another option is chemotherapy followed by DLI and azacytidine, and for further
insight, a phase I study was conducted in patients with AML relapse [43]. Nonetheless, prospective
studies are needed [38].

Another concept for the treatment of AML relapse after allo-SCT is the initiation of epigenetic
therapy, interspersed with low dose DLI. Therefore, a phase I/II feasibility study of panobinostat alone
and the combination of panobinostat and decitabine prior to DLI in patients after allo-SCT with poor
and very poor-risk AML was developed (Hovon 116-trial). This trial contained three dose levels
consisting of either panobinostat (PNB) (20 mg at days 1, 4, 8, 11 of a 4 week-cycle) or PNB combined
with decitabine (DCB, 10 or 20 mg/m2 at days 1–3 of every 4 week-cycle). DLI consisted of 1 × 106 CD3
T cells/kg body weight at day 90 and 3 × 106 at day 180 in case of a matched sibling (sib) donor or of a
70% reduced dose in case of a matched unrelated donor (MUD). In the interim analysis, 54 patients
were transplanted, and median follow up was 9 months (range: 2–25) after transplantation. In total, 41
of 54 patients received PNB alone, 13 PNB/DCB (20 mg/m2), and 15 PNB/DCB (10 mg/m2). Combining
PNB with DCB at a dose of 20 mg/m2 was not feasible due to resulting cytopenia. OS at 12 months
from transplantation was 81% (±7). Five patients died due to non-relapse mortality and five died due
to relapse. Relapse-free survival (RSF) at 12 months was 66% (±9). A historical HOVON control group
of very poor-risk AML CR1 recipients of allo-SCT showed an OS of 52% ± 6 at 12 months and RFS of
43% ± 5. DLI could be administered in 34 patients, including 19 receiving two DLI, and nine patients
three DLI. Out of 34 recipients of DLI, severe cGvHD occurred in five (15%) patients. Collectively,
these results suggest an encouraging outcome with respect to relapse and OS in patients receiving PBN
alone or PBN combined with DCB followed by DLI. An international prospective randomized study is
in the pipeline [50].

At present, there are no valid data for treatment with chimeric antigen receptor (CAR) T cells for
MDS and AML, but trials are ongoing.

In conclusion, therapeutic DLI is effective in AML/MDS and is currently used with or without
other agents depending on the individual disease burden and GvHD risk (Table 1) [38]. Furthermore,
the presented data suggest that chemotherapy is recommended in AML/MDS relapse after allo-SCT
for patients who most likely tolerate the toxicity and are eligible for subsequent treatment with either
DLI or second allo-SCT [38].

3.2. Biology of Therapeutic DLI

High tumor burden, proliferative rate and relapse, predominantly caused by immune escape
mechanisms, limit the efficacy of DLI [33,51,52]. In particular, NK cells provide acute control over
leukemic activity. However, by tolerance induction over time, NK cells lose their antileukemic
reaction [53]. Other subsets such as gamma/delta (γ/δ) T cells appear to have a prolonged anti-leukemic
effect [54].

In addition to the timing, frequency, setting and combination of DLI with other substances, there
is still an ongoing discussion about the dosage of DLI.

Donor type and setting, as well as the frequency and interval between infusions of DLI, have
an influence on the adequate dose of DLI. Considering these factors, the recommended range in
literature is 0.001 × 108 to 8.8 × 108 CD3+-cells/kg body weight [55]. An approach with a smaller
dosage for example of 0.1–1 × 106 CD3+/kg body weight, in the prophylactic setting seems reasonable.
The infusion is to be repeated every four to eight weeks with an increase in the dosage by half a log
level, e.g., 1. DLI: 1 × 106 CD3+/kg body weight, 2. DLI: 5 × 106 CD3+/kg body weight, 3. DLI: 1 × 107

CD3+/kg body weight, 4. DLI: 5 × 107 CD3+/kg body weight, etc. After every DLI administration, the
incidence of GvHD and remission status have to be evaluated to reduce the risk of treatment-related
mortality [56]. In case of preemptive or therapeutic DLI, the application of a higher starting dose is
possible (5–10 × 106 CD3+/kg body weight). However, the associated higher risk of GvHD has to be
kept in mind [55].
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Another aspect in this setting is the origin of DLI. Normally, DLI is collected from naïve donors
as steady state lymphocytes. When donor lymphocytes are collected during stem cell apheresis,
donors are pre-treated with granulocyte colony stimulating factor (G-CSF). However, the impact of
G-CSF stimulation and the resulting composition of DLI on beneficial anti-leukemic responses and
survival remains elusive. To evaluate the role of G-CSF-DLI, a retrospective analysis was conducted.
The G-CSF-DLI patient cohort showed an improved conversion to full donor chimerism and a lower
cumulative incidence of relapse or disease progression without a significantly increased cumulative
incidence of GvHD [57]. DLI were examined by flow cytometry as to their cellular components.
The results showed that infusion with a lower dose of CD14+ cells (<0.33 × 108/kg body weight)
was an independent risk factor for the occurrence of II–IV aGvHD (HR = 0.104, p = 0.032) in human
leukocyte antigen (HLA)-identical transplant patients. In addition, a dose of CD14+ cells greater
0.33 × 108/kg body weight was associated with a lower incidence of hematological relapse and longer
disease-free survival (DFS) (relapse: HR = 0.193, p = 0.007; DFS: HR = 0.259, p = 0.016). However, a
greater number of CD14+ cells was an independent risk factor for II–IV aGvHD (HR = 1.758, p = 0.034)
in haploidentical allo-SCT. These data show that the cell composition of DLI provides a novel approach
for the development of cellular therapies by manipulating the components of infused cells [58].

Another interesting concept first identified by Vago et al. is the potential for leukemic cells to
escape immunosurveillance through loss of the mismatched HLA [59]. Therefore, uniparental HLA
would escape the immunotherapeutic effect of DLI. Currently, we do not routinely monitor for HLA
loss in recurrent disease. However, this would potentially allow for more targeted utilization of DLI
and possibly improve the efficacy [60].

Overall, it seems that DLI in the preemptive setting achieves a better response than DLI
administered in case of dynamic relapse [61]. Yet, DLI alone may not be the preferred strategy
for treatment of manifest relapse. Repetitive DLI can be considered based, e.g., on MRD positivity, 6–8
weeks after DLI administration. The cell doses used in this setting are usually one order of magnitude
higher than in a prophylactic or preemptive situation (1 × 107/kg body weight) [51]. The main
complication of DLI is GvHD.

3.3. Prophylactic Use of DLI in AML/MDS

Relapse is the most common cause of allo-SCT failure in AML. Accordingly, DLI has been routinely
used in complete hematological remission without any sign of underlying disease, with full chimerism,
for relapse prevention. The use of DLI in this setting is prophylactic. DLI application should be
considered based on the expected risk of relapse and GvHD [38]. Generally, prophylactic DLI is
administered at approximately day 100 after allo-SCT, if the patient is not under immunosuppression,
and without signs of GvHD or infections.

In some studies, immunosuppressive drugs are applied concurrently with DLI [62]. However,
there are discrepancies in the different results and therefore further trials are needed [38]. In case of
preemptive and prophylactic use, the CD3+ dosage for the first infusion varies between 1 × 105/kg and
1 × 106/kg body weight and is dependent on donor type and timing [38]. In the absence of GvHD,
most centers administer prophylactic DLI as a single-shot intervention, but also repetitive DLI [12,56],
every 4 to 12 weeks in a dose escalation by 5- to 10-fold based on response, is feasible [38].

Jedlickova et al. analyzed DLI administration in high-risk AML and MDS (46 patients) at day
120 post allo-SCT with a matched control group (34 patients) in a retrospective study [12]. The OS
in the DLI group compared with the control group was significantly better (7 year OS, 67% versus
31% (p < 0.001)). Ten patients (22%) relapsed in spite of DLI, compared with 53% in the control group.
However, non-relapse mortality was low; GvHD was the main complication in the DLI group. Finally,
31/46 DLI recipients were alive and in CR at a median of 5.7 years after the first DLI.

Schmid et al. [63] described the evaluation of efficacy of prophylactic DLI in AML patients in
a registry based matched-pair analysis. Patients received DLI in complete remission and controls
were matched for parameters such as age, cytogenetics, diagnosis, stage, donor, gender, conditioning
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and T cell depletion therapy. In total, 89 matched pairs were used for further analysis. There was no
difference in survival across the entire cohort, but, notably, the authors reported significantly improved
overall survival in patients with high-risk AML. Thus, prophylactic DLI is effective and may contribute
to improved outcome in high-risk AML patients [63].

Furthermore, in transplantation strategies using haploidentical donors, prophylactic DLI appear
to be an option to prevent relapse with an acceptable risk of GvHD and GvHD-related mortality
in hematological malignancies [64,65]. Several other colleagues recorded improved outcome after
prophylactic DLI [12,63,66,67]. Therefore, prophylactic DLI seems to be an effective option to prevent
relapse after allogeneic stem cell transplantation and the possibilities need to be further explored in
clinical phase II and III studies.

FLAMSA-RIC and DLI

Leukemia relapse is a major obstacle in refractory leukemia undergoing allo-SCT. To improve
outcome in this cohort, a sequential intensified conditioning (fludarabine 30 mg/m2, high-dose
cytarabine 2 g/m2, and amsacrine 100 mg/m2 from days −12 to −9 (FLAMSA-RIC)) and early rapid
immunosuppressant withdrawal was invented. At this point, we will only provide a brief summary,
for more information please see separate review in this special issue.

The outcome in this special risk group treated according the FLAMSA-RIC protocol is promising.
The 5 year overall survival (OS) and 3 year relapse rate was 44.6% and 33.3%, respectively. To reduce
the relapse risk further, prophylactic DLI was administered. Xuan and colleagues analyzed 153
refractory AML patients in a prospective study. Comparing the two groups (80 DLI versus 64 non-DLI),
the relapse rate was less and OS was superior in patients receiving DLI than in those without DLI
administration (22.7% vs. 33.9%, p = 0.048; 58.1% vs. 54.9%, p = 0.043). In a multivariate analysis, DLI
and cGvHD were associated with less relapse and improved OS [68].

Another prospective study with FLAMSA-RIC DLI was conducted by Michallet et al. [69] in
high-risk AML patients. At day +120 or 30 days after discontinuation of immunosuppressive therapy,
patients received three increasing doses of donor DLI. There had to be no signs of GvHD or infections.
The starting DLI dose was 1 × 106 CD3+ cells/kg body weight. In total, 66 AML patients were included
with a median age of 52 years. In total, 17 patients developed cGvHD (10 limited and seven extensive),
five of them after DLI, with a cumulative incidence of 48% at 2 years. Patients in CR at allo-SCT
benefited most from sequential intensified conditioning followed by DLI. However high rates of deadly
infections were observed; therefore, the authors recommend a prophylactic anti-infectious strategy [69].

3.4. Preemptive Use of DLI in AML/MDS

Preemptive DLI is administered in case of persistent MRD or at the first signs of relapse, such as
MRD positivity or a decreasing donor chimerism. As in the prophylactic setting, there should be no
signs of GvHD. Immunosuppressant drugs preferably should already have been tapered. The dosage
for DLI can be chosen slightly higher than for prophylactic DLI, according to GvHD risk and donor type
(1 × 105/kg and 1 × 106/kg body weight), followed by repetitive DLI administration in intervals of 4–12
weeks at an escalated dose schedule and increasing the cell doses by 5- to 10-fold with each infusion, if
necessary. The timing of administration depends on reappearance of MRD or mixed chimerism. So far,
there is the discussion whether DLI dosage needs to be adjusted in the setting of an unrelated, related
or haploidentical donor. In this context, various retrospective studies have demonstrated the effificacy
of preemptive DLI [56].

In a prospective analysis, 105 patients with standard-risk acute leukemia (AML, ALL or MDS)
were MRD positive after allo-SCT—of which, 49 received low-dose IL-2 only, and 56 modified DLI,
with or without low-dose IL-2. The cumulative risk of relapse was significantly lower and DFS
was significantly higher in patients who received DLI compared to patients who were treated only
with IL-2 (p = 0.001 and p = 0.002, respectively; 3-J-OS: DLI: 58%, IL-2: 28%). These data suggest
that DLI administration in patients with standard-risk acute leukemia who are MRD positive after
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transplantation may improve transplantation outcomes [70]. Preemptive treatment with azacytidine in
MDS and AML after allo-SCT is another aspect that needs to be evaluated. The up regulation of immune
signaling in cancer through the viral defense pathway is the rationale behind the combination therapy
of DLI and demethylation substances, such as the DNA methyltransferase inhibitors azacytidine und
decitabine [71]. In a prospective phase II study, patients with a decrease in CD34+ donor chimerism
to <80%, >100 days after allo-SCT received four azacytidine cycles (75 mg/m2/day for 7 days) during
complete hematologic remission. In total, 16 patients (80%) responded with either increasing CD34+
donor chimerism up to >80% (n = 10; 50%) or stabilization (n = 6; 30%) with the absence of relapse.
Eventually, hematologic relapse occurred in 13 patients (65%), but was delayed until a median of 231
days (range, 56–558) after initial decrease in CD34+ donor chimerism to <80% [72].

Another prospective phase II study showed the efficacy of 5-azacytidine as well as 5-azacytidine in
combination with DLI in patients with decreased chimerism or increasing MRD [73]. Based on these data,
5-azacytidine may be considered in patients with AML or MDS and decreasing donor chimerism [38].
Another approach in AML and MDS is DLI combined with maintenance therapies, using manipulated
DLI to enhance the GvL effificacy while reducing the risk of GvHD [38]. In conclusion, pre-emptive
azacytidine treatment can substantially prevent or delay hematologic relapse in patients with MDS or
AML and MRD positivity after allo-SCT. Furthermore, a combination with DLI is possible.

The possibility of preemptive chemotherapy in combination with DLI application in patients
with MDS and AML (n = 101) was analyzed in another study. The 3 year cumulative incidences of
relapse, non-relapse mortality, and DFS after allo-SCT were 39.5%, 9.6%, and 51.7%, respectively. One
month after Chemo-DLI 44 patients became MRD negative; their cumulative incidences of relapse
and DFS significantly improved compared to those with persistent MRD one month after preemptive
Chemo-DLI (relapse: 19.8% vs. 46.8%, p = 0.001; DFS: 69.6% vs. 46.4%, p = 0.004). Early onset MRD,
persistent MRD after Chemo-DLI, and non-cGvHD after Chemo-DLI were associated with increased
relapse and impaired DFS [74].

3.5. Biology of Preemptive/Prophylactic DLI

Nonetheless, it is still a challenge to separate GvL from GvHD and to find ways to enhance the
GvL effect without inducing GvHD. Efforts have been made to reduce GvHD-associated morbidity
and mortality by in vivo T cell depletion. This resulted in an impaired immune reconstitution, which
lead to an increased incidence of opportunistic infections and a decreased GvL effect. The International
Bone Marrow Transplant Registry (IBMTR) described in a retrospective study an increased leukemia
relapse rate when the stem cell transplant was T cell depleted, underlining the importance of T cells as
effector cells in GvL [75]. In addition, it was shown that increased natural killer T cells in the graft are
associated with reduced GvHD incidence [76], whereas depletion of Tregs in DLI improves the GvL
effect but on the other hand augments the risk of GvHD [77]. Thus, prophylactic and dose-escalated
DLI was integrated in reduced intensity conditioning (RIC) protocols to reinforce the GvL effect and
prevent disease relapse, however the risk of inducing GvHD remains [78].

The sensitivity of the underlying diseases to a DLI-mediated GvL effect is an additional factor.
Response to DLI and DLI sensitivity was estimated by the relapse workshop of the National Cancer
Institute [11]. CML, myelofibrosis and low-grade NHL were classified to be highly sensitive to DLI;
AML, MDS, multiple myeloma and Hodgkin’s disease intermediately; and ALL and DLBCL only as
slightly sensitive. Additionally, freshly infused DLI may have a higher potency compared to frozen
DLI depending on different viabilities and compositions [11,56,79].

Similarly, Gröger et al. observed long-term efficacy of prophylactic donor lymphocyte infusion
in 61 patients with multiple myeloma [80]. Prophylactic DLI used in escalated doses in a selected
cohort resulted in a low rate of grade II–IV GvHD and encouraging long-term results in these myeloma
patients. These data support the relevance of a graft-versus-myeloma effect in long-term responders
after allogeneic stem cell transplantation.
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4. Antigen-Directed Immunogenic DLI

Already in 1999, Falkenburg et al. published the idea that relapse of CML in chronic phase after
allo-SCT can be successfully treated by DLI [81]. Leukemia-reactive T cell lines that could effectively
elicit an antileukemic response in vivo were selected and expanded in vitro. These T-lymphocyte (CTL)
lines were generated from an HLA-identical donor. Three CTL lines were generated that were able to
lyse the patient leukemic cells and inhibit the growth of leukemic progenitor cells. Intriguingly, these
CTL did not react with lymphocytes from donor or recipient and did not affect donor hematopoietic
progenitor cells. The three leukemia-reactive CTL lines were infused at 5 week intervals at a cumulative
dose of 3.2 × 109 CTL. Complete eradication of the leukemic cells was observed shortly after the third
infusion. The results showed that in vitro-cultured leukemia-reactive CTL lines selected for their ability
to inhibit the proliferation of leukemic progenitor cells in vitro can be successfully applied to treat
accelerated phase CML after allo-SCT. Based on this study further developments in AML patients after
allo-SCT were possible.

Employing leukemia-specific enriched DLI could be another approach to improve the efficacy of
DLI against leukemic cells, thus using immunogenic DLI directed against LAAs. These approaches
may be used prospectively in selected patients to enforce GvL without inducing GvHD. The challenge
will be to find the best combinations and targets to maximize the GvL- and minimize the GvHD effect,
as well as the ideal cytokine milieu for therapy and the ideal T cell composition. A better understanding
of the mechanisms of DLI with their targets would open doors to increase the GvL potency without
raising the risk of GvHD at the same time.

One option to obtain LAA-specific T cells is the use of selection methods such as multimer
approaches. Wang et al. reported about CD8+ T cells purified by streptamer technology [82]. The focus
was on the immunogenic leukemia antigen WT1, the streptamer technology was employed and a
60-fold increase in WT1-specific CD8+ effector T cells after positive selection by magnetic cell separation
was found. Thus, the streptamer technology allows selection of pure and antigen-specific effector T
cells. These results further suggest that the functional status of CD8+ T cells purified by the streptamer
technology is preserved and most purified cells are effector T cells. Therefore, these purified effector T
cells could be suitable to provide immediate immune protection and might be useful for adoptive T
cell transfer. However, the amount of LAA-specific T cells is low and therefore strategies for the ex
vivo expansion of LAA-specific T cells have to be established. Bae et al. reported such an expansion
strategy for BCMA-specific T cells in myeloma patients [83].

T cell receptor (TCR)-engineered T cells constitute another method among antigen-directed T cell
approaches. Several clinical studies have been performed or are ongoing, targeting LAA like, e.g.,
WT-1 or PRAME. Tawara et al., demonstrated that WT-1 specific TCR-T cells manipulated ex vivo
survived in vivo and induced immune responses in WT-1-positive HLA-A*24:02 positive AML and
MDS patients. Furthermore, moderate clinical effects such as a decrease in blast counts in blood and
bone marrow have been reported [84].

Combination strategies for these antigen-directed immunotherapeutic approaches with other
immunotherapies such as immune checkpoint inhibitors might enhance or multiplicate the immune
effects and are effective to eliminate leukemic cells and leukemic progenitor or even stem cells.

5. Specifically Stimulated and Modified DLI

5.1. Virus-Specific Donor T Cells for Cytomegalovirus (CMV)

CMV disease constitutes a serious complication after allo-SCT. Despite improved antiviral drug
therapy used for the prophylaxis and/or treatment of CMV reactivation and disease, reactivation of
CMV after allo-SCT occurs in more than 60% of CMV-seropositive patients. CMV reactivation remains a
major cause for mortality and morbidity. Moreover, prolonged antiviral therapy can cause pronounced
side effects, particularly myelosuppression and nephrotoxicity [85,86]. A novel prophylactic drug called
letermovir showed a decrease in clinically significant CMV infection in a placebo-controlled randomized
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trial. Nevertheless, this prophylaxis is expensive and breakthrough infections, drug resistance as
well as intolerance are still an issue [86]. Beyond humoral immune response, cell-mediated immune
response is essential for the control of CMV infection and disease [87–90]. Studies demonstrated that
patients are protected against CMV disease once a detectable T cell response against CMV has been
mounted [91]. For prevention and therapy of CMV disease, the adoptive transfer of unmanipulated
and virus-specific T cells has been evaluated in several clinical trials. [92–95]. The CMV-specific T cells
are mostly derived from the donor, a third-party donor or even the patient himself prior to conditioning
therapy. This specific treatment leads to virus clearance in patients after allo-SCT.

However, long-term in vitro culturing to select CMV-specific T cells is difficult and time consuming,
therefore new strategies were necessary. For example, the cytokine capture assay is combined with
the Miltenyi Clini MACS system to generate CMV-specific T cells. Accordingly, it was concluded
that adoptive T cell therapy is a valid therapeutic option, which allowed patients to discontinue toxic
antiviral drug therapy without further high-level reactivation of CMV.

An aggravation of GvHD was not observed. However, high-dose (>2 mg/kg body weight)
corticosteroids could reduce the efficacy significantly.

5.2. Virus-Specific Donor T Cells for Epstein-Barr Virus (EBV)

EBV is widespread in all human populations and persists as a lifelong, asymptomatic infection.
Post transplantation lymphoproliferative disease (PTLD) associated with EBV is a life-threatening

complication after allo-SCT [96]. In the past, the mortality from PTLD after allo-SCT was >80% [97].
Chemotherapy seems not to contribute to improved survival of patients with PTLD after allo-SCT and
antiviral agents are not active against PTLD [97].

Fortunately, it was shown that by use of rituximab and the adoptive T cell transfer of EBV-specific
T cells in high-risk patients, PTLD could be prevented [97], whereas EBV-specific T cells (in vitro
generated donor derived or even third-party T cells) are administered in cases with EBV-DNA-emia in
order to prevent EBV disease. If no response is achieved unselected DLI from EBV-positive donors are
used in order to restore broad T cell reactivity including EBV-specific response (preemptive therapy
94–100% response; therapy of PTLD 71–75% response).

Another option is the treatment of established EBV-PTLD with EBV-specific T cells from the
donor but there is the risk of a rapidly growing high-grade lymphoid tumor. In late-stage disease
with multiorgan dysfunction at the time of T cell transfer, the results are poor [96]. In this case,
the T cell therapy should be implemented as soon as possible. The main obstruction for the use of
this approach is the limited availability of T cells and the urgency. To improve the availability of
EBV-specific T cells in such urgent clinical situations, Moosmann et al. developed a rapid protocol for
the isolation by overnight stimulation of donor blood cells with peptides derived from 11 EBV antigens,
interferon-gamma surface capture and subsequent immunomagnetic separation. Therefore, protective
EBV-specific T cell memory could be achieved after the infusion of a small number of EBV-specific T
cells [96].

Another approach is the administration of Tabelecleucel (formerly known as ATA129) in patients
with rituximab-refractory EBV-PTLD. Tabelecleucel is Atara’s off-the-shelf T cell immunotherapy in
development for the treatment of EBV-PTLD, as well as other EBV associated hematologic and solid
tumors. To evaluate the efficacy, a global, multicenter, open-label phase 3 clinical study, called MATCH
was designed. The recruitment for MATCH (NCT03392142) is ongoing until November 2020.

5.3. Third Party DLI

Tzannou et al. [98] state the improvement of overall survival for patients treated with allo-SCT
will require efforts to decrease treatment-related mortality caused by severe viral infections. Broad
antiviral protection to recipients of allo-SCT could be provided by adoptively transferred virus-specific
T cells generated from eligible, third-party donors. In their study, third-party virus-specific T cells
were administered to recipients of allo-SCT with drug-refractory infections. Infusions were safe and
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virus-specific T cell tracking by epitope profiling revealed persistence of functional virus-specific T
cells of third-party origin for up to 12 weeks. In turn, Muranski et al. developed multi-virus-specific
T cells not as therapeutic, but as prophylactic approach early after transplantation [99]. In a phase I
study (NIH 14-H-0182) multi virus-specific T cells (MVSTs) with the target of immunodominant viral
proteins such as CMV, EBV, human polyomavirus and adenovirus were administrated immediately
(day +0 to +60) after allo-SCT. Elutriated lymphocytes from sibling donors were stimulated for 14
days with seven overlapping peptide libraries (pepmixes) pulsed onto autologous DCs in presence
of IL-7, IL-15 and IL-2. Twelve patients were treated. There were no infusion toxicities detected,
while minimal risk of aGvHD was observed, there was no correlation found with GvHD biomarkers.
By serial CDR3 sequencing, it was shown that MVSTs contribute to the T cell repertoire. This approach
suggests efficacy in reducing viral reactivation. A phase II study is warranted [99]. Further studies are
warranted to establish third-party antiviral T cells for clinical use.

6. In Vivo and Ex Vivo Manipulation of DLI for the Reduction of Alloreactive T Cells

6.1. In Vivo T Cell Depletion

Donor T cells are not DLI in the common sense but are very important in the field of allo-SCT.
Concerning in vivo T cell manipulation, there are different approaches, for example alemtuzumab,
administered intravenously or administered during the transplantation itself as “campath-1H in
the bag” [100,101] as well as antithymocyte globulin (ATG) [102]. In the field of in vivo T cell
depletion, the haploidentical setting is the most interesting setting [103]. Because of post-transplant
cyclophosphamide (PT-Cy) [104], further advances in graft cell processing and manipulation, as well
as GvHD prophylaxis, haploidentical allo-SCT is a save option for nearly all patients with AML, since
a significant reduction of treatment-related mortality is now possible. However, there are limited data
with respect to DLI in the setting of haploidentical allo-SCT or considering early DLI with concurrent
immunosuppression [38].

6.2. Ex Vivo T Cell Depletion

Alpha/beta T cells are the main cell population responsible for the success or failure of allo-SCT
or DLI. Expression of the alpha/beta (α/β) TCR characterizes most mature T cells, which allows
MHC-restricted recognition of peptides derived from non-self-proteins. The T cell repertoire after
allo-SCT is influenced by the source of the graft and infectious challenges such as CMV and EBV, as well
as GvHD and cellular intervention such as DLI. Depletion of naïve T cells from the graft is a promising
approach to prevent GvHD while retaining a strong GvL effect [32]. Attempts are encouraging on
the one hand against hematological tumor antigens for the treatment of overt leukemia relapse and
on the other hand to enable a faster immunreconstitution after allo-SCT [105]. The repertoire of α/β
T cells after allo-SCT has been studied in different allo-SCT settings and is still restricted 6 months
after allo-SCT when compared to healthy individuals. Surprisingly cord blood grafts lead to a higher
diversity of the α/β TCR repertoire at 6 and 12 months compared to other graft sources [106].

It has been shown that the main cell population responsible for the success or failure of allo-SCT
or DLI is α/β T cells [53]. Since most alloreactive α/β T cells are present in the naïve repertoire of
the donor, recipient-derived DCs are key players in producing an appropriate T cell activation [107].
DCs are derived from the hematopoietic system and therefore generate a recipient targeting immune
response, including the malignant population, and therefore give rise to GvL [107]. The level of cross
reactivity against antigens expressed on non-hematopoietic cells determines the likelihood and severity
of GvHD.

In T cell-repleted allo-SCT, it is difficult to dissect the GvL and GvHD effect [108,109]. Consequently,
many current transplantation techniques remove immune cells from the graft and administer DLI at a
later time point as standard part of the transplantation regimen. Both a complete immune depletion by
selection of CD34+ stem cells [110], and a partial depletion of alloreactive T cells through PT-Cy [111],
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are feasible. This upfront T cell depletion is associated with a lower risk of GvHD and allows early DLI
administration for the majority of patients (e.g., 100 days) after allo-SCT. An improved segregation of
the GvL- and GvHD effect is possible due to this approach. More recent transplantation strategies allow
better consideration of the sophisticated variety of immune cells. These novel strategies utilize either a
selective depletion of α/β T cells [112] or naïve subsets [32] to abrogate GvHD, while maintaining early
immune surveillance directed against infections as well as leukemia.

One strategy to eliminate alloreactive T cells and at the same time protect virus-specific memory T
cells is the ATIR101 program. is a new approach to reduce risk of GvHD after allo-SCT. It consists of a
single DLI dose with functional, mature immune cells from a haploidentical family member. Thus,
protective T cells are preserved to fight relapse and infections and reduce risk of GvHD. Alloreactive
T cells are depleted ex vivo. So far, the results are promising; hence, this approach may increase the
safety of allo-SCT from a haploidentical family donor.

7. Five-Year View

The T cell repertoire after allo-SCT is not as diverse as in healthy individuals [106,113]. GvHD
is associated with both an increased [106] and a decreased diversity [114]. Selective GvL reactivity
could be associated with lower diversity, lower magnitude and relatively specific tissue recognition
of hematopoiesis by alloreactive α/β T cells [115]. The contribution of the diversity of the γ/δ TCR
repertoire to the GvL after allo-SCT is not well described. The γ/δ T cell repertoire seems to be
established quite early after 30–60 days after allo-SCT. CMV reactivation promotes the massive
expansion of a few γ/δ T cell subtypes (belonging mainly to the delta-1 subset) resulting in a so-called
repertoire focusing [116]. Henceforth, DLI administration for prophylactic, preemptive and overt
relapse, as well as treatment of prophylaxis of infections, or immune reconstitution might not only
depend on the type of the disease, or the timing but also on the size of the α/β and γ/δ T cell repertoire
monitored at a given time point.

8. Conclusions

DLI after allo-SCT offers great opportunities with regard to the treatment or prophylaxis of relapse
as well as preemptive treatment of a persistent MRD or decreased chimerism in AML/MDS patients.
Furthermore, DLI may be administrated in the setting of treatment or prophylaxis of viral infections
and provide substantial support with regard to immunreconstitution.

However, there are many aspects involved in the application of DLI. DLI application is a difficult
intervention, whereby many factors have to be considered, for example individual patient-oriented
factors prior to application, as well as possible combinations with further therapies during and after
DLI application. Currently, there are many new developments, and this is quite necessary because DLI
needs to be improved in terms of efficacy and toxicity reduction. This remains a major challenge with
the goal to improve the outcome for AML patients after allo-SCT. Prospectively, CAR T cells may be an
intriguing concept even in AML, with the possibility of leukemia rejection without eliminating healthy
progenitor and stem cells. However, there is no feasible approach yet.

In this field, of manipulated and unmanipulated DLI after allo-SCT of AML patients, it remains
most challenging to avoid substantial risks such as severe infections and several key points, such as
dosage, donor origin, as well as the clinical situation of the patient, have to be considered prior to DLI
administration. The pivotal point is to increase the GvL effect without escalating the risk of GvHD.
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Abstract: Reduced-intensity conditioning (RIC) regimens are established options for hematopoietic
stem cell transplantation (HSCT) for patients with acute myeloid leukemia (AML) and myelodysplastic
syndrome (MDS). However, the efficacy of RIC regimens for patients with high-risk disease is limited.
The addition of a fludarabine, amsacrine, and cytarabine (FLAMSA)-sequential conditioning regimen
was introduced for patients with high-risk MDS and AML to combine a high anti-leukemic activity with
the advantages of RIC. The current systematic literature review and meta-analysis was conducted
with the aim of identifying all cohort studies of patients with AML and/or MDS who received
FLAMSA-RIC to determine its efficacy and toxicity. Out of 3044 retrieved articles, 12 published
studies with 2395 overall patients (18.1–76.0 years; 96.8% AML and 3.2% MDS; follow-up duration of
0.7–145 months; 50.3% had active AML disease before HSCT) met the eligibility criteria and were
included in the meta-analysis. In the pooled analysis, the 1- and 3-year overall survival (OS) rates
were 59.6% (95% confidence interval (CI), 47.9–70.2%) and 40.2% (95% CI, 28.0–53.7%), respectively.
The pooled 3-year OS rate of the patients who achieved CR1 or CR2 prior to HSCT was 60.1% (95%
CI, 55.1–64.8%) and the percentage of those with relapse or refractory disease was 27.8% (95% CI,
23.3–32.8%). The pooled 3-year leukemia-free survival (LFS) rate was 39.3% (95% CI, 26.4–53.9%).
Approximately 29% of the patients suffered from grades 2–4 acute graft-versus-host disease (GVHD),
while 35.6% had chronic GVHD. The pooled 1- and 3-year non-relapse mortality (NRM) rates were
17.9% (95% CI, 16.1–19.8%) and 21.1% (95% CI, 18.8–23.7%), respectively. Our data indicates that the
FLAMSA-RIC regimen is an effective and well-tolerated regimen for HSCT in patients with high-risk
AML and MDS.

Keywords: FLAMSA; reduced-intensity; acute myeloid leukemia; myelodysplastic syndrome

1. Introduction

Reduced-intensity conditioning (RIC) regimens were initially introduced to reduce the adverse
effects associated with myeloablative conditioning (MAC) and to improve the chance of successful
hematopoietic stem cell transplantation (HSCT), especially in elderly and frail patients [1]. However,
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the efficacy of RIC regimens for patients who do not achieve a complete remission (CR) is limited [2].
The combination of fludarabine, amsacrine, and cytarabine (FLAMSA)-polychemotherapy with RIC
was initially adopted by Schmid et al. for patients with high-risk myelodysplastic syndrome (MDS) and
acute myeloid leukemia (AML) [3–5] to combine high anti-leukemic activity with the advantages of RIC.
Although several variations have been published [6–16], the ‘classic’ FLAMSA-RIC regimen consists
of fludarabine, amsacrine, and cytarabine, followed by RIC with 4-Gy total body irradiation (TBI),
high-dose cyclophosphamide (Cy), antithymocyte globulin (ATG), and prophylactic donor lymphocyte
infusions (DLI) if indicated. Because of initially promising data, especially in poor prognosis AML
patients, FLAMSA-RIC was adopted by many transplantation centers, and variations that included
busulfan (Bu) or treosulfan were established. The current systematic review and meta-analysis was
conducted with the aim of identifying all cohort studies that have investigated the efficacy and toxicity
of the FLAMSA-RIC regimen and summarize their results.

2. Materials and Methods

2.1. Data Sources and Searches

Three investigators (W.O., P.U. and S.K.) independently searched for published articles indexed in
MEDLINE and EMBASE databases from their inception to May 2019. The search strategy is available
as Supplementary Data 1. The references of the included studies were also manually reviewed for
additional eligible studies. This study was undertaken in accordance with the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) statement, which is available as Supplementary
Data 2 [17].

2.2. Selection Criteria and Data Extraction

Studies included in this meta-analysis were cohort studies (either prospective or retrospective) of
patients with AML and/or MDS who received FLAMSA-RIC regimens, which reported our primary
outcomes of interest (overall survival (OS) and/or leukemic-free survival (LFS) rates). The secondary
outcomes of interest, which included non-relapse mortality (NRM) rate, relapse rate (RR), full chimerism
rate, grades 2–4 acute GVHD (aGVHD) rate, and chronic GVHD (cGVHD) rate were also collected
for analysis but were not part of the inclusion criteria. Assessment of the eligibility of each study
was independently conducted by three investigators. In the event of opposing decisions regarding a
study’s eligibility, the study in question was reviewed by the three investigators together and the final
determination was reached by mutual consensus.

2.3. Definition of Treatment Response and Outcome

Complete remission (CR) was defined as bone marrow blasts of < 5%, the absence of circulating
blasts and blasts with Auer rods, the absence of an extramedullary disease, an absolute neutrophil
count (ANC) of ≥ 1.0 × 109/L and a platelet count of ≥ 100 × 109/L [8]. Refractory AML was defined
as failure to achieve CR following induction or salvage chemotherapy. Relapse AML was defined as
recurrence of disease after CR. Overall survival (OS) rate was defined as the percentage of patients who
were still alive at the time of interest (such as at 1 year after transplantation). Leukemia-free survival
(LFS) rate was defined as the percentage of patients who were still alive and did not have leukemia at
the time of interest. Non-relapse mortality (NRM) was defined as any death without previous relapse
or progression.

2.4. Statistical Analysis

All data analyses were performed using the Comprehensive Meta-Analysis program, version 2.2
(Biostat, Englewood, NJ, USA). Using a standardized data extraction algorithm, two authors (W.O. and
P.U.) extracted and tabulated all data from each study. The pooled rates and 95% confidence interval of
OS rate, LFS rate, NRM rate, relapse rate, full chimerism rate, aGVHD rate, and cGVHD rate were
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calculated using the DerSimonian-Laird random-effect model with double arcsine transformation [18]. A
random-effect model, rather than fixed-effect, was used because of the high likelihood of between-study
heterogeneity. Cochran’s Q test and I2 statistic were used to determine the between-study heterogeneity.
I2 statistic quantified the proportion of total variation across studies that is due to heterogeneity rather
than chance. An I2 value of 0% to 25% represents insignificant heterogeneity, greater than 25% but
less than or equal to 50% represents low heterogeneity, greater than 50% but less than or equal to 75%
represents moderate heterogeneity, and greater than 75% represents high heterogeneity [19].

3. Results

The search strategy yielded 3044 potentially relevant articles (504 articles from MEDLINE and
2540 from EMBASE). After exclusion of 416 duplicated articles using the EndNote X8 software, 2628
articles underwent title and abstract review. A total of 2607 articles were excluded at this stage as they
did not meet the inclusion criteria based on type of article, study design, subjects and interventions
used. A total of eighteen articles underwent full-text review and 9 of them were excluded because
they did not report the primary outcomes of interest. Finally, 12 studies fulfilled the eligibility criteria
and were included in the meta-analysis [3,6–16]. A manual review of the bibliography of the included
studies, and some selected review articles, did not yield any additional eligible studies. Figure 1
summarizes the literature review and identification process. The main characteristics of the included
studies are described in Table 1.

 
Figure 1. Flowchart of literature review process.
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3.1. Baseline Patient Characteristics

A total of 12 studies with 2395 patients receiving FLAMSA-RIC regimen were included in this
meta-analysis. 52.2% were male, age ranged from 18.1 to 76.0 years (46% were age 55 years or older).
AML was by far the most common underlying hematological disease (70.6% de novo AML and 26.2%
secondary AML). Only 3.2% of the analyzed patients had high-risk MDS. Thirty-seven per cent of the
patients were in CR1, 11.4% of the patients were in CR2, and 50.3% of the patients had active AML
prior to HSCT (49.9% relapse and/or refractory disease and 0.4% untreated AML). Baseline clinical
characteristics of those patients are summarized in Table 2.

Table 2. Clinical characteristics of the patients from the included studies.

Number of Patients (N = 2395) Percent (%) or Range

Sex
Male 1249 52.2

Female 1146 47.8

Age range in years - 18.1–6.0

Diseases (n = 924)

dAML 652 70.6

sAML 242 26.2

MDS 30 3.2

Disease status (n = 2395)

CR1 887 37.0

CR2 273 11.4

R/R 1195 49.9

Untreated AML 10 0.4

High-risk MDS 30 1.3

Stem cell source (n = 2311) PBSC 2212 95.7

BM 99 4.3

Donor source (n = 2311)

MRD 770 33.3

MUD 1214 52.5

MMRD 11 0.5

MMUD 316 13.7

CD 34+ in 106 cells/kg (n = 357) - 1.2–23.1

Follow up duration in months (n = 933) - 0.7–145

Abbreviations; BM bone marrow; CR1 complete remission after first induction therapy; CR2 complete remission
after relapse; dAML denovo acute myeloid leukemia; MDS myelodysplastic syndromes; MRD match related donor;
MMRD mismatch related donor; MMUD mismatch unrelated donor; MUD match unrelated donor; PBSC peripheral
blood stem cell; R/R relapse and/or refractory diseases; sAML secondary acute myeloid leukemia.

3.2. FLAMSA Variations, Stem Sources, and GVHD Prophylaxis

The FLAMSA regimen consists of fludarabine (30 mg/m2; total dose 120 mg/m2), amsacrine
(100 mg/m2; total dose 400 mg/m2), and cytarabine (2 g/m2; total dose 8 g/m2) therapy from days
minus 12 to minus 9, followed by a three-day interval without therapy and RIC. Several RIC protocols
were included in this meta-analysis: (1) 4 Gy TBI plus Cy, (2) Bu/Cy, (3) treosulfan/Cy, (4) melphalan
(Mel), (5) fludarabine (Flu)/Bu, (6) Bu alone, or (7) Mel/thiotepa. Almost all patients received rabbit
anti-thymocyte globulin (rATG; 10–20 mg/kg from day minus 4 to day minus 2, according to donor
type). Details of all included FLAMSA-RIC regimens, GvHD prophylaxis, and prophylactic donor
lymphocyte transfusions are summarized in Supplementary Table S1.

Donors were investigated for human leukocyte antigen (HLA)-A, HLA-B, HLA-C, HLA-DRB1,
and HLA-DQB1. In this study, 10/10 HLA-matched related (MRD), unrelated donors (MUD), 1–2
antigen/allele mismatched related (MMRD) and unrelated donors (MMUD) were included. The most
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frequent donors were MUD (52.5%), followed by MRD (33.3%), MMUD (13.7%) and MMRD (0.5%).
The most frequent stem cell source (95.7%) were stem cells collected from peripheral blood. CD 34+

cell infusions ranged from 1.2 to 23.1 × 106 cells/kg.
GVHD prophylaxis was available for 720 patients, most of them received cyclosporine A (CyA)

plus mycophenolate mofetil (MMF; n = 573), followed by tacrolimus plus MMF (n = 112), CyA alone
(n = 28), and CyA plus methotrexate (n = 7). Prophylactic donor lymphocyte transfusions were given
if patients did not show any evidence for GVHD either at day 120 or 30 days after discontinuation of
the immunosuppression [3,7,10–12].

3.3. Survival Outcome

The follow-up period ranged from 0.7 to 145 months. The pooled 1-, 2- and 3-year OS rates
were 59.6% (95% CI, 47.9–70.2%; I2 94%; Figure 2A) [6–8,14–16], 48.4% (95% CI, 37.3–59.6%; I2

96%; Figure 2B [3,6,8,10,13–16], and 40.2% (95% CI, 28.0–53.7%; I2 96%; Figure 2C) [6,7,11,12,14–16],
respectively. The pooled 1-, 2- and 3-year LFS were 57.4% (95% CI, 38.6–74.2%; I2 98%; Figure 2D) [6,
14–16], 49.4% (95% CI, 38.1–60.8%; I2 95%; Figure 2E [3,6,9,13–16], and 39.3% (95% CI, 26.4–53.9%;
I2 97%; Figure 2F) [6,7,12,14–16], respectively. The pooled 2- and 3-year RR were 31.3% (95% CI,
21.1–43.8%; I2 96%; Figure 3A) [3,6,10,13–16] and 41.9% (95% CI, 30.9–53.8%; I2 95%; Figure 3B) [6,7,11,
12,14–16], respectively.

A total of 4 studies [3,6,9,11] reported the rate of full chimerism at day +28 (defined as the presence
of > 98% of HLA belonging to the donor) and the pooled rate across the 4 studies was 82.9% (95% CI,
69.7–91.1%; I2 77%) (Figure 3C).

Figure 2. Forest plots of pooled estimates (95% confidence interval (CI)) for overall survival (OS) and
leukemia-free survival (LFS) after hematopoietic stem cell transplantation (HSCT); (A): 1-year OS; (B):
2-year OS; (C): 3-year OS; (D): 1-year LFS; (E): 2-year LFS; (F): 3-year LFS.
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Figure 3. Forest plots of pooled estimates (95% CI) for relapse rate (RR) and outcome after HSCT; (A):
2-year RR; (B): 3-year RR; (C): full chimerism at 4 weeks after HSCT.

3.4. Complications of HSCT

A total of 9 studies reported the rate of Grade 2–4 aGVHD. The pooled rate across those studies
was 29.0% (95% CI, 25.5–32.7%; I2 63%; Figure 4A) [3,9–16], whereas the pooled rate of cGVHD was
35.6% (95% CI, 30.0–41.6%; I2 84%; Figure 4B), which was derived from 9 studies [3,7,9,10,12–16]. There
was a slight increase in the rate of NRM for each year of follow-up with the pooled 1-year NRM rate of
17.9% (95% CI, 16.1–19.8%; I2 0%; Figure 4C) [3,6,7,14–16], and the pooled 3-year NRM rate of 21.1%
(95% CI, 18.8–23.7%; I2 30%; Figure 4D) [6,7,9,11,12,14–16].
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Figure 4. Forest plots of pooled estimates (95% CI) for complications after HSCT; (A): Acute
graft-versus-host disease (aGVHD); (B): Chronic graft-versus-host disease (cGVHD); (C): 1-year
non-relapse mortality (NRM); (D): 3-year NRM.

3.5. Subgroup Analysis

The pooled 3-year OS rate of the patients who achieved CR1 or CR2 prior to HSCT was 60.1%
(95% CI, 55.1–64.8%; I2 48%; Figure 5A) [14,15] and 3-year LFS was 55.2% (95% CI, 51.6–58.7%; I2 0%;
Figure 5B) [14,15]. As for the patients with relapse or refractory disease, the pooled 3-year OS and LFS
rates were 27.8% (95% CI, 23.3–32.8%; I2 47%; Figure 5C) [11,12,16] and 23.7% (95% CI, 21.1–26.6%; I2

0%; Figure 5D) [12,16], respectively.

Figure 5. Forest plots of pooled estimates (95% CI) for outcomes of the patient’s subgroups; (A): 3-year
OS of CR1 or CR2 patients; (B): 3-year LFS of CR1 or CR2 patients; (C): 3-year OS of acute myeloid
leukemia (AML) patients with relapse and/or refractory disease; (D): 3-year LFS of high risk AML
patients with relapse and/or refractory disease.

A subgroup analysis based on the reported conditioning regimens showed that the patients
receiving a TBI-based regimen had a pooled 3-year OS rate of 58.5% (95% CI, 47.2–68.9%; I2 82%;
Figure 6A) [7,14,15] and a pooled 3-year LFS of 54.0% (95% CI, 43.6–64.1%; I2 80%; Figure 6B) [7,14,15].
With regard to the patients receiving Bu-based regimens, the pooled 3-year OS rate was 52.8% (95%
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CI, 39.8–65.3%; I2 80%; Figure 6C) [14,15] and the 3-year LFS was 48.2% (95% CI, 41.4–51.1%; I2 29%;
Figure 6D) [14,15].

Figure 6. Forest plots of pooled estimates (95% CI) for outcome outcomes of the patient’s subgroups; (A):
3-year OS of patients receiving total body irradiation (TBI)-based conditioning regimen; (B): 3-year LFS
of patients receiving TBI-based conditioning regimen; (C): 3-year OS of patients receiving busulfan-based
conditioning regimen; (D): 3-year LFS of patients receiving busulfan-based conditioning regimen.

3.6. Sensitivity Analysis

A sensitivity analysis was performed by excluding five studies by Ringden et al. [12],
Malard et al. [13], Heinicke et al. [14], Sheth et al. [15] and Saraceni et al. [16] from the pooled analyses
based on a concern over double-counting of patients. These five studies collected and reported data of
patients who were treated at several medical centers and some centers also reported their own data
separately (including the studies by Schmid et al. [3], Holtick et al. [6], Krejci et al. [7], Saure et al. [9],
Schneidawind et al. [10], and Pfrepper et al. [11], which were included in this meta-analysis). The
pooled 3-year OS, 3-year RR, and 3-year LFS were 34.9%, 47.2% and 41.6%, respectively. The new
pooled results, after exclusion of the aforementioned studies, were fairly similar to the results of the
original analysis as demonstrated in Supplementary Data 3.

4. Discussion

Although HSCT remains the most effective treatment option for AML, data from the National
Cancer Data Base on patients with AML aged ≥ 61 years who were diagnosed between 2003 and
2012 found that only about 6% of older patients (n = 17,555) underwent HSCT [20]. RIC regimens
were subsequently introduced with the aim of reducing adverse effects and making HSCT feasible
for elderly and fragile patients. However, RIC regimens alone may not be sufficient for patients with
high-risk features, such as persisting disease [21]. To overcome this limitation, FLAMSA-RIC was
introduced in 2005 and has been adopted in many countries [3]. The current study is the first systematic
review and meta-analysis to examine the efficacy and toxicity of the FLAMSA-RIC regimen for patients
with AML and MDS. Recently published trials comparing MAC vs. RIC showed controversial results.
For example, in the study of Scott et al., RIC led to significantly lower TRM but higher relapse rates
compared with MAC, suggesting the use of MAC as the standard of care for fit patients with AML and
MDS in CR [22]. In contrast, Bornhäuser et al. did not observe any difference between RIC and MAC
with regards to relapse rate, OS and TRM for intermediate and high-risk AML patients [23]. We found
a pooled 2-year OS rate of approximately 50%, which is lower than the reported results of Scott et al.
(18-month OS: 76.4% MAC and 63.4% RIC) and Bornhäuser et al. (3-year OS: 61% vs. 58%), but similar
or lower RR (FLAMSA: 2-year RR: 31.3%) compared to Scott et al. (18-month RR: 65.2%: MAC and
45.3%: RIC) and Bornhäuser et al. (3-year RR: 28% MAC and 26% RIC). In a retrospective analysis,
Eapen et al. analyzed the impact of conditioning regimes with varying intensity on outcome in 2209
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AML and MDS patients transplanted in complete remission [24]. The authors reported a higher 3-year
RR with 46% with Flu/Bu2 and 56% with Flu/Bu2+ATG. In line with this finding, a recent retrospective
EBMT analysis demonstrated a lower RR for FLAMSA-RIC compared to Flu/Bu2 in AML patients in
CR1 and CR2 [14], suggesting that this patient group could benefit from FLAMSA-RIC. The clinical
outcome was similar using either a TBI or Bu-based FLAMSA regimen. Considering the side-effects of
TBI, FLAMSA-Bu appears to be an effective alternative to FLAMSA-TBI.

With regard to patients with active disease in this meta-analysis, the 3-year OS and LFS rates were
27.8% and 23.7%, respectively. Given, that only 46% of AML patients with induction failure respond
to chemotherapy and that 52% with refractory disease die within 90 days [25], FLAMSA-RIC is a
reasonable treatment option for this otherwise difficult to treat patient cohort. Interestingly, Bohl et al.
recently showed a correlation between tumor load and outcome for FLAMSA-RIC, underscoring the
relevance of a high tumor burden as one of the strongest negative predictors for treatment outcome
after HSCT especially in relapsed or refractory AML patients [8]. Although Goyal et al. showed that
the exclusive presence of extramedullary disease did not impact on outcome after HSCT [26], Bohl et al.
noted that that FLAMSA-RIC followed by HSCT is not effective in patients with concurrent active
bone marrow and extramedullary disease [8], which led to a change of practice in our institution.

The results may also suggest that the addition of FLAMSA to RIC may help to alleviate
the aggressive behavior of the disease, which will ultimately help to improve survival outcome.
Furthermore, the FLAMSA-RIC regimen did not appear to increase the risk of serious toxicity with
the comparable 1-year NRM rate to those who received RIC regimens alone (17.9% versus 28% [27],
respectively), as well as the comparable rate of grade 2–4 aGVHD events (29% versus 35% [27],
respectively).

The limitations of this study are mainly due to the observational nature of the included primary
studies. Varying event rates such as OS, LFS and RR among the included studies could attributed
to differences in the analyzed patient cohorts and treatment protocols in each study. Furthermore,
without a direct prospective head-to-head comparison, a conclusion on whether the FLAMSA-RIC
regimen offers a superior survival benefit compared with RIC regimens alone among patients who do
not achieve CR cannot be made. Randomized controlled trials comparing the FLAMSA-RIC regimen
with RIC regimens alone are still needed. Ongoing randomized trials such as NCT01423175 and
NCT00606723 comparing FLAMSA-RIC with alternative conditioning regimes will eventually prove
its efficacy and toxicity as a standard conditioning protocol for high risk AML.

5. Conclusions

A FLAMSA-RIC regimen is an effective and well-tolerated regimen for HSCT in patients with
AML and MDS, even among those who do not achieve complete remission.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/9/1437/s1,
Supplementary data 1: Search strategy, Supplementary data 2: The Preferred Reporting Items for Systematic
Reviews and Meta-Analyses statement, Supplementary data 3: Sensitivity analysis of the odds of outcomes after
HSCT; A: 3-year OS; B: 2-year relapse rate; C: 3-year relapse rate; D: 3-year LFS; E: aGVHD; F: cGVHD; G: 3-year
NRM., Table S1: FLAMSA-RIC regimen, GvHD prophylaxis, and prophylactic donor lymphocyte transfusions in
each study.
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Abbreviation

Abbreviation Full Name

aGVHD acute graft-versus-host disease;
AML acute myeloid leukemia
Bu busulfan
CI confidence interval
cGVHD chronic graft-versus-host disease
CR complete remission
Cy cyclophosphamide
CyA cyclosporine A
Flu fludarabine
GVHD graft-versus-host disease
HLA human leukocyte antigen
HSCT hematopoietic stem cell transplantation
LFS leukemia-free survival
MAC myeloablative conditioning
MDS MMUD mismatched unrelated donors
MRD matched related donor
MUD matched unrelated donors
NRM non-relapse mortality
OS overall survival
rATG rabbit anti-thymocyte globulin
RIC reduced-intensity conditioning
RR relapse rate
TBI total body irradiation
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Abstract: In recent decades, therapy for acute myeloid leukemia (AML) has remained relatively
unchanged, with chemotherapy regimens primarily consisting of an induction regimen based on
a daunorubicin and cytarabine backbone, followed by consolidation chemotherapy. Patients who
are relapsed or refractory can be treated with allogeneic hematopoietic stem-cell transplantation
with modest benefits to event-free and overall survival. Other modalities of immunotherapy include
antibody therapies, which hold considerable promise and can be categorized into unconjugated
classical antibodies, multivalent recombinant antibodies (bi-, tri- and quad-specific), toxin-conjugated
antibodies and radio-conjugated antibodies. While unconjugated antibodies can facilitate Natural
Killer (NK) cell antibody-dependent cell-mediated cytotoxicity (ADCC), bi- and tri-specific antibodies
can engage either NK cells or T-cells to redirect cytotoxicity against AML targets in a highly efficient
manner, similarly to classic ADCC. Finally, toxin-conjugated and radio-conjugated antibodies can
increase the potency of antibody therapies. Several AML tumour-associated antigens are at the
forefront of targeted therapy development, which include CD33, CD123, CD13, CLL-1 and CD38
and which may be present on both AML blasts and leukemic stem cells. This review focused on
antibody therapies for AML, including pre-clinical studies of these agents and those that are either
entering or have been tested in early phase clinical trials. Antibodies for checkpoint inhibition and
microenvironment targeting in AML were excluded from this review.

Keywords: acute myeloid leukemia; AML; antibody; bi-specific antibody; therapy

1. Introduction

The discovery of a means to generate murine monoclonal antibodies by George Köhler and
César Milstein garnered the 1984 Nobel Prize in Medicine and paved the way for a new class of
therapeutics [1]. Monoclonal antibodies (mAbs) have transformed therapy for numerous diseases,
including cancer. Rituximab (anti-CD20 chimeric antibody) was the first monoclonal antibody approved
for use in cancer and tested experimentally in a clinical trial for lymphoma in 1998 [2]. The approach
to the antibody therapy of cancer has developed rapidly, leading to several general therapeutic
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approaches: (1) unconjugated classical antibodies (e.g., rituximab/Rituxan), (2) toxin-conjugated
antibodies (e.g., gemtuzumab ozogamicin (GO)/Mylotarg), (3) bi- and tri-specific recombinant
antibodies (e.g., blinatumomab/Blincyto), and 4) radio-conjugated antibodies (e.g., 131I-BC8/Iomab-B).
Acute myeloid leukemia (AML) represents a challenging malignancy to treat, particularly in the
situation of relapsed and refractory AML (R/R AML), and antibody therapeutics have not, in general,
become a standard of care for most patients. In this review, we will discuss basic aspects of AML
biology, which inform the strategies that have been used in developing targeted antibody therapies to
complement, enhance or replace existing standards of care. We highlighted four major approaches to
antibody therapy, emphasizing mechanisms of cytotoxicity and data from both pre-clinical and clinical
studies of specific agents. We will not cover checkpoint inhibitors that facilitate T-cell anti-tumour
responses (e.g., ipilimumab/Yervoy; anti-CTLA-4), or similar approaches to facilitate macrophage
anti-tumour responses (i.e., Hu5F9-G4; anti-CD47), or antibodies not directed at cancer cells specifically,
such as those that target stroma (BMS-936564/MDX1338/ulocuplumab; anti-CXCR4).

1.1. Current Standard of Care for AML

The core of most AML chemotherapy regimens consists of continuously infused cytarabine with
anthracyclines such as daunorubicin [3]. The most frequently used regimen, referred to as “3 + 7”,
consists of continuous infusion of cytarabine at 100 mg/m2 for seven days and rapid intravenous
injection of daunorubicin on the first three days of the treatment cycle [4]. Another subsequent trial
showed improved complete response (CR) rates, with 45 mg/m2 of daunorubicin over lower doses,
particularly in younger patients [5]. Dose intensification of cytarabine and daunorubicin at 45 or
90 mg/m2 for 3 days was assessed in a large prospective trial showing that adverse events were similar
in both arms and a significantly higher complete remission rate was achieved with higher dosing of
daunorubicin (67.6% vs. 57.2%). However, in this study, OS was only significantly improved in patients
with favorable or intermediate risk cytogenetics [6]. Further studies also confirmed the improved
efficacy of high dose daunorubicin (90 mg/m2), including subgroup analysis that showed superior
outcomes in patients with mutations in DNMT3A, NPM1, and MLL [7–9]. The UK National Cancer
Research Institute AML17 trial compared an intermediate 60 mg/m2 dose to 90 mg/m2 and found
no differences in CR rate but a higher dose arm was associated with greater mortality at day 60 [10].
Current recommendations suggest that daunorubicin doses should be ≥60 mg/m2 in all cases [11].

Several attempts have been made to improve upon the success of induction chemotherapy by
adding other agents, but none have shown significant improvements in outcomes without increasing
toxicity. The topoisomerase II inhibitor, etoposide, has single agent activity against AML and has
been incorporated into induction or consolidation protocols depending on the risk category, age,
and cardiac status of the patient [12]. However, there are no data to suggest that adding etoposide
or 6-thioguanine to 3 + 7 improves outcomes [13,14]. More intense combination regimens, such as
FLAG-Ida (Fludarabine, Cytarabine, Idarubicin, and Filgrastim), have higher rates of CR but are
associated with increased toxicity, resulting in no improvement in overall survival [15,16].

A risk-adapted approach may be beneficial in certain situations. AML with FLT3-ITD mutations
may benefit from the addition of targeted therapy with tyrosine kinase inhibitors (TKIs) like
midostaurin [17]. Similarly, the addition of GO has improved outcomes in patients with favourable risk
of AML with core binding factor mutations [18]. More recently, a specialized liposomal formulation
containing cytarabine and daunorubicin (CPX-351/Vyxeos) was evaluated in patients with R/R-AML,
and later, in patients with de novo high-risk or secondary AML, with improvements in survival in
both settings [19–21]. This drug is now approved for use in therapy-related AML and AML with
myelodysplasia-related changes [22,23].

Furthermore, patients unable to tolerate standard chemotherapy have benefited from venetoclax,
an oral B-cell leukemia/lymphoma-2 (BCL-2) inhibitor with a 19% overall response rate and an
additional 19% demonstrating partial anti-leukemic activity [24]. A subsequent phase 1b study of
venetoclax in patients ≥65 years of age with treatment-naive AML ineligible for standard chemotherapy
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who received oral venetoclax in combination with the hypomethylating agents decitabine or azacytidine
resulted in a 67% CR or Cri, maintained with a median duration of 11.3 months [25].

Virtually all patients who achieve CR relapse without post-remission therapy [26]. Consolidation
chemotherapy with high-dose cytarabine (HiDAC) was found to be effective in preventing relapse in up
to 44% of patients who did not receive allogeneic hematopoietic stem-cell transplantation (HSCT) [27].
While there are significant variations in doses between centers, a dose of 3 g/m2 administered on
days 1, 3, and 5 of each course was considered optimal [28]. Finally, it has been well established that
allogeneic HSCT is the post-remission treatment of choice in eligible patients with intermediate or
high-risk AML [29].

However, despite these therapies, five-year survival for AML patients was approximately 40% in
adults [30] and 60% in children [31], with high-risk groups faring much worse (<10%) [32]. Survival
outcomes remained particularly poor for patients over the age of 60 [33]. To improve outcomes,
novel therapeutics are needed and antibody-based therapeutics have the potential to integrate with
currently used standard-of-care regimens. However, selecting the right antibody-based treatment
strategy in combination with complementary AML biological aspects, such as target antigens and
leukemogenic stem cells, is key to providing patients with long-term leukemic-free survival.

1.2. AML Cell Surface Antigens

AML cells typically express antigens found on normal myeloid progenitor and differentiated
cells, such as macrophages and monocytes, with aberrant expression of other lineage markers. AML
expresses the pan-leukocyte marker CD45 and other myeloid markers such as CD11b, CD13 and CD33.
A review of 106 adult AML cases was conducted to assess immunophenotypic variation based on
the French-American-British (FAB) classification using a 22-antibody panel [34]. The most commonly
expressed antigens were CD45 (97.2%), CD33 (95.3%), and CD13 (94.3%). Lymphoid-associated
antigens were expressed in approximately half of cases, with the following descending order of
frequency: CD20 (17%), CD7 (16%), CD19 (9.8%), CD2 (7.5%), CD3 (6.7%), CD5 (4.8%), and CD10
(2.9%). CD56, typically found on NK cells, can also be found on AML cells, but not on normal myeloid
cells. CD56 expression in t(8;21) AML was associated with a higher rate of relapse [35]. These markers
provide potential therapeutic targets to exploit.

1.3. Cancer Stem Cell Hypothesis and Optimal Antigen Targets in AML

Normal hematopoietic stem cells were first discovered by Till and McCulloch [36], which led them
to explore the underlying process that determined cell fate decision to self-renew or differentiate based
on stochastic or deterministic models. Ultimately, hematopoietic stem cells (HSCs) were identified as
being enriched in the CD34 + CD38- fraction of bone marrow cells and cord blood [37] and capable
of recapitulating an entire hematopoietic system in both animal and human models. The concept of
a cancer stem cell in leukemia was proposed by Bruce et al. [38] and provided an alternative to the
stochastic model to explain rare tumour-initiating cells. One additional feature of this theory was that
cancer cells could differentiate along a hierarchy somewhat analogous to normal HSCs. Leukemia
stem cells (LSCs) in AML were the first identified cancer stem-cell population, which were shown to be
enriched in the CD34 + CD38- fraction of whole blasts, as measured by the ability to engraft in the
bone marrow of immunodeficient mice [39,40]. Most subsequent studies of leukemic stem cells (LSCs)
have focused on the CD34 + CD38- definition with or without addition of CD123 or CLL-1 [41–43],
and these have informed the majority of therapeutic strategies to date that target LSCs. Other markers
that are expressed on LSCs and have utility in further discriminating them from HSCs include CD7,
CD32, CD45RA, CD96, CD99, CD157, CD244, IL-1 receptor accessory protein (IL-1RAP) [44], and T cell
immunoglobulin mucin-3 (TIM-3), which are discussed briefly below. However, some of these antigens
are expressed on normal tissues and might pose challenges to target therapeutically. CD7 and CD96
were both found on T and NK cells populations [45,46], CD32 on myeloid cells and B-cells [47],
CD45RA on naïve T-cells [48], CD99 on all leukocytes [49], CD244 on NK and T cells [50], CD157 on
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all myeloid progenitors, neutrophils and macrophage [51], IL-1RAP on neutrophils, monocytes and
lymphocytes [52] and TIM-3 on T, NK, macrophage and dendritic cells [53]. CD96 has been shown to
be expressed on the majority of AML LSCs, with minimal expression on HSCs making it a potential
target [54]. TIM-3 is expressed on LSCs in most types of AML, but is absent on HSCs and can be
therapeutically targeted in AML xenograft models with TIM-3 specific antibodies [55]. CD157 has been
shown to be present on 97% of primary AML blasts, with some expression on LSC sub-populations
and a novel humanized antibody has been generated with in vitro activity in combination with NK
cells [56]. CD244 has been implicated in maintaining and driving LSCs and represents an emerging
target [57].

Finally, several lines of evidence support the clinical relevance of what is commonly referred
to in the field as the leukemic stem cell (LSC) hypothesis: (1) a higher engraftment capacity in the
bone marrow of murine recipients correlates with worse survival [58], (2) patients whose whole AML
samples had a gene expression profile similar to LSCs or HSCs had worse survival and could risk
stratify patients independent of known prognostic factors [59], and (3) patients with a high burden of
CD34 + CD38- AML cells at diagnosis correlated with poor survival [41,42]. These findings support the
notion that an optimal target would include a LSC population in the whole cell leukemic population.
In this review, we focused primarily on LSC- and leukemic blast-associated cell-surface antigens for
the various targeting strategies, as these are optimal targets for achieving curative therapy.

1.4. Optimal Targets in AML Therapy (CD33, CD123, CD13, CLL-1 and CD38)

CD33 is a 67 kDa immunoglobulin superfamily glycoprotein that is classified as a sialic acid-binding
immunoglobulin-like lectin (Siglec) which has two immunoreceptor tyrosine-based inhibitor motifs
(ITIMs). Phosphorylation events lead to distal activation of SHP1 and SHP2. CD33 appears on early
myelomonocytic lineage-committed cells in normal hematopoiesis. It is expressed on 99% of AML
blasts and LSCs.

CD123 is the interleukin (IL)-3 receptor alpha chain and is a type I transmembrane glycoprotein [60].
The beta chain (CDw131) for the IL-3 receptor is common to the IL-5 and granulocyte monocyte-colony
stimulating factor (GM-CSF) receptors [61]. When CD123 is coupled to CDw131, the binding infinity
for IL-3 increases dramatically, facilitating signal transduction from low concentrations of IL-3 [62].
IL-3 is important in driving myeloid differentiation and can activate STAT5. CD123 is present on
~99% of CD34 + CD38- LSCs [63] and on the majority of leukemic blasts. Importantly, CD123 is not
highly expressed on normal hematopoietic stem cells [64], making it a potential therapeutic target.
CD123 is expressed on committed hematopoietic progenitor cells and mediates differentiation and
proliferation. CD123 is also expressed on cells of the hematopoietic system (monocytes, neutrophils,
basophils, eosinophils, megakaryocytes and erythroid precursors, mast cells, macrophages, some B
lymphocytes) and non-hematopoietic tissue (Leyding cells of the testis, placenta, and brain) [60].

CD13 is a zinc-dependent metalloprotease with enzymatic activity of N-terminal amino acid
cleavage from peptides [65]. It is present on normal myeloid cells and is involved in several cellular
functions, including adhesion, differentiation, proliferation, apoptosis, and phagocytosis, and is
overexpressed on AML cells [66]. It is expressed on both blasts and LSCs. Antibodies which can bind
to CD13 can not only facilitate ADCC, but also inhibit proliferation and trigger apoptosis of AML cells,
but not against normal CD13-expressing blood cells [67].

C-type lectin-like receptor 1 (CLL-1) belongs to group V of the C-type lectin-like receptor family,
which is calcium independent [68,69]. Based on the structure, C-type lectin and C-type-like lectin
receptors are categorized into type I and type II receptor. CLL-1 is not expressed on HSCs, but is
expressed on myeloid committed progenitors and on differentiated myeloid cells, such as peripheral
blood monocytes, dendritic cells, and granulocytes [68]. However, it is expressed on LSCs [70], making
it a potentially relevant target for antibody therapeutics.

CD38 is made up of a single chain of 300 amino acids with a molecular weight of 45 kDa and is
expressed by hematopoietic and non-hematopoietic cells, including NK cells and monocytes (reviewed
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in [71]). Other CD38+ cells include smooth and striated muscle cells, renal tubules, retinal ganglion
cells, and cornea (reviewed in [72]). CD38 is involved in lymphocyte signal transduction [73] and
adhesion [74]. The binding of CD38 to the ligand CD31 (PECAM-1) initiates a signaling cascade
that includes the phosphorylation of sequential intracellular targets and increases cytoplasmic Ca2+

levels, mediating different biological events, depending on the cell type (e.g., activation, proliferation,
apoptosis, cytokine secretion and homing). While the absence of CD38 was used to establish classic LSC
definitions [39], subsequent work demonstrated that LSCs can exist in the CD34+CD38+ compartment
of a significant number of primary AML samples [75]. Interestingly, CD38, a well-studied target for
multiple myeloma [76], has been less focused on as a target for AML. This target is of potential interest
for AML, given that 75% of AML samples express CD38 and there are anti-CD38 mAbs approved for
multiple myeloma with established safety profiles.

1.5. Additional Targets in AML (WT-1, CD15, CD25, CD30, CD45)

Several other AML target candidates that have greater limitations than the previously listed
antigens have been studied and are briefly summarized here. WT1 is a zinc finger transcription factor
and an oncogene in AML progression and detectable in the majority of AML samples [77], but is an
intracellular protein not expressed on the cell surface. However, mutations can be detected by T-cells
through the presentation of mutant peptides in the context of HLA class I. This antigen presentation has
been exploited by a novel BiTE construct specific for CD3 and a WT1 epitope presented in the context
of HLA-A*02:01 [78]. However, this approach is limited compared with targeting tumour-associated
antigens (TAAs) and may be complicated by cross-reactivity with other antigens presented with this
HLA subtype [79]. CD15 is another antigen expressed on AML cells, but is only expressed on AML
blasts and not LSCs, and is also present on many normal myeloid cells, making it a suboptimal target.
CD25 (IL-2R alpha chain), another target selected by some investigators, is present on blasts and LSCs,
but is not as widely expressed as other AML antigens, and is present on other IL-2-dependent cell
types such as regulatory T-cells (Tregs), which could lead to undesirable side-effects.

CD45 is a type 1 transmembrane glycoprotein present on all hematopoietic cells [80]. It has
tyrosine phosphatase activity and is involved in signal transduction with several isoforms (E3_8,
CD45RO, CD45RB, CD45 RABC) derived from alternative splicing [81,82]. While CD45 is not an ideal
target, as it is expressed on all hematopoietic cells, it can be used for myeloablative conditioning prior
to HSCT, which is covered in the section on radio-immunotherapy.

2. Unconjugated Antibody Therapies

Unconjugated antibody therapy relies on important structural regions, each of which have a
specific function. The basic structure of a mAb involves two identical heavy chains each with variable
regions (VH) and two identical light chains each with variable regions (VL). These are joined by
disulphide bonds to create the classical antibody Y structure. The fragment crystallizable (Fc) portion
has regions that allow for cells of the innate immune system to bind by Fcγ receptors (FcγRs) or for
complement binding. The VL and VH contain the complementarity determining regions which provide
mAbs with a high antigen binding affinity and specificity.

The major mechanism of action of many classical therapeutic mAbs is NK cell antibody-dependent
cell-mediated cytotoxicity (ADCC), which involves exocytosis of granules containing perforin and
granzymes onto target cells (Figure 1G) [83]. Following an encounter with another cell, an NK cell forms
an immunological synapse (IS) [84]. If there are sufficient activation signals on the potential target cell
and also a lack of inhibitory signals, a cytolytic response will be triggered. Antibody-coated targets may
bind Fcγ receptor III (CD16) on NK cells and induce cytotoxicity, which can over-ride inhibitory signals.
This requires cytoskeletal rearrangement and re-orientation of the granules to the IS, followed by fusion
into the synapse, and subsequent contact of granule contents with the plasma membrane of the target
cell. Granules contain perforin, which can create pores in the membranes of target cells following
cytolytic effector degranulation [85,86]. Serine proteases termed granzymes are also contained within
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granules. Granzyme A was the first characterized family member in T cell granules [87,88]. Granzymes
are facilitated entry by perforin, where they are able to initiate apoptosis by both caspase-dependent
and independent pathways. Perforin is a 70-Kda protein that requires free calcium and neutral pH
to optimally integrate into the target membrane. Granzyme B induces DNA damage through the
activation of caspase activity and has been shown to partially process procaspase 3, which requires the
release of other proapoptotic factors from the mitochondria to complete apoptosis [89]. By contrast,
granzyme A is unable to activate caspases, but instead targets nuclear proteins directly to induce DNA
single-stranded DNA breaks and fragmentation by a caspase-independent pathway [90].

Furthermore, antibodies may also bind to activating receptors on NK cells and engage FcγR on
AML cells in the reverse position to classical ADCC, in a process termed reverse-ADCC (R-ADCC)
(Figure 1J) first demonstrated by Saxena et al. [91]. R-ADDC can stimulate granule exocytosis with
similar potency to ADCC at concentrations as low as 0.001 μg/mL by bridging an FcγR positive target
with an NK cell [92]. Pre-treatment of NK cell lines with mAbs to the natural cytotoxicity receptors
(NCRs), NKp30 and NKp44, can facilitate a several-fold enhancement of cytotoxicity against leukemia
cell lines and primary AML blasts which express FcγRs [93]. Although no humanized anti-NKp30
antibody has been developed yet, this approach could be used to target FcγR-positive cancers, which
includes approximately two thirds of the primary AML samples [94].

Antibodies can facilitate antibody-dependent phagocytosis (ADCP) by macrophage and
neutrophils owing to their expression of all classes of FcγRs, in contrast to NK cells, which express
only FcγRIIIA (CD16) (reviewed in [95]). Antibody-coated cancer cells may become engulfed by
macrophages or neutrophils, leading to their destruction and also to antigen presentation that could
result in an adaptive anti-tumour immune response. Elotuzumab (anti-SLAMF7) has been approved
for treatment of multiple myeloma and has demonstrated ADCP as a mechanism [96] in addition to
ADDC and NK-cell activation.

Antibodies can also mediate cytotoxicity against cancer cells by complement dependent cytotoxicity
(CDC) via the classical pathway (reviewed in [97]). Briefly, CDC involves initial binding of C1 via
its C1q subcomponent to two adjacent cell-bound antibodies, leading to the recruitment of other
components (C4, C2) and ultimately forming a C3 and C5 convertase. This leads to another cascade
involving components C5-C9 with the final formation of the membrane attack complex, which results
in pore formation in the target cell, and ultimately, osmotic lysis.

2.1. CSL360/CSL362 (Talacotuzumab)

The murine anti-human CD123 mAb 7G3 has been modified into two versions: chimeric CSL360
and humanized CSL362 (talcotuzumab). CSL360 has the variable region of 7G3 and is fused with
the backbone of a human IgG1 through genetic engineering. Unfortunately, in a phase I clinical trial
of 40 relapsed and refractory AML patients, CSL360 was unable to provide therapeutic benefit in
all but two cases [98]. As a consequence, CSL360 was not pursued for further clinical development.
A second-generation version of this antibody, CSL362, was Fc optimized to bind CD16A on NK
cells with better affinity, as well as affinity matured to better bind to CD123 by its variable region
(Figure 1G). CSL362 was tested in a Phase 1 clinical trial of AML patients in first or second CR as
consolidation therapy which, at interim report, had 25 patients and was generally well tolerated,
with three severe adverse events reported and no deaths from toxicity [99]. Ten patients maintained
a CR for greater than or equal to 6 months (median 34 weeks) and of six MRD-positive patients,
three converted to MRD-negative. While a further Phase II study of talocotuzumab and decitabine for
AML (NCT02472145) was completed by Janssen, this trial did not meet the endpoint criterion to justify
the further development of CSL362. However, these clinical results indicate that targeting CD123 has
some anti-leukemic effect, when the mAb is engineered to provide more potent ADCC activation.
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Figure 1. Antibody facilitated T and natural killer (NK) cell cytolysis of leukemia cells. T-cells and NK
cells can be redirected to kill acute myeloid leukemia (AML) targets using a variety of antibody formats
derived from the natively occurring IgG immunoglobulin molecule. Various approaches are diagrammed
with key examples of each antibody format that has been developed. T-cell redirecting antibodies
include (A) Bispecific tandem fragment variable format (BiTE, scBsTaFv), of which AMG 330 is an
example (CD33 × CD3); (B) Dual Affinity Re-targeting Antibody (DART) (CD123 × CD3); (C) Bispecific
single-chain Fv (scFv) immunofusion (Bif) (CD123 × CD3); (D) Bispecific tandem diabodies (TandAb)
(AMV-564) (CD33 × CD3); (E) Duobody (CD123 × CD3); (F) Chemically conjugated Fab (CD3 × CD13).
NK cell redirecting antibodies include (G) native IgG via antibody-dependent cell-mediated cytotoxicity
(ADCC) (e.g., anti-CD123 mAb) CSL362); (H) Bi-specific Killer cell Engager (BiKE) (CD16 × CD33);
(I) Tandem triple scfv (sctb); (CD33 × CD33 × CD16); (J) native IgG via reverse-ADCC; antibody
directed against a natural cytotoxicity receptor (e.g., anti-NKp30); (K) Chemically conjugated antibodies
(CD16 × CD33); (L) Tandem triple scfv (sctb); (CD33 × CD123 × CD16).
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2.2. Lintuzimab and Bl 835858

Lintuzumab (SGN-33, HuM195) is an unconjugated anti-CD33 mAb which has been tested
in several clinical trials for AML (NCT00002609, NCT00002800, NCT00006084, NCT00016159,
NCT00283114, NCT00502112, NCT00528333, and NCT00997243) in combination with standard
induction chemotherapy and a maintenance monotherapy in R/R AML (reviewed in [100]). Both a phase
2b randomized trial [101] and a phase 3 randomized trial [102] of lintuzumab did not demonstrate
survival benefit and the agent was not pursued further but has been applied for the delivery of
radionuclides and described in a subsequent section. Another unconjugated anti-CD33 mAb, BI 836858,
is Fc optimized through engineering, leading to improved NK cell-mediated ADCC relative to
native antibody Fc [103]. Several clinical trials of BI 836,858 are currently underway for R/R AML
(NCT02632721 NCT01690624) and AML relapsing post HSCT (NCT03207191).

2.3. Daratumumab (Darzalex), Isatuximab

Daratumumab is a fully human IgG1 kappa mAb that targets CD38 and was generated using the
HuMAb platform with human antibody transgenic mice [104]. Daratumumab was originally evaluated
in and approved for use in multiple myeloma (MM) in 2015 [105]. Daratumumab has been tested against
primary AML targets in vitro, demonstrating apoptosis induction, ADCC and CDC as mechanisms of
cytotoxicity, as well as being shown to reduce leukemic burden in the spleen and peripheral blood,
but not in bone marrow in primary AML xenograft models [106]. Its mechanism of action includes
(CDC), ADCC [107] and (ADCP). Investigators at MD Anderson Cancer Center are currently evaluating
the efficacy of daratumumab as a stand-alone treatment for R/R AML (NCT 03067571), while Ohio
State University is evaluating its effectiveness in combination with donor leukocyte infusions (DLI) for
AML patients who have relapsed after allogeneic HSCT (NCT 03537599).

Another anti-CD38 antibody, isatuximab, has also been tested in MM, NHL, and CLL patients
in a phase 1 trial [108] and a phase 3 trial in patients with MM, which showed improvement in
progression-free survival. One advantage of isatuximab versus daratumumab is the need for less
frequent dosing, though no head-to-head comparison of efficacy has been performed. A study of
isatumximab recently opened a phase I/II trial for pediatric patients with R/R AML and ALL for use
with combination chemotherapy (NCT 03860844).

3. Multivalent Antibody Therapies

Multivalent antibodies with, bi-, tri- and quadri-specific binding domains are engineered constructs
which combine specificities of two or more antibodies into one molecular product that is designed to
bind to both a TAA and an activating receptor on the effector cells, typically a T cell or natural-killer
(NK) cell. There are several different structural variants of bispecific antibodies, which, in turn,
can be utilized to target various combinations of effector and tumour targets antigens [109]. The first
FDA-approved dual-binding antibody was blinatumomab, a bispecific T-cell engager (BiTE) developed
by Amgen with specificities for CD3 and CD19 for treatment of acute lymphoblastic leukemia (ALL).
BiTE format antibodies (tandem di-scFv) are engineered products involving combining the VL and
VH domains of a monoclonal antibody into a single chain fragment variable (scFv) specific to an
activating receptor (e.g., CD3) and further linked to the scFv of an antibody specific to a target antigen
(e.g., CD19). The CD19 × CD3 BiTE was able to induce remissions in relapsed and refractory ALL
that had failed other therapies [110,111] and was recently approved by the FDA for ALL patients with
minimal residual disease (MRD) [112]. Because of the low molecular weight of blinatumomab, it is
rapidly cleared by the kidneys and excreted through the urine, requiring administration by continuous
infusion for up to several weeks [110]. Hence, for clinical use, there are challenges in cost and practical
applications. Nonetheless, this technology is powerful, as it can be used as a general approach to
redirect T-cells toward any antigen of interest. It can also be applied to engineered antibody fragments
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with different formats than the BiTE, such as DART and Duobody, also increasing valency, such as
with tri-specific antibodies.

In general, most bi- and tri-specific engineered antibodies lack an Fc region and therefore,
do not have the ability to mediate CDC and ADCC. Moreover, the engagement of NK cells to targets
by bi- or tri-specific antibodies can result in immediate degranulation, owing to their preformed
granules [113,114], whereas only a subset of primed T-cells can optimally be redirected to mediated
cytotoxicity against against cancer-cell targets [115]. Only three bi-specific antibodies have been entered
into clinical trials for AML, which are registered on ClinicalTrials.gov (Table 1) and are discussed in
more detail with other bi-, tri- and quadri-specific formats in the pre-clinical stage of development.

Table 1. Clinical trials of bispecific antibody therapy for AML.

NCI Clinical
Trial and Phase

Target Agent(s)
Inclusion
Criteria

Estimated Start
and End Dates

Outcomes Status

NCT02715011
Phase 1 CD123

JNJ-63709178
CD123 × CD3

Duobody

≥18 years of
age with R/R

AML

June 2016
October 2021

MTD, ORR, 1.5 year
EFS and RFS Suspended

NCT02520427
Phase 1 CD33

AMG330
CD33 × CD3
Tandem scFv

(BiTE)

≥18 years of
age with R/R

AML

August 2015
January 2020

MTD and ORR
duration at 3 years Suspended

NCT02152956
Phase 1 CD123

MGD006
CD123 × CD3

DART
flotetuzumab

≥18 years of
age with R/R

AML

May 2014
April 2020

MTD and OS at
2 years Recruiting

AML: acute myeloid leukemia; R/R: felapsed/refractory; MTD: maximum tolerated dose; ORR: overall response rate
(CR + CRi); OS: overall survival; RFS: relapse free survival.

3.1. Bispecific Tandem Fragment Variable Format (BiTE, scBsTaFv)

Given the success of blinatumomab for ALL, Amgen subsequently developed AMG 330, which is
a CD33 × CD3 specific BiTE for treatment of AML (Figure 1A). The CD33 × CD3 BiTE can facilitate
T-cell activation, expansion and in vitro lysis of primary AML cells [116,117]. Furthermore, AMG 330,
in combination with infusions of activated human T cells, could suppress the growth of AML cells
in a MOLM-13 cell line xenograft model, leading to improved survival [118]. Furthermore, AMG
330 could facilitate the cytotoxicity of both autologous and healthy donor allogenic T-cells against
primary AML [119]. Recently, preliminary data for AMG330 was presented at the American Society
for Hematology (ASH) meeting for patients with relapsed and refractory AML (NCT02520427) [120].
This was a phase 1 dose escalation study with 35 patients (enrolment to 40 in progress) to evaluate the
safety, pharmacokinetics and tolerance. Four patients (10%) achieved a CR or a CR with incomplete
blood count recovery treated with 120 or 240 ug/day. However, these CRs were not sustained beyond one
cycle of treatment and the majority of patients discontinued treatment because of disease progression.
Adverse events included cytokine release syndrome (CRS), febrile neutropenia, pneumonia, leukopenia,
pyrexia, thrombocytopenia and subdural hematoma. Although this study established a tolerable
dose, there was a low frequency of remission induction and short durations of remission in the
four responders.

Another bispecific antibody format termed single-chain bispecific tandem fragment variable
(scBsTaFv) provides an alternative to tandem scFv fragments in the BiTE format. This approach
attaches the VH of an anti-CD3 mAb to the VL of an anti-CD33 mAb with the two tandem scFv
joined by a glycine-serine linker. Further optimization of this format was resolved by rearranging
the variable regions. A CD33 × CD3 scBsTaFv construct was able to facilitate the cytotoxicity of
allogeneic mononuclear cells (PBMC) against CD33-expressing target cells [121]. This CD33 × CD3
scBsTaFv bispecific antibody was further humanized, reducing the probability of the patient mounting
an immune response against the agent and was effective in picomolar concentrations, was independent
of CD33 antigen density and did not redirect cytotoxicity to HSCs, as measured by a clonogenic
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assay [122]. An additional modification was to add 4-1BB ligand (4-1BBL), a co-stimulatory molecule
which further enhanced T cell cytotoxicity against AML cells, against CD33low targets, relative to the
parental construct [123].

3.2. Dual-Affinity Retargeting (DART)

Dual-affinity retargeting (DART) molecules are generated from a VH and VL taken from two distinct
mAbs in a format distinct from BiTE to target two distinct antigens (Figure 1B). Specifically, a CD123 ×
CD3 DART was developed by Macrogenics (flotetuzumab), which can redirect T cells to target and kill
AML cells, as well as stimulate T-cell proliferation [124]. The CD123 × CD3 DART was able to suppress
leukemia progression in a CD123 + GFP + CBRLuc K562 murine xenograft model as measured by
bioluminescence. The preliminary results of a phase 1 clinical trial of flotetuzumab demonstrated that
it had anti-leukemic activity in 57% of a cohort of 45 patients with R/R AML/MDS (89% AML). Toxicity
was reported and included infusion-related fever, chills, tachycardia, and hypotension, which were
not severe. Importantly, the overall response rate (ORR) was 43%. Thus, the preliminary results are
encouraging for DART as a potential effective targeted therapeutic for R/R AML.

3.3. Bispecific scFv Immunofusion or BIf

A novel and interesting bi-specific antibody format is the Bispecific scFv Immunofusion (BIf) with
an scFv fused at the N-terminus of human IgG1 hinge region with a second scFv at the C-terminus
(Figure 1C). The first described BIf was an CD123 × CD3 construct which would form pairs as a
homodimer with a tumour target binding Kd of 1.0 × 10−10 molar which is superior to other bispecific
antibody formats and can facilitate T-cell mediated cytotoxicity in vitro at low effector:target ratios [125].
Due to an intact Fc, it has a longer half-life than the lower molecular weight classical BiTE molecules
and, hence, a longer therapeutic exposure to AML cells.

3.4. Bispecific Tandem Diabodies (TandAb)

Bispecific tandem diabodies (TandAb), also termed bispecific tetravalent antibodies, have a
unique structure with two homologous immunoglobulin chains running counter to each other
(VHA-VLB-VHB-VLA)2 (Figure 1D) [126]. A CD30 × CD3 TandAb (AFM13) is being tested in clinical
trials for cutaneous lymphoma (NCT 03192202—recruiting), R/R Hodgkin lymphoma (NCT 02321592
(recruiting and NCT 02665650—completed). A CD33 × CD3 TandAb has been generated (AMV-564)
which, in the presence of T cells, can mediate dose-dependent cytotoxicity against primary AML targets
from newly diagnosed and refractory or relapsed patients in vitro. AMV-564 had efficacy in treating a
murine AML xenograft model [127]. A trial of AMV-564 has been initiated for R/R AML (NCT 03144245)
and is sponsored by this platform’s developer, Affimed Therapeutics Inc. ( Heidelberg, Germany).

3.5. Chemically Conjugated Bispecific Antibodies

An early approach to dual target antigens was to chemically conjugate two different antibodies.
A chemical conjugate of anti-CD16 and anti-CD33 monoclonal antibodies was developed which could
redirect the cytotoxicity of NK cells toward AML blasts (Figure 1K) [128]. Another variant of this
approach was to develop a bispecific (Fab’)2 fragment derived from two different antibodies [129,130].
Specifically, antibodies underwent cleavage and separation of (Fab’)2 fragments with dithiothreitol
to create Fab’-SH fragments which could be recombined using a thiol-disulfide interchain reagent,
ultimately producing a bispecific hybrid F(ab’)2. This approach was used to combine an anti-CD3
(OKT3) and anti-CD13 mAb (Figure 1F) [131]. These anti-CD3 and anti-CD13 Fab’ fragments were
mixed and reduced to form a bispecific F(ab’)2. This CD13 × CD3 Fab was able to enhance lysis
of AML blasts by PMBCs. Also, this CD13 × CD3 antibody construct had some inhibition of AML
colony-forming units (CFU), and had a lesser effect on granulocyte/macrophage CFU from normal
bone marrow [131].
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3.6. Bispecific Full-Length Antibodies (Duobody and Biclonics)

Genmab developed the DuoBody platform to develop bispecific human IgG1 antibodies.
Two mAbs of different specificity, each containing single matched mutations in the third constant (CH3)
domain, were produced using mammalian recombinant cell lines and are then in a bispecific antibody.
A CD123 × CD3 duobody was developed from an IgG4 backbone with a silenced Fc function and
termed JNA-63709178 (Figure 1E) [132]. A phase 1 trial of a CD123 × CD3 Duobody (JNJ-63709178)
sponsored by Janssen is in active recruitment of R/R AML patients (NCT 02715011). A full-length
bispecific CLL-1 × CD3 antibody was developed by Merus using their proprietary Biclonics platform
with preclinical activity demonstrated against AML [133], with an ongoing Phase 1/2 clinical trial
ongoing for R/R AML in adults and newly diagnosed elderly patients with complex cytogenetics
(NCT 03038230).

3.7. BiKEs and TriKEs

A CD33 × CD16 bispecific scfv was designed to activate NK cells and redirect them to lyse CD33+
AML targets and also secrete cytokines (IFNγ and TNFα) [134]. This construct is structurally similar to
BiTE and was termed a bispecific killer-cell engager (BiKE) (Figure 1H). The observation that CD16 can
be shed from NK cells by cleavage with ADAM17 limited this approach, but this was overcome with
an ADAM17 inhibitor that could enhance NK cell cytotoxicity and cytokine secretion in the presence
of the CD33 × CD16 BiKE. The BiKE platform was also functional using NK cells from patients with
myelodysplastic syndrome, facilitating cytotoxicity against both AML targets and myeloid-derived
suppressor cells [135].

Further modification of BiKEs was carried out to incorporate a third functional domain, specifically,
to incorporate the IL-15 cytokine, and accordingly named a trispecific killer cell engager (TriKE) [136].
This approach facilitated additional expansion and activation capacity of NK cells, and when compared
to the BiKE, yielded superior anti-leukemic results in mouse models of human AML. Three scFv
components can be inserted to create a (scFv)3 construct termed a single-chain Fv triplebody (sctb).
One such construct linked two anti-CD33 scFv fragments to a single anti-CD16 scFv and was
compared with a bispecific format (bsscFv) that consisted of only a single anti-CD33 scFv (Figure 1I).
The CD33 × CD33 × CD16 sctb had a greater binding affinity for CD33 compared to the affinity
obtained with the CD33 × CD16 bsscFv. More importantly, the sctb had increased by ≥2-logs the NK
cell cytotoxic potency against AML cells relative to bsscFv [137]. Another approach using the triple
scFv involves targeting two different antigens on a single target cell (Figure 1L). Using this approach,
a CD33 × CD123 × CD16 was developed and shown to facilitate superior leukemic cell killing by NK
cells relative to the dual targeting of the same antigen (CD123) [138]. A clinical trial of TriKE therapy is
underway for patients with CD33 + R/R AML (NC T03214666).

4. Toxin-Conjugated Antibody Therapy for AML

Conceptually, the combination of highly potent anti-neoplastic agents and targeted antibodies
in a single antibody-drug conjugate is not a recent development [139]. The principle of attaching a
targeted antibody to a cytotoxic drug or radioactive isotope (referred to as ‘payload’ or ‘warhead’)
through covalent linkage has led to a number of antibody-drug conjugates (ADCs) approved for use in
the management of hematological malignancies. Although several warheads are being tested in cancer,
the warheads that will be described have been used in AML.

Structurally, there are three components of equal importance in the design of an ADC, namely the
mAb itself, the cytotoxic agent, and the conjugation linker [140]. The mAbs can be human, humanized,
or chimeric, and may be engineered to target the antigen of choice with high specificity. For optimal
drug delivery, the linker must bind with sufficient integrity to prevent premature de-conjugation,
yet must release the drug once the antibody has bound to the target [141]. Linkers may be cleavable
or non-cleavable. Typically, ADCs are reliant on efficient degradation in lysosomes to release the
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payload inside the target tumour cell [140]. Each approach is associated with its unique advantages and
drawbacks and should be engineered with the target cell and the payload in mind. Finally, the drug
itself must be sufficiently potent to ensure tumour killing with minimal off-target toxicity.

Calicheamicin is an anti-tumour antibiotic synthesized from Micromonospora echinospora that
induces double-stranded DNA breaks, leading to cell death [142]. This is used in conjugation
with antibodies targeting CD33 (gemtuzumab ozogamicin/Mylotarg) in AML, or CD22 (inotuzumab
ozogamicin) in B-cell acute lymphoblastic leukemia (ALL). Monomethyl auristatin E (MMAE) is
conjugated to an anti-CD30 antibody in brentuximab vedotin, an ADC that is FDA-approved
for Hodgkin lymphoma [143]. Most recently, an investigational agent was developed using a
pyrrolobenzodiazepine (PBD) dimer to induce DNA damage in tumour cells [144]. Vadastuximab
talirine (SGN-CD33A) is a third generation ADC construct whereby an anti-CD33 antibody is conjugated
to two molecules of a pyrrolobenzodiazepine (PBD) dimer via a maleimidocaproyl valine-alanine
dipeptide connecting segment [145]. The PBD dimer is released after protease cleavage and induces
DNA cross-linking, leading to target-cell apoptosis [146]. Several ADCs for AML have been tested in
publish clinical trials and are discussed below, while other novel ADC trials for AML are ongoing.

4.1. Gemtuzumab Ozogamicin (GO)

The first clinically viable ADC to be approved in hematological malignancies was gemtuzumab
ozogamicin (GO; Mylotarg), which targets CD33 [147]. In phase III studies of GO as monotherapy in
patients over the age of 60 with relapsed AML, an overall response rate of 30% was reported. Based on
these data, GO received accelerated FDA approval in 2000 [148]. However, a subsequent multicenter
phase 3 randomized clinical trial comparing GO 6 mg/m2 on day 4 of a daunorubicin and cytarabine
induction chemotherapy protocol failed to demonstrate differences in survival. In fact, the patients
receiving GO had a higher rate of mortality during induction due to Veno-Occlusive Disease (VOD)
(5.5% death rate in the combination arm versus 1.4% in the chemotherapy alone arm) [149]. As a result,
the drug was voluntarily withdrawn from the market in 2010. However, subsequent randomized trials
evaluating lower doses of GO in combination with chemotherapy demonstrated improved overall
survival without increased toxicities such as VOD. For example, The MRC AML15 trial combined
GO at a dose of 3 mg/m2 on day 1 of conventional induction chemotherapy in 1113 patients with
previously untreated AML and reported a significant survival benefit without increased toxicity
in younger patients with favorable cytogenetics, particularly core binding factor leukemias [150].
Another trial of a similar dosage regimen in older patients showed no difference in CR rates but
significantly improved the three-year OS and relapse-free survival (RFS) with no appreciable increase
in toxicity [151]. This demonstrated that lower doses of GO are effective in AML. As a result, GO was
reapproved by the FDA for the treatment of newly-diagnosed CD33-positive acute myeloid leukemia
(AML) in adults and for treatment of relapsed or refractory CD33-positive AML in adults and in
pediatric patients 2 years and older.

4.2. Vadastuximab Talirine (SGN33A) and IMGN779

Other ADCs that target CD33 have been developed and are being actively investigated for AML
therapy. Early in vitro experiments and animal studies showed that SGN33A was active even in
multi-drug resistant and p53 mutated AML cell lines [152]. A phase 1 trial of SGN-CD33A in 27 older
(median age 74 years) treatment naïve AML patients reported responses in 54%, with 14 patients
achieving CR/CRi and five achieving a morphological leukemia-free state [153]. MRD negativity by
flow cytometry was noted in six of 13 patients for whom data were available. VOD was not reported
with this drug. Current trials are focused on evaluating SGN-CD33A in combination with standard
induction chemotherapy. For example, a trial of SGN-CD33A in combination with decitabine or
azacitidine in 24 patients with AML unfit or unwilling for conventional chemotherapy had a response
rate (CR + CRi) of 73% amongst 49 evaluable patients [154]. In addition, 47% of the responding patients
achieved MRD negativity by flow cytometry. Noteworthily, the combinations were well tolerated,
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with a 30-day mortality rate of 2%. Another CD33-directed antibody-drug conjugate IMGN779 in
which the mAb is bound to a novel alkylating agent DGN462 was active in preclinical models [155]
and a phase 1 clinical trial is currently underway in R/R AML (NCT 02674763).

4.3. Current Clinical Trials

There are many current clinical trials evaluating ADCs for AML which are registered on
ClinicalTrials.gov (Table 2). GO is under investigation as a single agent for R/R AML in a phase 2 trial
(NCT 03374332). Given that treatment of R/R AML is challenging and would not address its role in
treating minimal residual disease (MRD), a phase 2 trial of GO is being examined after standard induction
chemotherapy in patients achieving a CR who remain MRD + (NCT 03737955). Finally, another phase
1/2 study is aiming to evaluate the efficacy of GO in combination with chemotherapy in the up-front
setting (NCT 03531918). Another CD33-directed antibody-drug conjugate IMGN779, in which the
mAb is bound to a novel alkylating agent DGN462, was active in preclinical models [155], and a phase
1 clinical trial of this agent is currently underway in R/R AML (NCT 02674763). Other currently active
clinical trials are examining the role of ADCs targeting CD30, CD123, CD71, and FLT3 in patients with
AML and other hematological malignancies expressing these antigens.

Table 2. Clinical trials of toxin-conjugated antibodies for AML.

NCI Clinical Trial
and Phase

Target Agent(s) Inclusion Criteria
Estimated Start
and End Dates

Status

NCT03374332
Phase 2 CD33 gemtuzmab

ozogamicin
≥18 years of age with
R/R AML

June 2019
March 2021

Not yet
recruiting

NCT03737955
Phase 2 CD33 gemtuzmab

ozogamicin

≥2 years of age with
AML in CR with MRD
after induction
chemotherapy

November 2018
August 2021 Recruiting

NCT03531918
Phase 1/2 CD33

gemtuzmab
ozogamicin in

combination with
GCLAM

≥18 years of age with
untreated “high-grade”
myeloid neoplasm
(≥10% Blasts in blood or
BM) or AML, exluding
APL

September 2018
July 2025 Recruiting

NCT02674763
Phase 1 CD33 IMGN779 ≥18 years of age with

R/R AML
March 2016

December 2019 Recruiting

NCT03386513
Phase 1 CD123 IMGN632

≥18 years of age with
R/R CD123 + AML and
other CD123 +
malignancies

January 2018
February 2021 Recruiting

NCT02864290
Phase 1 FLT3 ASP1235 (AGS62P1) ≥18 years of age with

R/R AML
November 2016

January 2024 Recruiting

NCT03957915
Phase 1 CD71 INA03

≥18 years of age R/R
AML, ALL, or MPAL
with ≥ 20% CD71
positive blasts

September 2019
November 2021

Active, not
recruiting

NCT01830777
Phase 1 CD30

Brentuximab vedotin
in combination with

Mitoxantrone,
Etoposide, and

Cytarabine

≥18 years of age with
CD30 + relapsed
AML

May 2013
December 2019

Active, not
recruiting

NCI: National Cancer Institute; AML: Acute Myeloid Leukemia; R/R: Relapsed/Refractory; MRD: Measurable
Residual Disease; BM: Bone Marrow; GCLAM: Granulocyte-Colony Stimulating Factor, Cladribine, Cytarabine
and Mitoxantrone.

5. Radioimmunotherapy of AML

Radioimmunotherapy (RIT) for R/R AML is a scientifically sound approach that is translatable
to clinical practice and can improve treatment outcome in patients. RIT utilizes mAbs labeled with
radionuclides, providing continuous ionizing particle-based radiation exposure to cells expressing

73



J. Clin. Med. 2019, 8, 1261

target antigens. RIT for AML has been investigated for the past three decades, demonstrating its ability
to kill leukemic cells and deliver radiation specifically to sites harboring AML disease.

Although clinical testing is in place, important aspects such as target antigens on AML (or also on
normal hematopoietic) cells and the properties of the payload radionuclides are still being optimized.
Therefore, in this section, we put into context how RIT works and demonstrated the unique properties
of select radionuclides and what has been learned from several clinical trials. Here, we identified
clinical trials that are currently recruiting patients or are in preparation.

Due to exquisite affinity and specificity for target antigens preferentially expressed on diseased
cells by mAbs and because radiolabeled mAbs have an increasingly well-understood pharmacokinetic
profile, they target tumours with high target-to-nonspecific organ ratios [156]. Hence, radiolabeled
mAbs are able to deliver ionizing radiation to disease sites more specifically than traditional total
body irradiation (TBI). Ionizing radiation is then delivered with increased precision to AML cells and
induces cell-death by two main mechanisms—apoptosis and necrosis—as a result of unrepaired DNA
strand breaks [157]. Although RIT efficiency depends on many additional factors, this is beyond the
scope of this summary and was reviewed in Desouky et al. [158].

A key RIT property is the type of radionuclide that is attached to the mAb. The nature of radiation
emitted from radioisotopes that radioactively decay via α-particle or β-particle emission is different
(Table 3). For example, the most relevant radionuclides for AML 225Ac and 211At decay by the emission
of α-particles, whereas 131I and 90Y decay by the emission of β-particles. These radionuclides have
different energies and another unique important property called linear energy transfer (LET). LET is the
amount of energy that an ionizing particle transfers to material traversed per unit distance. Typically,
α-particles have a range in tissue of 50–80 μm, which results in an LET of 50–230 keV/μm (Table 1).
In contrast, β-particles have a considerably reduced LET of 0.1–1 keV/μm as they have a range of
0.5–12 mm in tissue. This signifies that α-particles provide an increased relative biological effectiveness
(RBE) relative to β-particles. RBE is a measure of the extent of damage (e.g., DNA double strand
breaks) to the cell an emitted particle produces. The RBE for α-particles is 3–7-fold increased relative
to β-particles [159].

Table 3. Radionuclides used in active clinical trials for AML.

Radionuclide T 1/2 Emission Emax (keV) Range (μm)

β-Emitting Radionuclides (LET = 0.1–1.0 keV/μm)

Iodine-131 8.02 days β and γ 610/362 2300

Yttrium-90 2.67 days β 2250 11,300

α-Emitting Radionuclides (LET = 50–230 keV/μm)

Astatine-211 7.2 h α and X 5870 and 7450/
77–92 80

Actinium-225 9.92 days 4α, 2β and γ
6000–8000/

198–659/218–444 90

Bismuth-213 45.59 min α and γ 8400/440 17

In general, 131I and 90Y have been employed in >95% of clinical RIT trials and represent the current
standard to which all other radionuclides are compared [160]. Both isotopes have distinct favorable
properties. 131I emits a second ionizing particle, the γ-ray and can thus be utilized for both imaging
and therapy. However, 131I-mAbs degrades rapidly if the receptor internalizes upon mAb binding.
This results in the release of 131I-tyrosine in the bloodstream. In addition, the γ-rays emitted by 131I
increases the absorbed radiation dose to tissues and pose a risk to family members and healthcare
professionals and, hence, require patient isolation. Both of these properties increase the absorbed
radiation to healthy organs. Alternatively, 90Y is an almost exclusive β-particle emitter (Table 3).
Since the travel distance of β-particles is short compared to γ-rays and does not leave the patient’s body,
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90Y is safer and more practical to work with for healthcare professionals. 90Y also emits β-particles that
are more energetic by 5-fold compared to the β-particles emitted by 131I. In addition, if 90Y-mAbs are
internalized, the isotope is retained in the cell and is not released into the bloodstream. With either case,
it is vital to have knowledge that the radionuclide targets tissue harboring the leukemic cells several
fold higher than the liver, kidney, and lung—the dose limiting normal tissues. Since 90Y cannot be
imaged, dosimetry relies on utilizing another isotope labeled on the mAb, typically 111-indium (111In).

A caveat for β-particle-based RIT is that the emitted β-particles often overshoot single AML cells
and ablate surrounding normal hematopoietic cells residing in the bone marrow [161] (Figure 2A,B).
This often results in dose-limiting toxicity (DLT) to the bone marrow, as normal hematopoietic cells are
also highly sensitive to irradiation [162]. In contrast, the short range of emitted α-particles in theory
makes them ideal for eradicating individual leukemic cells (Figure 2A,C). However, the energy of
α-particles is several-fold higher than β-particles and thus, can also cause unwanted toxicities.

Although this is not a focus in this brief summary, short-ranged and high LET Auger electrons
may provide an approach to eradicate AML cells. Recent preclinical studies have shown that the
Auger-emitter 111In labeled to mAbs targeting CD33 and CD123 and conjugated to short peptides
harboring a nuclear localization signal sequence could kill AML cell lines and primary AML cell
engrafted into mice. In addition, single-photon emission computed tomography (SPECT) imaging
could be used as a companion to evaluate the targeting of AML cells in the bone marrow and
extramedullary sites in these preclinical models to the γ-ray emissions by 111In [163–166].

Figure 2. Radioimmunotherapy for acute myeloid leukemia. Illustration of (A) a mAb radiolabeled
with either a (B)β-particle or (C)α-particle-emitting radionuclide and the track of the particles perfusing
the bone marrow to target AML cells. Note that the path length of β-particles is greater than for
α-particles leading to β-particle-based RIT used primarily in preparative regimens to myeloablate the
bone marrow prior to hematopoietic cell transplantation.

5.1. β-Particle RIT for AML

Because of the properties of β-particles and the need to overcome the limitation of normal organ
tolerance with current preparative regimens HSCT, The Fred Hutchinson Cancer Research Center
(FHCRC) made an important breakthrough for developing an effective niche for RIT utilization.
As detailed in a review by Gyurkocza and Sandmaier, successful HCT relies on the effectiveness of the
preparative or conditioning regimen administered to patients prior to transplantation [167]. The goals

75



J. Clin. Med. 2019, 8, 1261

of the regimen are to provide sufficient immunoablation to prevent the graft rejection of the donor cells
and to reduce the leukemic burden [167].

In general, myeloablative regimens consist of alkylating agents with or without TBI that ablate
marrow hematopoiesis to the point where autologous hematologic recovery does not occur. The greater
part of regimens combines 12- to 16-Gy TBI, typically fractionated, with chemotherapy, and includes
cyclophosphamide, cytarabine, etoposide, melphelan, and busulphan [167]. These chemotherapeutic
agents have shown the ability to simultaneously exert cytotoxic and cytostatic effects on leukemic cells
and to suppress the patient’s own immune system to reduce graft rejection. While increased doses of
TBI reduce the risk of AML relapse, this also increases treatment-related mortality (TRM), often due
to toxicity in the gastrointestinal system, the liver, and the lungs. Hence, HSCT is not an option for
many older and medically infirm patients. In addition, TBI-induced malignancies and development
impairment in children are significant concerns.

As an alternative, non-myeloablative regimens have been developed for patients with AML that
provide more favorable toxicity profiles yet are sufficiently immunosuppressive. There is a considerable
range in intensity of these regimens. However, the approach developed at FHCRC is relevant since
most RIT trials have occurred there. In particular, in older patients, conventional conditioning regimens
prior to HCT often leads to a high TRM [168]. A low-dose 2-Gy TBI-based preparative regimen is
administered to patients at FHCRC with the addition of 90 mg/m2 of fludarabine to prevent graft
rejection and increase pre-transplantation host T-cell immunosuppression [169]. Cyclosporine and
mycophenolate mofetil is also administered to increase immunosuppression.

Although high-intensity TBI doses reduce relapse rates, this is offset by increased conditioning
regimen-related death [170,171]. Conversely, reducing the TBI allows for increased utilization of HCT
for patients with AML, however AML relapse rates increase [172,173]. Hence, there is a dilemma to
find an ideal regimen that allows for low toxicity yet potent myeloablation/myelosuppression before
transplantation that improves patient survival. Thus, targeted radiation is an alternative.

The mAb BC8 is specific for CD45 and radiolabeled with 131I was developed as means to
myeloablate since the antigen is expressed on the surface of almost all hematopoietic cells, except
mature red blood cells and platelets and is also present on AML blasts [174]. CD45 is an attractive
target because it is expressed by most AML samples at relatively high levels (~200,000 receptors per
cell), and the antigen does not internalize, which is important for 131I. Because CD45 is expressed on
both normal and leukemic cells, it can be used to target the bone marrow. The strategy is to reduce the
radiation dose and, hence, the overall toxicity to the patient by delivering radiation specifically to sites
harboring leukemia cells.

An early clinical trial evaluating RIT for AML combined escalating doses of radiation delivered
by the 131I-BC8 with cyclophosphamide and 12-Gy TBI in patients with advanced AML [175]. Patients
received a “tracer” infusion of the radiolabeled mAb weeks before HCT to allow for the mAb to penetrate
the hematopoietic tissues harboring the leukemic cells and for sufficient washout from the blood and
normal organs. At ~72 h post-injection, patients were imaged with a focus on region-of-interests such
as the bone marrow (acetabulum and sacrum), spleen, liver, lungs, kidneys, and spleen. The study
showed that 84% of patients contained radiation in the bone marrow and spleen 2.3- and 4.8-fold
higher than the liver, the normal organ receiving the highest dose due to normal mAb metabolism.
The ratios of radiation delivered to the bone marrow and spleen relative to the lung and kidneys
were even greater than the liver. More importantly, this procedure could be safely performed with a
conventional HCT preparative regimen.

The effectiveness of targeting radiation to specific hematopoietic/AML sites was then expanded
to patients with AML in a first remission with a human leukocyte antigens (HLA)-identical family
donor [176]. In addition to 131I-BC8, patients underwent a preparative regimen consisting of busulfan
and cyclophosphamide without TBI. The three-year survival among the patients in this study was
63% and the TRM was 21%. In patients with unfavorable cytogenetics, the percentages of survival
and TRM were 26% and 27%, respectively. This study demonstrated that 131I-BC8 could be used to
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intensify the amount of radiation delivered to leukemic cells to a greater extent than that delivered
to normal organs, which provided increased survival benefit without excessive TRM. As a result,
the effectiveness of 131I-BC8 is now being evaluated to validate its use for AML as part of preparative
conditioning prior to HSCT. Distinct evaluations are currently active, such as testing 131I-BC8 in
combination with fludarabine and 2-Gy TBI for allogeneic HCT, specifically in patients ≥50 years
old (NCT 00008177). This trial reported outcomes in 58 patients with R/R-AML or myelodysplastic
syndrome (MDS) [177]. Treatment resulted in the MTD of 131I-BC8 delivered to the liver was 24-Gy.
At day 28 post-transplantation, all the patients had a complete remission and donor-cell engraftment.
Seven patients ultimately succumbed to TRM by day 100. The one-year survival estimate was 41%.
Another phase 1 trial is evaluating 131I-BC8 with fludarabine and 2-Gy TBI in 15 R/R-AML patients that
were ≥16–50 years of age (NCT 00119366) [178]. This study capped the maximum dose delivered to the
liver at 43-Gy as was carried out in the trial with older AML patients out of concern for causing stromal
damage and marrow failure. In these younger patients, no cases of DLTs or TRM were observed.
At ~12 months since treatment, 11 of the 15 patients survived and at five years, there were six surviving
patients. This study suggested that increased doses from 131I-BC8 are tolerable and provide even more
survival benefit to younger adults with R/R AML. The results from these completed and active trials
show the feasibility of using 131I-BC8 to enhance the efficacy of allogeneic HCT in both young and
older patients in a reduced conditioning setting.

One area in need of progress to extend RIT is for patients who do not have closely HLA-matched
allogeneic donors and instead are reliant on haploidentical donor engraftment, especially patients from
ethnic minority groups. Orozco et al. demonstrated that 90Y-anti-CD45 RIT and cyclophosphamide
without TBI or fludarabine before haploidentical HCT resulted in a high rate of engraftment,
which remained stable for six months after transplantation in a murine mouse model [179]. An ongoing
phase 2 trial is evaluating the use of 131I-BC8 in R/R AML patients receiving haploidentical donor HCT
(NCT00589316). Thus far, six of eight patients have been reported to achieve complete remission by
day 28 post-HSCT and all patient had 100% donor chimerism [180].

As previously described, a significant barrier to expanding 131I-BC8 as a mainstream approach to
treat patients with AML is that many Nuclear Medicine Departments have difficulty properly handling
large quantities of 131I. Thus, a phase 1 study was undertaken to establish the safety, feasibility and
optimized dose of 90Y-BC8 in patients undergoing reduced-intensity regimen before allogeneic HCT
(NCT01300572). Favorable outcome measures were reported with 90Y-BC8 for multiple myeloma and
lymphoma [181,182]. A previous Phase 1 clinical trial studying 90Y conjugated to rat mAb YAML568
that recognizes CD45 was evaluated in eight patients [183]. No significant administration-related side
effects were observed. However, in order for 90Y-YAML568 to deliver preferentially increased radiation
doses to the bone marrow and spleen, the patients were required to be preloaded with cold antibody.
This indicates that patients may have produced an anti-YAML immune response that causes clearance
of the mAb. Patient outcome was not reported.

90Y has also been conjugated to the mAb lintuzumab that targets CD33. CD33 is exclusively
expressed on myeloid cells and lymphocytes and not on all hematopoietic cells, such as CD45.
Importantly, as CD33 is frequently expressed on AML cells it is an attractive target for RIT. Lintuzumab
is a humanized mAb and binds CD33 with a very high affinity, as previously discussed. Two completed
trials (NCT 00002890 and NCT 00006040) have investigated the MTD of 90Y-BC8 in patients with R/R
AML with and without HCT, respectively. No findings have yet been published.

5.2. α-Particle RIT for AML

The relative increased energy of α-particles, relative to β-particles, coupled with a range of only
a few cell diameters and high LET in theory makes this RIT approach ideal for the treatment of
small-volume disease or MRD. Hence, there has been high clinical activity to test α-particle-based RIT
in AML. A Phase 1 study from the 1990s evaluating 213Bi-lintuzumab administered at escalating doses
in patients with R/R AML revealed that the absorbed dose was preferential to the bone marrow and
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spleen and was calculated to be 1000-fold higher than for β-particle-emitting radionuclides [184,185].
A subsequent phase I/II trial of 213Bi-lintuzumab produced remissions in patients after partial leukemic
cell reductions were achieved due to patients receiving cytarabine (NCT 00014495). The MTD of
213Bi-lintuzumab in combination with cytarabine was 37 MBq/kg. Partial or complete remissions were
observed in 34% of patients. However, no responses were achieved for patients receiving reduced
doses of 213Bi-lintuzumab. These studies provided proof-of-concept for α-particle RIT, however the
45.6 min half-life of 213Bi and the requirement of an on-site generator makes its application challenging.

A phase 1 trial of 225Ac-lintuzumab was evaluated in 18 patients with R/R AML (NCT 00672165).
Patients tolerated doses of 225Ac-lintuzumab up to 111 kBq/kg and peripheral AML blasts were
eliminated in 63% of patients at doses starting at 37 kBq/kg. Importantly, extramedullary toxicities
were limited to transient grade-3 liver-function abnormalities in three patients. No evidence of
radiation-induced nephrotoxicity was observed [186]. 225Ac-lintuzumab was then tested in 40 older
patients. Objective responses were observed in nine and six patients receiving doses of 2.0 μCi/kg and
1.5 μCi/kg, respectively. Although myelosuppression was observed in all patients, the study has thus
far concluded that fractionated-dosing of 225Ac-lintuzumab can be combined safely with cytarabine
and has antileukemic activity [187].

5.3. Ongoing Clinical Trials of RIT in AML

A number of ongoing clinical trials of RIT for AML are at various stages (Table 4). The SIERRA
trial (NCT 02665065) is the first randomized Phase III study comparing a conventional myeloablative
conditioning regimen plus allogeneic HCT versus 131I-BC8 plus HCT. The trial was specifically
designed to enroll an estimated 150 patients >55 years old with R/R AML. Because the SIERRA trial is
randomized, if patients in the conventional treatment arm do not respond to conventional treatment,
the trial allows for crossover for patients to receive 131I-BC8 as well. Findings from the first 25% (n = 38)
of patients enrolled demonstrated the feasibility of the trial. [181] At randomization, the median ranges
for bone marrow blasts in the investigational and control arms were 30% (range, 4–74%) and 26%
(range, 6–97%). Eighteen of 19 patients treated with 131I-BC8 successfully engrafted with a median of
13 days (range, 9–22). Fifteen patients (79%) receiving conventional therapy did not achieve complete
remission, and of these, 10 crossed over to receive 131I-BC8 and were able to undergo HSCT. Thus far,
hematologic and nonhematologic toxicities have been similar between arms. However, NRM was
observed in patients who were randomized to the 131I-BC8 arm. Further updates are planned for 50%
and 75% of enrolled patients.

For α-particle RIT, a multicenter phase 1/2 trial (NCT 03867682) is in the planning stages to recruit
patients ≥18 years of age with R/R AML. The trial will determine the MTD and the overall response
of 225Ac-lintuzumab when combined with the drugs venetoclax. Recently, the B-cell lymphoma 2
(BCL-2) protein was demonstrated to play a central role in the survival of AML cells [188]. Venetoclax,
an inhibitor of BCL-2, has recently been demonstrated in a Phase Ib dose-escalation study in ≥65 years
of age with naive AML and ineligible for conventional treatment had favorable outcomes [189].
In November 2018, the U.S. Food and Drug Administration granted an accelerated approval to
venetoclax for use in newly diagnosed AML who are 75 years or older or who have comorbidities that
preclude use of intensive chemotherapy.

A Phase 1 trial (NCT 03441048) is currently recruiting patients≥18 years of age with naive/secondary
and R/R-AML to evaluate the therapeutic effectiveness of 225Ac-lintuzumab when combined with
cladribine, cytarabine, granulocyte colony stimulating factor, and mitoxantrone (CLAG-M). Because
CLAG-M has been shown to have impressive anti-leukemic activity and acceptable toxicity in young
and older patients with R/R AML, it is rapidly becoming a valuable addition to chemotherapeutic
options available to patients [190,191]. The primary outcomes will be to determine the MTD and the
toxicities from the therapeutic combination.
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Table 4. Clinical trials of RIT for AML.

NCI Clinical
Trial and Phase

Target Agent(s) Inclusion Criteria
Estimated Start
and End Dates

Outcomes Status

NCT02665065
(SIERRA)
Phase 3

CD45
131I-BC8 Fludarabine
2-Gy TBI

≥55 years of age
with R/R AML
patients

June 2015
June 2020

Durable CR and OS
at 1 year Recruiting

NCT03867682
Phase 1/2 CD33

225Ac-lintuzumab
Venetoclax
Spironolactone

≥18 years of age
with refractory R/R
AML.

May 2019
November 2022

MTD and complete
and partial
remission status at 6,
12, and 24 months

Not yet
recruiting

NCT03670966
Phase 1/2 CD45

211At-BC8
Fludarabine
Cyclophosphamide
2-Gy TBI Haplotype
transplant

≥18 years of age
with R/RAML who
have an available
haploindentical
donor for a haplo
HSCT.

March 2019
September 2024

Toxicity (GVHD,
and NRM), donor
chimerism, rate of
engraftment, and
OS up to 100 days
and maintenance of
remission at 2 years

Recruiting

NCT03128034
Phase 1/2 CD45

211At-BC8
Fludarabine 2-3-Gy
TBI Haplotype
transplant

≥18 years of age
with R/R AML who
have an available
haploindentical
donor for a haplo
HSCT.

October 2017
March 2023

Toxicity (GVHD,
and NRM), donor
chimerism, rate of
engraftment, and
OS up to 100,
remission at 2 years

Recruiting

NCT03441048
Phase 1 CD45

211At-BC8 CLAG-M
(cladribine,
cytarabine, G-CSF,
mitoxantrone)

≥18 years of age
with R/R AML

May 2018
October 2020 MTD and toxicity Recruiting

AML: acute myeloid leukemia; R/R: relapsed/refractory; MTD: maximum tolerated dose; OS: overall survival;
GVHD: graft versus host disease; NRM: non-relapse mortality.

FHCRC is currently recruiting patients with advanced or R/R AML who can receive 211At-BC8
combined with fludarabine and 2–3-Gy TBI as a preparative regimen for HLA-matched (NCT 03128034)
or related haplo-identical (NCT 03670966) allogeneic HCT. Thirty participants are estimated for
recruitment in each trial. The objectives will be to determine the MTD of 211At-BC8 and AML response.

5.4. Future of RIT for AML

Future optimization of RIT will require better quantitative methods to estimate the dose of
radiation absorbed in critical tissues which will allow for individualizing patient treatment and further
reducing toxicity. This concept has matured in recent years and is widely known as “theranostics”.
As previously described, AML patients treated with 131I-BC8 were first imaged to visualize the
distribution and estimate the absorbed radiation dose in various organs in humans. These patients
were administered the same reagent, which served as both a diagnostic and therapeutic purpose.
Currently, dose-escalation with radiolabeled mAbs determines the MTD based on several toxicity
parameters. Despite being in the era of precision medicine, which RIT conforms with, current protocols
still implement a “one-dose-fits-all” approach. As the distribution of radiolabeled mAbs is variable
among patients with AML, it is vital that the accuracy for individualized organ doses be improved by
being able to monitor and adjust dosages [192]. The development of more precise and streamlined
methods for individualized patient dosimetric determination will increase the effectiveness of RIT for
R/R AML.

It is important to note that radiolabeled mAbs undergo extensive preclinical development prior
to clinical testing—a drug maturation process the National Cancer Institute (NCI) supports [193].
Kunos and colleagues [193] recently summarized the launch of the NCI Cancer Therapy Evaluation
Program, which has determined that radioactive drugs are an important strategic experimental
therapeutic approach for AML for patients with R/R AML. The NCI is developing organizational
plans for scientific review, oversight, medical monitoring, and further infrastructure elements essential
for full radioactive drug development. Commercial partners, such as Actinium Pharmaceuticals,
Inc., also realize the commercialization impact with radiolabeled antibodies and further benefit the
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development of these agents by providing funding for clinical trials. With governmental and industrial
support and with the radiolabeled mAbs 131I-BC8, 225Ac-lintuzumab, and 211At-BC8 currently being
tested in clinical trials, RIT is on the cusp of becoming a realistic alternative for patients with R/R AML.
Certainly, there is a need for further development and optimization, such as broader availability of
α-emitters and delivering appropriate radiation dose to circumvent radioresistance while sparing
radiosensitive tissues. Thus, we eagerly await the outcome of the active and recruiting trials to provide
guidance on future directions for more effective clinical implementation.

6. Conclusions

In this study, we outlined the four major approaches to treat AML with antibody therapeutics.
The initial development of unconjugated antibody therapy was not successful for AML possibly owing
to limitations of patients’ innate immune systems to be activated by ADCC.

However, the subsequent development of Mylotarg demonstrated that antibody potency could be
enhanced by conjugation to a toxin and impact clinical outcomes in subsets of patients. Another similar
approach would be to add a radiolabeled molecule capable of emitting alpha or beta particles to enhance
antibody potency. As more infrastructure and support for RIT becomes widespread, this modality
will provide patients with relapsed or refractory AML with additional options. Finally, molecular
recombination techniques have allowed numerous antibody format variations with the possibly of
multivalency increasing the binding affinity, specificity or activation properties over native antibodies.
It is also conceivable that some or all of the four major pathways of antibody therapeutics be combined
to take advantage of the higher binding affinity that dual targeting mAbs possess and co-label them
with toxins or potent radioisotopes. Furthermore, a combination of novel antibody formats with
adoptive cell therapy approaches such as CAR-T cells and NK cells presents an attractive means to
develop a multimodal therapy with the potential for better therapeutic efficacy.
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Abstract: Acute myeloid leukemia (AML) is a type of blood cancer characterized by the uncontrolled
clonal proliferation of myeloid hematopoietic progenitor cells in the bone marrow. The outcome
of AML is poor, with five-year overall survival rates of less than 10% for the predominant group
of patients older than 65 years. One of the main reasons for this poor outcome is that the majority
of AML patients will relapse, even after they have attained complete remission by chemotherapy.
Chemotherapy, supplemented with allogeneic hematopoietic stem cell transplantation in patients at
high risk of relapse, is still the cornerstone of current AML treatment. Both therapies are, however,
associated with significant morbidity and mortality. These observations illustrate the need for
more effective and less toxic treatment options, especially in elderly AML and have fostered the
development of novel immune-based strategies to treat AML. One of these strategies involves the use
of a special type of immune cells, the dendritic cells (DCs). As central orchestrators of the immune
system, DCs are key to the induction of anti-leukemia immunity. In this review, we provide an update
of the clinical experience that has been obtained so far with this form of immunotherapy in patients
with AML.

Keywords: dendritic cells; immunotherapy; acute myeloid leukemia

1. Introduction

Acute myeloid leukemia (AML) is a highly aggressive type of leukemia characterized by the
uncontrolled clonal proliferation of abnormal myeloid cells in the bone marrow [1–3]. AML primarily
affects older people; over 50% of AML patients are older than 65 [1,2]. The past decades have
witnessed an increased incidence of AML, which is mainly due to the aging population [4]. Treatment
of AML remains challenging, although considerable advances have been made over the last 50
years. In this context, an influential discovery in the treatment of AML was the cytarabine-based
chemotherapy in association with an anthracycline or related agent during the 1970s. This combination
chemotherapy regimen significantly improved the probability to induce complete remission (CR) [5] and
has consequently remained the backbone of frontline AML therapy [6]. The next major development
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in the treatment of AML was marked by the implementation of allogeneic hematopoietic stem cell
transplantation (HSCT), which transformed this disease into a potentially curable one [7].

Despite these accomplishments, the long-term outcome of adults with AML remains precarious,
with a five-year overall survival (OS) rate hovering at around 25% [8]. According to data from the
Surveillance, Epidemiology, and End Results (SEER) Program of the National Cancer Institute (NCI,
Bethesda, MD, USA), the steady improvement in long-term survival since the mid-1970s is almost
completely attributable to the decrease in mortality among patients younger than 65 years. By contrast,
the prognosis of patients aged 65 years or older has not improved considerably over time, the latest
reported five-year survival rate being <10% [8]. Considering the above observation that elderly patients
represent a significant and rising proportion of AML patients [4], one cannot but conclude that the
overall picture remains grim, and that the scientific and therapeutic progress made did not translate
into an equivalent improvement in long-term survival [2].

Perhaps the most important reason for this unsatisfying outcome is the high relapse-rate in leukemia,
especially in elderly AML patients. Indeed, up to 80% of the patients older than 60 years will eventually
relapse, despite having initially achieved CR with conventional (poly)chemotherapy [9,10]. It is
generally accepted that this relapse arises from the existence of a small reservoir of treatment-resistant
leukemic (stem) cells (LSCs) that persist after chemotherapy [11], a condition known as minimal
residual disease (MRD), which may evolve to a full clinical relapse [12,13]. Allogeneic HSCT can be
used effectively to clear MRD and has a positive impact on relapse rate and survival. Unfortunately,
HSCT is still associated with significant morbidity and mortality, generally limiting its use to younger
patients with fewer co-morbidities [2]. For patients with no transplant donor available or for older
patients who are usually deemed unfit for HSCT, there is currently no standard post-remission therapy
to control MRD and avoid relapse [1,4,6,14].

The above observations emphasize the need for more effective and less aggressive treatment
alternatives to improve the long-term outcome of AML, especially in elderly patients. It is within this
context that immunotherapy has come to the fore in recent years [12,15–17]. From the experience with
allogeneic HSCT, we have learned that immune cells are indeed capable of recognizing and eliminating
AML cells—the so-called “graft-versus-leukemia” (GvL) effect [12,16]. Leukemia antigen-specific
CD8+ cytotoxic T-lymphocytes (CTLs) and natural killer (NK) cells are the main immune effector cells
responsible for attacking and killing AML cells (Figure 1) [12]. As conductors of the immunological
orchestra, dendritic cells (DCs) are endowed with the potent and unique ability to harness the
anti-leukemia activity of both immune effector cell types. It is therefore not surprising that DCs have
attracted much interest in recent years as tools for immunotherapy of AML [12,18,19]. In this review,
we summarize the clinical experience that has been obtained with this form of immunotherapy in AML.

Figure 1. Dendritic cells are key to the induction of adaptive and innate anti-leukemia immunity. Dendritic
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cells (DCs) can stimulate both adaptive and innate immune responses against acute myeloid leukemia
(AML) cells [12]. There exist two types of adaptive immune responses: humoral or B-cell-mediated
(not shown in this figure), and cellular or T-cell-mediated immune responses. The initiation of the
latter type of immune response involves the presentation of AML-related antigens (Ag) by DCs via
major histocompatibility complex (MHC) class I and II molecules to CD8+ cytotoxic T-lymphocytes
(CTLs) and CD4+ helper T cells, respectively. If appropriately stimulated, naive CD4+ T cells (TH0) can
be polarized into T helper type 1 (TH1) cells, which in turn support the generation of antigen-specific
CTLs (+). These CTLs—via their specific T-cell receptor (TCR)—are capable of recognizing AML cells
that display the particular antigen(s) to which the CTLs are directed [12]. CTLs possess different
tools in their armamentarium to kill AML cells, such as death receptor ligands (e.g., Fas ligand (FasL)
and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)) and cytolytic proteins released
from intracytoplasmic granules (e.g., granzyme B and perforin) [16]. The innate arm of the immune
system is unequivocally important for mounting effective anti-leukemia immunity [20]. Innate effector
cells, predominantly natural killer (NK) cells, are able to eradicate AML cells in a non-antigen-specific,
non-MHC-restricted manner. NK cells can utilize the same cytolytic tools as CTLs [16]. In addition to
their direct cytotoxic activity, NK cells also play an immunoregulatory role by secreting cytokines such as
interferon (IFN)-γ. Through this so-called “helper” function, NK cells can support the generation of TH1
and CTL responses [21,22]. Several DC-derived cytokines are known to be involved in DC-mediated
NK-cell activation, including interleukin (IL)-12 and IL-15 [23]. The latter is usually not secreted by the
DCs, but “trans-presented” on the DC surface via IL-15 receptor-α [24,25].

2. Clinical Use of DCs for Immunotherapy of AML

The feasibility, safety/toxicity and immunogenicity of DC vaccination in AML has been reviewed
elsewhere (see Ref. [26]) and are outside the scope of this review. In addition, our group has previously
done a cost–benefit analysis and found that DC therapy following chemotherapy is a cost-effective
treatment [27]. Tables 1–3 provide an overview of all DC-based clinical studies performed so far
in AML. As of 31 December 2018, nearly 200 patients with AML have been treated with this form
of immunotherapy.

As shown in Tables 1–3 most studies have relied on DCs derived from autologous peripheral blood
monocytes (moDCs), although allogeneic DCs have also been used [26]. In some studies, autologous
leukemic blast cells were used as precursor cells for DC generation (AML-DCs) [26]. In one clinical
trial, AML-DCs were generated from a leukemic cell line [28]. One drawback of the use of AML-DCs
is their limited yield compared to moDCs, making clinical implementations more cumbersome [29].
In addition, in a head-to-head comparison between AML-DCs and moDCs, Draube and colleagues [29]
found that moDCs were more effective in activating autologous leukemia-specific T cells than AML-DCs.
Several arguments exist that could explain these findings. It has been postulated that AML-DCs lack
the expression of 4-1BBL, an important ligand for co-stimulation [30]. Alternatively, indoleamine
2,3-dioxygenase 1 (IDO-1) expression by leukemic blasts can result in DCs with a more tolerogenic
functionality [31]. Combined, these findings provide a preference of the use of moDCs over AML-DCs.
On the other hand, AML-DCs have the advantage over moDCs in the sense that they present the full
antigen repertoire of the leukemic blasts from which they are derived, thereby obviating the need for
an antigen-loading step [26]. MoDCs, by contrast, require to be loaded with one or more AML antigens.
This can be done by exogenous pulsing with a peptide (e.g., Wilms’ tumor 1 [WT1] peptide) [32–36],
by pulsing with apoptotic AML cells or lysates [37–40], by fusing the DCs with leukemic blasts (so-called
fusion hybrids) [41,42], or by messenger RNA (mRNA) electroporation [8,43–45]. Messenger RNA
electroporation involves the application of a brief electrical pulse to make the DC plasma membrane
transiently permeable allowing the antigen-encoding mRNA to enter the cytosol. The mRNA will then
be translated by the DCs into full-length antigenic protein. The translated antigen is further degraded
into small peptide fragments, which are presented on the DC surface via major histocompatibility
complex (MHC) molecules to the T cells. This technique has been used to load moDCs with one of
the following leukemia-associated antigens: WT1, human telomerase reverse transcriptase (hTERT)
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and preferentially expressed antigen in melanoma (PRAME) [8,43–45]. mRNA electroporation is a
non-viral gene transfer method; only one study implemented an (adeno)viral transduction approach
for gene transfer of the leukemia-associated antigens survivin and MUC1 [46].

Table 1. Overview of DC (dendric cell) vaccine studies for AML (acute myeloid leukemia) in the
post-HSCT setting.

DC Type
(Auto/Allo)

Antigen
(Loading)

Immunological Effects Clinical Effects

n = 1 [37] CD34+ DCs Apo-AML cells Positive DTH ↓ AML cell load
(allogeneic) (pulsing) ↑ T-cell reactivity to DCs (morphological)

n = 1 [32] moDCs WT1235 Positive DTH Absent
(allogeneic) (pulsing) ↔WT1-specific T cells

n = 1 [47] MoDCs * Unloaded Allo-MLR response to DCs Absent
(allogeneic)

n = 1 [34] moDCs WT137;126;187 Absence of WT1 response Absent
(allogeneic) (pulsing)

n = 2 [38] moDCs AML cell lysate Positive DTH Absent
(autologous) (pulsing) ↑ T-cell reactivity to DCs

n = 19/23 [46] MoDCs ** survivin/MUC1 ND Induction of CR (13)
(autologous) (adenovirus) Favorable OS (48.9% at 3 years)

n = 12 [46] MoDCs ** survivin/MUC1 ND Induction of CR (10)
(autologous) (adenovirus)

Abbreviations: HSCT, hematopoietic stem cell transplantation; n, number of DC-treated patients; DC type, type of
DC used; auto, DCs from autologous origin; allo, DCs from allogeneic origin; CD34+ DCs, DCs derived from CD34+

hematopoietic progenitor cells; moDCs, monocyte-derived DCs; *, in combination with donor lymphocyte infusions
(DLI); **, in combination with cytokine-induced killer cells; Antigen, antigenic material used to load DCs; loading,
antigen-loading method used; Apo-AML cells, apoptotic AML cells; WT137;126;187;235, designated epitope derived
from Wilms’ tumor 1 (WT1) antigen; MUC1, mucin 1; DTH, delayed-type hypersensitivity test; ↑, increase;↔, steady
state; allo-MLR, allogeneic mixed lymphocyte reaction; ND, no data; ↓, decrease; CR, complete remission; (number),
number of patients in whom the designated clinical effect was observed; OS, overall survival.

Table 2. Overview of DC vaccine studies for AML in an advanced disease setting.

DC Type
(Auto/Allo)

Antigen
(Loading)

Immunological Effects Clinical Effects

n = 1 [41] moDCs AML cells ND Disease stabilization

(allogeneic) (fusion
hybrids)

n = 4 [39] moDCs‖ Apo-AML cells ↑ AML-reactive T cells (2/4) Disease stabilization (2/4)
(autologous) (pulsing) ↑WT1/hTERT-specific T cells (1/1)

n = 5 [48] AML-DCs NA ↑ PRAME-specific T cells (1/3) Disease stabilization (1)
(autologous) ↑ IFN-γ by CD4+ T cells (2/3) ↓ AML cell load (2)

TH1/TH2 cytokine profile (morphological)

n = 8 † [35,36] moDCs ‖ WT1 peptide ↑WT1-specific T cells Disease stabilization (3)
(autologous) (pulsing) (in clinical responders) ↓ AML cell load (2)

↓ Treg cells and MDSCs (molecular)
(in clinical responders)

n = 21 [49] AML-DCs ** NA ↑ CD4+ and CD8+ T cells Induction of CR (6)
(autologous) ↑ TH1 cytokines Induction of PR (9)

Abbreviations: n, number of DC-treated patients; †, including two patients with acute lymphoblastic leukemia
(ALL); DC type, type of DC used; auto, DCs from autologous origin; allo, DCs from allogeneic origin; moDCs,
monocyte-derived DCs; ‖, in combination with systemic administration of the Toll-like receptor agonist OK432;
AML-DCs, AML cell-derived DCs; **, in combination with cytokine-induced killer cells and low-dose chemotherapy
(for further details, see [49]); Antigen, antigenic material used to load DCs; loading, antigen-loading method used;
Apo-AML cells, apoptotic AML cells; NA, not applicable; WT1, Wilms’ tumor 1 antigen; ND, no data; ↑, increase;
hTERT, human telomerase reverse transcriptase; PRAME, preferentially expressed antigen in melanoma; IFN-,
interferon; TH1/TH2, T helper type 1 or 2; ↓, decrease; Treg, regulatory T cells; MDSCs, myeloid-derived suppressor
cells; CR, complete remission; PR, partial remission; (number), number of patients in whom the designated
immunological or clinical effect was observed.
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Table 3. Overview of DC vaccine studies for AML in a post-remission setting.

DC Type
(Auto/Allo)

Antigen
(Loading)

Immunological Effects Clinical Effects

n = 3 [33] moDCs ♦ WT1235 Positive DTH (2/3) Disease stabilization (1/3)
(autologous) (pulsing) ↑WT1-specific T cells (2/2) ↓ AML cell load (1/3)

No ↑ γδ T cells (morphological)

n = 5 [43,50] moDCs WT1/PRAME Positive DTH (4) Continued CR (21, 25, 33 m) (3)
(autologous) (mRNA EP) ↑ Ag-specific T cells (2)

n = 5 [51] AML-DCs NA Minimal or absent DTH Continued CR (13–16 m) (2)
(autologous) ↑ AML-reactive T cells (4/4)

↑WT1-specific T cells (1/1)
No ↑ Treg cells

n = 5 [40] moDCs Apo-AML cells ND Continued CR (+13 m) (1)
(autologous) (pulsing)

n = 12 [28] AML-DCs NA Positive DTH Disease stabilization (1)
(allogeneic) ↑WT1/PRAME-specific T cells Disease stabilization (1)

Favorable OS in patients
without circulating blasts

n = 10/13 [44] moDCs
(autologous)

WT1/PRAME/
CMVpp65

(mRNA EP)

Local immune response (10)
↑ Ag-specific T cells WT1 (2/10)

PRAME (4/10)
CMV (9/10)

Favorable RFS (1084 days vs.
396 days in matched cohort)

Prolonged RFS and OS in
immune responders

n = 17 [42] moDCs AML cells ↑ AML-reactive T cells (6) Favorable RFS (71% at 57 m)
(autologous) (fusion hybrids) ↑ AML Ag-specific T cells (2)

(i.e., MUC1, WT1 or PRAME)

n = 21 [45] moDCs hTERT Positive DTH Favorable RFS (58% at 52 m)
(autologous) (mRNA EP) ↑ hTERT-specfic T cells (11/19)

n = 30 [8,52] moDCs WT1 Positive DTH Induction of CMR (9)
(autologous) (mRNA EP) ↑WT1-specific T cells Disease stabilization (4)

(in clinical responders) Favorable RFS in responders
NK activation (4/10) Favorable OS

Abbreviations: n, number of DC-treated patients; DC type, type of DC used; auto, DCs from autologous origin;
allo, DCs from allogeneic origin; moDCs, monocyte-derived DCs; ♦, pulsed with zoledronic acid in an attempt to
induce γδ T-cell anti-leukemia immunity; AML-DCs, AML cell-derived DCs; Antigen, antigenic material used to
load DCs; loading, antigen-loading method used; WT1235, designated epitope derived from Wilms’ tumor 1 (WT1)
antigen; PRAME, preferentially expressed antigen in melanoma; mRNA EP, messenger RNA electroporation; NA,
not applicable; Apo-AML cells, apoptotic AML cells; CMVpp65, Cytomegalovirus pp65 peptide; hTERT, human
telomerase reverse transcriptase; DTH, delayed-type hypersensitivity test; ↑, increase; Ag, antigen; Treg, regulatory
T cells; ND, no data; MUC1, mucin 1; NK, natural killer cell; ↓, decrease; CR, complete remission; CMR, complete
molecular remission; RFS, relapse-free survival; OS, overall survival; (number), number of patients in whom the
designated immunological or clinical effect was observed; (number m), follow-up time in months.

Non-specific and antigen-specific immunological effects have been obtained in a considerable
number of DC-treated AML patients. These effects include delayed-type hypersensitivity (DTH) skin
test reactions, which essentially confirms the ability of the DCs to elicit T-cell-mediated immunity
in vivo [52]. Other (non-specific) signs of the immunogenicity of DC therapy that have been observed
include: increases in CD4+ and/or CD8+ T-cell frequencies during or after DC administration [49,53],
enhanced activation of CD4+ T cells, as evidenced by their increased IFN-γ production following DC
therapy [48], and elevations in plasma levels of immunostimulatory or TH1-polarizing cytokines (such
as interleukin (IL)-2) [48,49,52]. Regarding the increased IFN-γ expression, it should be mentioned that
IFN-γ can in turn have an effect on DCs. It is known that IFN-γ can induce IDO expression in subsets
of DCs [54] and that this can induce tolerance in the DCs under specific circumstances. This might
serve as an explanation why IDO-1 expression correlates with poor clinical outcome in patients with
AML [55–57]. To date, studies have focused on the effects of IDO-expression in AML-blasts. Therefore,
during the generation of AML-DCs derived from AML-blasts, their IDO-1 expression status might need
to be taken into consideration. In contrast, the effect of IDO-expression on the phenotype and function
of moDCs has not been studied yet. Several studies listed in Tables 1–3 have provided proof-of-principle
that antigen-loaded DCs can induce leukemia antigen-specific T-cell immunity in patients with AML.
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Specific T-cell responses have been demonstrated by direct ex vivo tetramer analysis and/or following
in vitro antigenic restimulation experiments towards the following AML-related tumor antigens:
WT1 [33,35,36,39,44,51–53,58,59], PRAME [44,48,53,59], hTERT [39,60,61], and MUC1 [59]. It was also
shown that DC-induced T-cell immune responses within a single patient can be directed against
multiple antigens (e.g., WT1 and PRAME [44,53], or WT1 and hTERT [39]) and/or multiple epitopes
a particular antigen (e.g., WT137–45, WT1126–134, WT1187–195, and WT1235–243) [52]. This ability to
induce multi-antigen- or multi-epitope-specific T-cell immunity is important, as this reduces the
likelihood of tumor escape from T-cell recognition due to antigen loss (i.e., loss of expression of a single
antigen/epitope) [62] or antigenic drift (i.e., mutations leading to epitope changes resulting in failure of
the CTLs to recognize the original epitope) [63]. Theoretically, the use of DCs loaded with multiple
antigens or AML lysates could also involve a higher risk of autoimmunity, for example, towards
non-malignant cells that also express low levels of leukemia-associated antigens [64]. In clinical trials,
treatment with multiple antigen-loaded DCs are well tolerated, and no or minor autoimmune reactions
are normally observed [38]. Several studies have shown that DC therapy can also elicit leukemia
antigen-specific T cells in the bone marrow compartment [39,59], which is of special importance in
view of the observation that the bone marrow is the primary site where high-avidity AML-reactive
CTLs reside [65].

In AML, DC vaccines have been applied in three different clinical settings: (a) in the context of
HSCT, usually for treatment of relapsed AML after allogeneic HSCT (Table 1); (b) in an advanced disease
setting, for example, for patients with refractory disease or relapsed AML for whom conventional
treatment options have been exhausted (Table 2); and (c) after chemotherapy-induced remission of
AML to prevent or delay relapse (Table 3). In the post-transplant relapse setting (Setting a), one study
merits further discussion. Here, multi-genetically modified moDCs (Ad-siSSF DCs) were manufactured
based on an adenovirus delivering: (i) secretory flagellin, a Toll-like receptor (TLR)-5 agonist inducing
DC maturation; (ii) a survivin-MUC1 fusion protein, two leukemia-associated antigens; and (iii)
SOCS1 shRNA, an RNA interference moiety overriding the intracellular immune checkpoint molecule
SOCS1 [46]. Forty-eight patients with a post-transplant acute leukemia relapse (all AML, except
for seven patients with acute lymphoblastic leukemia) were treated with either Ad-siSSF DCs or
donor lymphocyte infusions (DLI). The vaccine was not only found to be safe but also induced a
three-year OS of 48.9% compared with 27.5% in the DLI group. Thirteen out of 23 (57%) patients
treated with the Ad-siSSF DCs achieved CR versus 12 out of 25 (48%) treated with DLI. In a second
phase, 12 AML patients with early molecular relapse after HSCT were treated with Ad-siSSF DCs.
Here, DC vaccination induced a CR rate of 83% (10 out of 12 patients). It should, however, be pointed
out that the patients also received two subsequent infusions of cytokine-induced killer cells (CIKs),
potentially contributing to the clinical effects of the DC vaccine. Moreover, all 12 patients were in early
(molecular) relapse and efficacy would likely be lower in full-blown relapse [66,67]. This is supported
by a mouse model of DC-based immunotherapy of AML [68], indicating that the therapeutic utility of
DC vaccines is limited in the case of a high leukemic cell load.

In patients with relapsed/refractory AML (Setting b), clinical responses were usually limited
to temporary disease stabilizations before further progression [39,41,48] and/or transient reductions
in leukemic cell load [35,36,48]. The latter was evidenced either morphologically by demonstration
of decreases in blast counts [48], or molecularly by demonstration of decreases in WT1 tumor
marker transcript levels (as measured by quantitative reverse-transcriptase polymerase chain reaction
(qRT-PCR) [35,36]. WT1 is a transcription factor used as a molecular marker for the monitoring
of minimal residual disease in leukemia, especially in myeloid leukemias and myelodysplastic
syndrome [69]. It is also a predictive factor of imminent relapse in AML patients, including those that
received allo-SCT, even when other markers are not available [70–73]. Only one study [49] reported
CR and partial remissions (PR) in the relapsed/refractory setting. It is important to note, however,
that these patients also received chemotherapy and CIKs, making it difficult to draw conclusions about
the effectiveness of DCs as a stand-alone treatment for advanced AML. In patients with advanced AML,
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immunosuppressive cells (Treg cells and myeloid-derived suppressor cells (MDSCs)) may prevail over
anti-tumor immune effector cells (CTLs and NK cells), explaining the higher likelihood of treatment
failure when applying immunotherapy in the context of a high tumor burden [67,74].

The most obvious proof of clinical activity of DC vaccination in monotherapy has indeed been
gathered in patients with low disease burden or MRD (Setting c). The concept is to administer DC
vaccines as consolidation therapy to prevent or postpone relapse. Sustained and longer than usual
CRs were reported in all post-remission DC vaccine studies, but the single-arm design of these studies
precludes drawing firm conclusions on the true efficacy with respect to relapse prevention [28,40,43,44,
50,51]. Nevertheless, several clinical trials have reported exceptionally long progression-free survival
(PFS) times [42,44,45], indicating that DC vaccination can be an effective strategy to prevent/delay
relapse. In the study by Rosenblatt et al. [42], 17 AML patients who achieved remission after
chemotherapy, were vaccinated with moDCs fused to AML cells. This resulted in a 71% relapse-free
survival at a median follow-up of 57 months. Moreover, the treatment was well tolerated and adverse
events were transient and minor (grade 1–2 intensity). It should, however, be noted that the selection
bias for long-term survivors requires careful interpretation of the data [42]. The achieved prevention
of relapse is nonetheless remarkable when comparing to the treatment of patients aged 60–70 years
with reduced intensity conditioning HSCT or chemotherapy alone resulting in three-year relapse-free
survival of 68% and 19%, respectively [75]. In a study by Khoury et al. [45], 22 intermediate- or high-risk
AML patients (median age of 58 years) were treated with human telomerase reverse transcriptase
(hTERT)-expressing DCs. Given the central role of telomerase activity in maintaining self-renewal
of leukemic stem cells, hTERT-DC vaccination may be ideally suited to target the small reservoir of
residual leukemic stem cells that persist after chemotherapy. hTERT-DC vaccines administered in
the post-remission setting were well tolerated and, after 52 months, 58% of the patients were free of
disease recurrence. This compares favorably to the reported three-year relapse rates of 60% and 90%
for patients with intermediate- and high-risk AML, respectively [76].

The group of Dr Felix Lichtenegger and Prof Marion Subklewe from Munich, Germany,
used TLR-7/8-matured DCs loaded with WT1, PRAME and CMVpp65 mRNA in 10 AML patients
who were in remission after intensive chemotherapy, but at high risk of relapse. The vaccination
proved to be safe and resulted in local inflammatory responses with dense T-cell infiltration. Increased
antigen-specific CD8+ T cells were seen in peripheral blood for all three antigens. PFS was 1084 days,
comparing favorably to a closely matched cohort from a patient registry of the same study group
(Table 3). Median overall survival was not reached at the end of observation. In particular, excellent
survival was seen in the immune responders (Ref. [44] and personal communication).

Our group has also shown that DC vaccination can confer an OS benefit in remission patients with
AML. In a recently completed phase II clinical trial [8], we treated 30 AML patients with autologous,
WT1 mRNA-electroporated moDCs following standard induction chemotherapy; 27 of them were
in CR and three were in PR. Two out of these three patients in PR were brought into CR by DC
therapy. Most patients did not have morphologically demonstrable disease prior to the start of DC
therapy but had evidence of residual disease at the molecular level (i.e., elevated WT1 transcript
levels in blood and/or marrow, as determined by qRT-PCR). In nine patients who had an increased
level of the WT1 tumor marker at the start of DC therapy, WT1 transcript levels returned to normal
during DC vaccination, compatible with the induction of complete molecular remission (CMR). Five of
these nine patients are still in CMR now more than five years after diagnosis and can be probably
considered as cured. Apart from induction of morphological and/or molecular remission, four patients
experienced disease stabilization for a period of time, a situation that is highly uncommon in AML
given the aggressive behavior of this disease. The objective clinical response rate was 43%. PFS was
significantly different in responders vs. non-responders. OS compared favorable to controls from the
SEER and Swedish Acute Leukemia Registry, in patients ≤65 as well as >65 years, and was linked to
the induction of WT1-specific CD8+ T-cell immunity [8]. Eleven out of 30 patients were alive in CR
with a median OS from diagnosis of eight years (range 72.6–125.5 months), at the time of publication.
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These encouraging results have led us to embark on a follow-up randomized clinical trial comparing
WT1 mRNA-electroporated DC vaccination with standard-of-care in the post-remission setting of AML.
The study is open for inclusion (Clinicaltrials.gov identifier NCT01686334).

3. Conclusions and Future Perspectives

Taken together, it can be concluded that DC-based immunotherapy has the potential to bring about
demonstrable clinical responses in patients with AML. This holds particularly true in the post-remission
setting of AML where treatment with DCs can produce durable remissions and prevent or delay
relapse in some high-risk patients. Unfortunately, not all patients experience overt clinical benefit
from this form of immunotherapy, underscoring the need to delve further into the possible reasons for
therapeutic success or failure. In all studies listed in Tables 1–3 patients who failed to mount an immune
response to DC vaccination had an inferior clinical outcome as compared to immune responders,
indicating that the elicitation of (anti-leukemia) immunity by DCs is required to obtain a clinical
response. For example, in our phase II clinical trial of WT1-targeted DC vaccination as a post-remission
treatment for AML, only patients in whom DC vaccination elicited a poly-epitope WT1-specific CD8+

T-cell immune response experienced sustained CR [52,58]. There was also evidence in our study for a
correlation between DC-induced NK cell activation and clinical activity [52]. As becomes evident from
the data summarized in Tables 1–3 there is also a considerable number of patients who do not mount
a clinical response despite the presence of DC-induced immune changes. One possible explanation
for this observation is that the DCs currently used for immunotherapy are too weakly immunogenic
to evoke clinically beneficial immune responses and/or that they do not induce the “right” type of
immunity, i.e.:

- The immunostimulatory activity of the DCs may be too weak to induce high-avidity, long-lived
leukemia-specific CTLs capable of mediating cytotoxicity of AML cells [33,39].

- The immunostimulatory activity of the DCs may be too weak to activate NK cells or γδ T-cells
and harness innate immunity against AML cells [77–82].

- The immunostimulatory activity of the DCs may be too weak to overcome the immunosuppressive
action of Treg cells and MDSCs [35,36,51,83].

- The DCs used for therapy may favor the induction of a TH2 response over a TH1 response [84,85],
which is otherwise the type of immunity that would be preferred in the setting of cancer
immunotherapy [48].

- The DCs used for therapy may favor immune tolerance and produce undesired immune effects
such as induction of Treg cells and MDSCs [35,36,86].

These observations explain the impetus behind the many research efforts that are currently
being undertaken to optimize the immunostimulatory properties of DCs in order to increase the
likelihood of inducing protective anti-leukemia immunity in AML patients and, consequently, also the
likelihood of therapeutic success [87]. One of the promising next-generation DC product candidates
are IL-15-differentiated DCs [88]. In contrast to conventional IL-4 moDC vaccines, IL-15 DCs proved to
be superior antigen-presenting cells, capable of direct tumoricidal activity [89], and, via expression of
IL-15, capable of harnessing both NK cells and γδ T cells in the anti-tumor immune response [82,90].

Combining DC therapy with immune checkpoint targeting strategies, currently evoking a
renaissance in the cancer immunotherapy field [91,92], is another avenue to unlock the full therapeutic
potential of DC vaccines for AML. Moving beyond the combination of DC vaccines with systemic
monoclonal antibodies, interceding programmed death (PD)-1/PD-L signaling in the DCs themselves
reinforces the DC-mediated T cell and NK cell activation and prevents Treg cell stimulation [91,92].

Another potential approach to enhance efficacy of DC therapy is combination with AML-specific
monoclonal antibodies. Leukemia-specific mAb targets include CD33, CD123 and CD56, as reviewed
in [93,94]. Especially ADCC-eliciting antibodies are interesting in the context of combination with DC
vaccination, as ADCC-mediated killing results in the release of tumor neoantigens that can be taken up
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and cross-presented by tumor-residing DCs [95]. However, as of now, there are no studies combining
such mAbs with DC therapy in AML.

Finally, there is an increasing interest to combine DC vaccination with conventional therapies,
given the potential synergism between both. In our phase II clinical trial of WT1 mRNA-electroporated
DC vaccination, we observed unexpectedly high second remission rates and OS times to subsequent
salvage treatment (i.e., chemotherapy and/or allogeneic HSCT) in vaccinated patients that experienced
the first relapse. This may indicate that DC vaccination can potentiate the response to subsequent
treatment, an observation that has also been made in the solid tumor vaccine field [67,96].
Hypomethylating agents (HMAs), which are being increasingly applied in the frontline treatment of
elderly AML patients, have also shown synergistic activity with DC vaccination; one of the mechanisms
underlying this synergism involves reduction of PD-1 expression on T cells and inhibition of MDSCs [97].
A phase II randomized clinical trial (Clinicaltrials.gov identifier NCT01686334) is currently ongoing to
evaluate the effectiveness of combined HMA treatment and WT1 mRNA-targeted DC vaccination.
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Abstract: The modest successes of targeted therapies along with the curative effects of allogeneic
hematopoietic stem cell transplantation (alloHSCT) in acute myeloid leukemia (AML) stimulate the
development of new immunotherapies. One of the promising methods of immunotherapy is the
activation of immune response by the targeting of negative control checkpoints. The two best-known
inhibitory immune checkpoints are cytotoxic T-lymphocyte antigen-4 (CTLA-4) and the programmed
cell death protein 1 receptor (PD-1). In AML, PD-1 expression is observed in T-cell subpopulations,
including T regulatory lymphocytes. Increased PD-1 expression on CD8+ T lymphocytes may be
one of the factors leading to dysfunction of cytotoxic T cells and inhibition of the immune response
during the progressive course of AML. Upregulation of checkpoint molecules was observed after
alloHSCT and therapy with hypomethylating agents, pointing to a potential clinical application in
these settings. Encouraging results from recent clinical trials (a response rate above 50% in a relapsed
setting) justify further clinical use. The most common clinical trials employ two PD-1 inhibitors
(nivolumab and pembrolizumab) and two anti-PD-L1 (programmed death-ligand 1) monoclonal
antibodies (atezolizumab and durvalumab). Several other inhibitors are under development or in
early phases of clinical trials. The results of these clinical trials are awaited with great interest in, as
they may allow for the established use of checkpoint inhibitors in the treatment of AML.

Keywords: acute myeloid leukemia; immunotherapy; programmed cell death protein 1 receptor/
programmed death-ligand 1 (PD-1/PD-L1) signaling

1. Introduction

The modest successes of targeted therapies in acute myeloid leukemia (AML) and the proven
power of the immune system to fight effectively against leukemic blasts in the context of the
graft-versus-leukemia effect, stimulate the development of new immunotherapies. One of the
promising methods of immunotherapy is the activation of immune response by the targeting of
negative control checkpoints on the surface of immune cells or by eliminating the regulatory proteins
present in the tumor microenvironment [1]. The homeostasis of the stimulating and inhibiting signals
of the immune response is regulated by immunological control checkpoints, which allow the activation
of cytotoxic response against pathogens, while maintaining a tolerance to the organism’s own cells.

To avoid autoimmunity, the process of T-cell activation must be strictly regulated. For stimulation,
T cells require at least two different signals from antigen presenting cells (APC). The first signal is
the recognition of the antigen, and more specifically its immunogenic part—an epitope presented
by the major histocompatibility complex (MHC), located on the APC and recognized by the T-cell
receptor (TCR) (Figure 1a). The second signal is the result of costimulation, mainly by the interaction
of the CD28 molecule of the T-lymphocyte with CD80 (B7.1) or CD86 (B7.2) molecules, on the APC.
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The stimulation of T cells is also closely related to other stimulatory signals sent to the cell as a result
of the combination of specific receptor pairs and their ligands, including the glucocorticoid-induced
TNF (tumor necrosis factor) receptor and its specific ligand, and also the interaction between the
transmembrane 4-1BB receptor (CD137) and its ligand, 4-1BBL (CD137L) [2–4].

 
(a) 

 
(b) 

Figure 1. (a) The regulation of antileukemic immune response; the activation of an immune response
requires two signals. The first is responsible for the specific recognition of antigen (peptide) located
in the great groove of the major histocompatibility complex (MHC) by the T-cell receptor (TCR).
The second is the costimulatory signal that is transmitted by the interaction of CD28 and B7 molecules.
These signals are regulated by many negative receptors including the lymphocyte-activation gene 3
(LAG3), OX40, programmed cell death protein 1 receptor (PD-1), CD43 as well as T-cell immunoglobulin
domain and mucin domain 3 (TIM3) on the T cell that interacts with ligands on acute myeloid leukemia
(AML) blasts, i.e., CD47, programmed death-ligand 1 (PD-L1) and Cytotoxic T-lymphocyte Antigen-4
(CTLA-4). (b) The restoration of antileukemic immune response by the targeting of the negative control
checkpoints. In order to restore the antileukemic immune response, two inhibitory immune checkpoint
molecules might be targeted by treatment with specific monoclonal antibodies directed against the
cytotoxic T-lymphocyte antigen-4 (CTLA-4), ipilimumab, and the programmed cell death protein 1,
nivolumab and pembrolizumab as well as PD-L1, atezolizumab and durvalumab.

The two best-known inhibitory immune checkpoints are cytotoxic T-lymphocyte antigen-4
(CTLA-4) and the programmed cell death protein 1 receptor(PD-1) (Figure 1a) [1]. On T cells,
the CTLA-4 receptor inhibits T cell maturation and differentiation by competing with the costimulatory
receptor CD28, for CD80 (B7.1) and CD86 (B7.2) [5]. Although the increased CD80 and CD86
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expressions that are associated with poor outcome were reported in AML, treatment with the
anti-CTLA-4 monoclonal antibody ipilimumab, proved limited clinical activity [6–8]. Encouraging
results from trials on solid tumors have turned the attention of researchers to the potential that blocking
the PD-1 signaling pathway may have potential applications in the field of hematology–oncology.
Those new therapies might target the immune synapse of patients irrespective of the PD-1 expression
and thereby could be proposed for a majority of AML patients (Figure 1b).

2. The Role of PD-1/PD-L1 Signaling Pathway

PD-1 is a surface glycoprotein cell receptor that belongs to the CD28 family. PD-1 is composed of
288 amino acids, and its molecular weight ranges from 50 to 55 kDa2. PD-1 exhibits approximately
31–33% homology with CTLA-4, CD28, and Inducible T-cell COStimulator (ICOS) molecules.
PD-1 interactions with ligands prevent autoimmunity on the one hand, by inducing apoptosis of
autoantigen-specific T cells and on the other hand, by inhibiting regulatory T cell (Treg) apoptosis.
The expressions of PD-1 on T and B cells is a consequence of the activation of the signaling pathway
TCR or the B-cell receptor (BCR), respectively [9].

The PD-1 protein is encoded by the PDCD-1 gene, located on chromosome 2 (2q.37.3) [10].
PDCD-1 consists of five exons. Exon 1 encodes a leader peptide that is extracellular. Exon 2 encodes
the immunoglobulin (Ig) variable (V-like domain. Amino acid fragments (ca. 20) are located at the
IgV-like domain, that separates it from the cell membrane. A transmembrane domain encapsulated
by exon 3 is anchored within the cell membrane. Exons 4 and 5 encode an intracellular domain,
in which we distinguish two tyrosines, located in two amino acid motifs—proximal (tyrosine-based
motif inhibitors—ITIM) and distal (a tyrosine immunoreceptor-based switch motif—ITSM) [11].
The tyrosines mentioned above play a fundamental role in the function of PD-1 as an inhibitor [12].
Under physiological conditions, PD-1 is expressed on the cells of the immune system, including mature
CD4+ and CD8+ T cells, as well as on B cells and T cells during their thymus development [13,14].
In addition, PD-1 expression is found on natural killer (NK) cells, some dendritic cell (DC)
subpopulations, and monocytes [15,16]. In a form unrelated to the cell membrane, PD-1 may be
present in the cytoplasm of Treg and naïve CD4+ cells. PD-1 can be regulated by various factors,
including hormones, cytokines or suppressor genes, such as Phosphatase and tensin homolog (PTEN)
and liver kinase B1 (LKB1) [17]. The cytokines that stimulate the expression of PD-1 are interleukin 2
(IL-2), IL-7, IL-15 and IL-21. It has been shown that in the induction of PD-1 expression in T cells, there
is a significant role played by the nuclear factor of stimulated Tc1 cells (NF-ATc1). It has also been
proven that the specific inhibition of this factor, consisting in the abolition of its translocation to the
nucleus, results in the reduction of PD-1 expression, and the mutation of the gene encoding NF-ATc1
results in the complete lack of receptor expression [18]. The transmission of the signal through TCR
after its stimulation leads to the binding of NFAT to the promoter region of the PDCD1 gene [18].
PD-1 expression in B-lymphocytes is induced by the molecules that stimulate the activation and the
proliferation of these lymphocytes, including anti-IgM, anti-CD40 and lipopolysaccharide (LPS) [9].
The interaction with toll-like receptors (TLRs) such as TLR2, TLR3, TLR4 and the nucleotide-binding
oligomerization domain (NOD) has a stimulating effect on the expression of PD-1 in DC. In turn,
IL-4 and TLR9 act to inhibit the expression of PD-1 in DC [19]. In macrophages, PD-1 expression is
stimulated by an interferon-stimulated response element (ISRE), signal transducers and activators of
transcription (STAT), including STAT1 and STAT2, and interferon α (IFNα), through ISRE [20].

The programmed death-ligand 1 (PD-L1), also referred to as B7-H1 or CD274, is a transmembrane
type I glycoprotein, made up of 290 amino acids, belonging to the B7 family. This protein has two
extracellular IgV- and Ig constant (C)-like domains, wherein the IgV-like domain allows for interaction
with the analogous domain of the PD-1 receptor. The cytoplasmic domain of the PD-L1 ligand is
short, and its exact role in the transmission of intracellular signals has not yet been determined [21].
The expression of PD-L1 at the mRNA level is detected in almost all cells. The expression of the
PD-L1 protein on hematopoietic cells is limited primarily to antigen-presenting cells, such as dendritic
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cells, macrophages, and B28 lymphocytes. PD-L1 is also expressed in activated T cells [12]. PD-L1
is also found in tissues not belonging to the immune system, including pancreatic islet cells, hepatic
stellate cells, vascular endothelial cells and placental trophoblast cells [18,22]. The expression of
PD-L1 on B cells is stimulated by anti-IgM antibodies, LPS, type I and II IFNs, TNF and IL-21.
In the case of T cells, the inducers of PD-L1 expression are anti-CD3 antibodies or cytokines, such
as IL-2, IL-7, IL-15, IFN and TNF. The expression of PD-L1 on macrophages is stimulated by a
granulocyte-macrophage-colony-stimulating factor (GM-CSF), monocytes by IL-10, and on DC by
IFN-γ, IL-4, IL-12 and GM-CSF [23].

Programmed death-ligand 2 (PD-L2), also referred to as B7-DC and CD273, is the second ligand
able to attach to the PD-1 receptor [24]. PD-L2 has extracellular Ig-V- and IgC-like domains, and a
short intracellular domain. The expression of PD-L2, as compared with PD-L1, is not as common
and is limited to macrophages, DC, and some B-cell subpopulations [25–27]. The partial presence of
PD-L2 was also demonstrated on mast cells of myeloid origin, T-lymphocytes and vascular endothelial
cells [28,29]. The PD-1 receptor interacts with its specific ligands—PD-L1 and PD-L2. Ligands compete
with each other for binding to PD-1, but PD-L1 plays a major role in regulating the PD-1/PD-L1/PD-L2
pathway. Although PD-L2 has a stronger affinity for PD-1 compared to PD-L1, the extent of expression
of this molecule is limited [30]. The expression of PD-1 on lymphocytes may be induced by the contact
of the lymphocyte receptor with an antigen [1,31]. The interaction of PD-1 with ligands results in
the activation of phosphotyrosine phosphatase, containing the SH2 domain (SHP2) and the decrease
in Bcl-xL expression, leading to the inhibition of phosphatidylinositol 3-kinase/serine-threonine
protein kinase—(PI3K/AKT). Functionally, elevated levels of PD-1 expression are observed on
tumor-infiltrating lymphocytes (TILs) that interact with tumor cells by linking to the PD-L1 and
PD-L2 ligands present on them, which in turn could lead to a lymphocyte depletion. This phenomenon
leads to the inhibition of the effector functions of T cells, which lose the cytotoxic ability to kill
tumor cells. PD-1 also plays a significant role in T-cell adhesion, which is activated upon contact
with APC. The interaction of these cells may be impaired by PD-1-derived inhibitory signals that are
necessary for its interaction with PD-L1. This hypothesis is reinforced by experimental in vitro studies
showing lower T-cell mobility and improved T-cell interactions with APC after blocking with PD-1
or PD-L1 antibodies [32]. Furthermore, PD-1 could inhibit T-cell adhesion and the formation of the
immunological synapse [33,34].

3. PD-1/PD-L1 Expression in Leukemias

The expression of PD-1 in hematological malignancies has been the subject of many studies in
recent years. In patients with chronic lymphocytic leukemia (CLL), PD-1 expression is observed on T
lymphocytes, but also on leukemic cells [35–37]. In addition, we proved earlier that PD-1 expression
on leukemic cells in CLL patients was higher compared to the healthy group, both at the level of
the transcript and in the form of membrane protein. However, the significance of PD-1 and PD-L1
expression in the prognostic context has not been confirmed [35]. In addition, in CLL patients with
an advanced disease (stage III and IV, according to the Rai classification), a higher percentage of
CD4+PD-1+ T lymphocytes was observed than in patients with a less advanced disease [38].

In AML, PD-1 expression was observed in T-cell subpopulations, including CD4+ T-effector
cells, Tregs and CD8+ T cells, both in untreated patients and in patients with a recurrent disease [39].
An increased PD-1 expression on CD8+ T cells may be one of the factors leading to the dysfunction
of cytotoxic T cells and the inhibition of the immune response during the progressive course of
AML [40]. Knaus et al. [41] characterized the T-cell exhaustion in AML at diagnosis, that diverged
between responders and non-responders upon treatment. Response to therapy correlated with
the upregulation of costimulatory T-cell signaling pathways, and the downregulation of inhibitory
T-cell signaling pathways, indicative of the restoration of T-cell function. Notably, CD8+ T-cell
dysfunction was, in part, reversible upon PD-1 blockade in vitro. By contrast, a similar expression
of inhibitory molecules on T cells from patients at AML diagnosis and from age-matched healthy
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controls were observed [42]. However, when observed at relapse after allogeneic hematopoietic
stem-cell transplantation (alloHSCT), the PD-1 expression was significantly increased, compared
with its expression at diagnosis, in both CD4+ and CD8+ T cells. Notably, bone marrow CD8 T
cells consisted of a higher frequency of PD-1+ cells compared with those from peripheral blood [43].
These cells were also functionally deficient, as was the case in the functional model of WT-1-specific
leukemia-reactive CD8+ cells from bone marrow that released lower levels of IFN-γ, granzyme B and
TNF, when compared with those from peripheral blood.

Most studies suggest that in newly diagnosed AML patients, PD-L1 expression on blasts is usually
not observed [44]. However, it might depend on the detection method, since in one study the PD-L1
was expressed in 24 out of 75 AML patients [45]. The appearance of PD-L1 on AML blasts was
associated with the negative course of the disease [44]. The PD-L1 overexpression in AML usually
occurred during therapy, after alloHSCT and at the relapse of the disease. The PD-L1 positive rate in
the relapsed/refractory group was higher than that in the de novo patient group (56.3% vs. 25.4%,
p = 0.019). In 59 de novo patients, the complete remission (CR) rate of the PD-L1 positive group after
one course of chemotherapy, was lower than that of the PD-L1 negative group (66.7% vs. 71.4%);
the CR rate of PD-L1 positive group after 2 two courses of chemotherapy, was also lower than that of
PD-L1 negative group (70% vs. 88.6%). The relapse rate and the proportion of refractory patients in
PD-L1 positive group were higher than those in the PD-L1 negative group [45].

The factors that stimulate the expression of PD-L1 in AML were cytokines, particularly
IFN-γ [46,47]. In addition, we reported that TP53 might specifically modulate the immune response
to tumor antigens by regulating PD-L1 via miR-34 and blocking its expression [48]. The PD-L1
expression was elevated in the AML group with TP53 mut, compared with the TP53 wt group, with
a median expression of 9.1 vs. 8.3, p < 0.001. In line with this finding, Goltz et al. [49], analyzing
gene methylation status in AML patients, found that low PD-L1 methylation was found in the TP53
mut group. Wang et al. [50] have shown that PD-L1 was overexpressed in the AML samples and
that the expression level was reversely correlated with miR-34a expression, that directly targets the
3′ untranslated region of PD-L1, thereby modulating PD-L1 expression. We also found that the
highest expression of PD-L1 was in a group with a poor prognosis, compared with favorable and
intermediate groups, as defined by The Cancer Genome Atlas research network’s risk stratification.
The expression of PD-L1 was also associated with the number of recurrent mutations. Possibly, an
increased number of driver mutations created more neoantigens, which in turn, modified the immune
microenvironment and caused an increase in PD-L1 expression [51]. The expression of PD-L1 in AML
is therefore associated with adverse gene mutations that affect the microenvironment of the tumor and
may lead to an unfavorable clinical course of the disease [45].

4. Inhibition of PD-1/PD-L1 in AML

The PD-1/PD-L1/PD-L2 pathway may be inhibited by blocking the PD-1 receptor or its ligands.
Blocking the PD-1 molecule itself prevents its interaction with PD-L1 and PD-L2, which is considered
the most effective activation of the immune response (Figure 1b). By contrast, PD-L1 blockade affects
only the PD-1/PD-L1 axis, and considering its widespread expression, the activation of the immune
response might be significant. Due to the limited expression of the PD-L2 ligand, it is not suitable target
for therapies that use monoclonal antibodies [52]. Thus, in actions directed toward the PD-1/PD-L1
pathway, anti-PD-1 antibodies, as well as anti-PD-L1, are used [30]. The most common clinical
trials employ two PD-1 inhibitors (nivolumab and pembrolizumab) and two anti-PD-L1 monoclonal
antibodies (atezolizumab and durvalumab) (Table 1). Several others are under development or
are in early phases of clinical trials. The key mechanism of action in anti-PD-1 and anti-PD-L1
monoclonal antibodies, relies on blocking PD-1 interaction with PD-L1 and/or PD-L2 ligands.
To minimalize the side effects mediated by the recognition of fragment crystallizable (Fc) region,
atezolizumab and durvalumab have a point mutation in the Fc domain; thus, they did not induce
the cytotoxicity of the antibody-dependent cellular cytotoxicity, nor the complement-dependent
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cytotoxicity. The upregulation of checkpoint molecules was observed after alloHSCT and therapy with
hypomethylating agents, pointing to a potential clinical application in these settings [53,54]. Moreover,
a higher PD-1 expression on T cells was strongly associated with leukemia relapse, post-alloHSCT [55].
This was especially the case in the subpopulation of CD8+ T cells that, characterized by the expression
of two exhaustion markers, PD-1 and the T-cell immunoglobulin domain and mucin domain 3 (TIM-3),
presented the strongest predictive value for leukemia relapse, post-alloHSCT. The median frequencies
of CD8+ PD-1+TIM-3+ in relapsed AML were 8.6%, compared with 0.5% in patients maintaining
remission. Notably, the increase of PD-1+ TIM-3+ CD8+ T cells occurred before a clinical diagnosis
of leukemia relapse, suggesting their predictive value. This study might provide an early diagnostic
approach and a therapeutic target for leukemia relapse, post-transplantation.

The expression of PD-1 is regulated by DNA methylation. The demethylation of the PD-1 promoter
correlated with an increase in PD-1 expression. The demethylation of the PD-1 promoter correlated
with a significantly worse overall response rate (8% vs. 60%, p = 0.014), and a trend towards a shorter
overall survival (OS) (p = 0.11) was observed [56]. In a cohort of patients treated with hypomethylating
therapy, PD-L1, PD-L2, PD-1 and CTLA4 expressions were upregulated [54]. The treatment of leukemia
cells with a hypomethylating agent, decitabine, resulted in the dose-dependent upregulation of PD-L1,
PD-L2, PD-1 and CTLA4. Decitabine could also increase the expression of genes involved in antigen
processing and presentation by the respective promoter, demethylation. In a mouse model of colorectal
cancer, a significantly larger inhibition of tumor growth and a prolongation of survival were observed
after treatment with a combination of PD-1 blockade and decitabine, than in mice treated with
decitabine or PD-1 blockade alone [57]. These results suggest that PD-1 signaling may be involved in
resistance mechanisms to hypomethylating agents, and provide evidence that checkpoint inhibition
could be a potential therapy for treating AML.

In recently published results from a phase II study, relapsed/refractory AML patients were treated
with nivolumab and azacytidine [58]. The overall response rate (ORR) was 33%, including 15 (22%)
patients with complete remission/complete remission with insufficient count recovery (CRi), one
patient with a partial response, and seven patients with hematologic improvements (HI) that were
maintained for >6 months. Six patients (9%) exhibited a stable disease for >6 months. The highest ORR
(58%) was observed in hypomethylating agent-naive patients. Grades 2–4 immune-related adverse
events (irAE) occurred in 16 (23%) patients. Fourteen of the 16 (88%) patients with toxicities responded
to steroids, and these 14 patients were safely rechallenged with nivolumab. In this study, a total of
13% of the patients had to discontinue nivolumab (all discontinuations were due to grades 3/4 irAE;
no discontinuations were due to grade 2 irAE) and were subsequently kept only on azacitidine.

The preliminary results of a phase-II study (NCT02532231) of nivolumab maintenance in high-risk
AML patients, who have achieved CR following induction and consolidation chemotherapy, also
showed promising results, with the rates for a 6- and a 12-month CR duration being 79% and 71%,
respectively [59]. In a series of case reports, Albring et al. [60] reported three AML patients who,
at relapse after alloHSCT, were treated with nivolumab. In one patient, the therapy led to CR; in another,
it led to disease stabilization; a third patient failed to respond to nivolumab. The only side effects were
the irAE of pancytopenia and a graft-versus-host disease of the skin in one patient, as well as muscle
and joint pain in another patient.

Table 1. The first agents for PD-1/PD-L1 inhibition in AML.

Monoclonal Antibody Target/Type First Registration

Nivolumab PD-1, IgG4 Melanoma—06.2015
Pembrolizumab PD-1, IgG4 Melanoma—08.2014
Atezolizumab PD-L1, IgG1 modified Fc region Urothelial carcinoma—05.2016
Durvalumab PD-L1, IgG1 modified Fc region Urothelial carcinoma—05.2017

PD-1: programmed cell death protein 1 receptor; PD-L1: programmed death-ligand 1; AML: acute myeloid leukemia;
IgG: Intravenous Gamma Globulin.
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5. Future Treatment Modalities with Checkpoint Inhibitors in AML

The era of immunotherapy in AML started several years ago when the curative potential of
alloHSCT, due to the graft-versus-leukemia effect, was discovered. Nowadays, chimeric antigen
receptor (CAR)T-cell therapy replaces the defective immune system and the checkpoint inhibitors
restore function to the antileukemia immune response (Figure 1b). Several phases I/II clinical trials for
checkpoint inhibitors in monotherapy or combined treatment for AML have started in the last few years
(Figure 2) [61,62]. The results of larger clinical trials are needed to determine the role that checkpoint
inhibition plays in AML. It seems that the clinical setting can be complex, starting from combined
therapy with hypomethylating drugs for patients who are ineligible for transplantation, followed
by combined therapy with other modifiers of the immune system and finally, to the augmentation
of the graft-versus-leukemia effect, post-alloHSCT, in either monotherapy or polytherapy. In this
regard, the double blockade of CTLA-4 and PD-1/PD-L1 presents an interesting treatment option,
in boosting antileukemic immunity. Recent results in solid tumors proved that in advanced melanoma,
combined therapy was effective in 57% of patients, compared with 43% for patients treated with
nivolumab monotherapy and 19% for patients in the ipilimumab monotherapy arm [63]. The first
clinical trials on the ipilimumab and nivolumab combined treatment in patients with relapsed AML,
post-alloHSCT, have been initiated. Another approach is a double blockade of TIM-3 and PD-1 that is
being evaluated in an ongoing clinical trial. Furthermore, checkpoint inhibitors might be effective in
combination with cellular therapies, including chimeric antigen receptor T cells (CART) or vaccination
strategies [64,65]. This is an evolving field since anti-PD1/PD-L1 therapy along with vaccination could
expand the pre-existing specific T cells and induce functionally active antileukemic cytotoxic T cells.
The results from clinical trials in melanoma have not provided clear support for this approach, since
similar clinical activity was observed irrespective of vaccination [66]. Similarly, PD-1 inhibition in
combination with CART did not further enhance the expansion or persistence of CART [64]. Further
results from these clinical trials and others are awaited with great interest, as they may allow for the
established use of checkpoint inhibitors in the treatment of AML.

Figure 2. The numbers of active clinical trials for checkpoints inhibitors in acute myeloid leukemia.

Figure 2 displays the number of active clinical trials for checkpoint inhibitors in AML both in
monotherapy and in combination with chemotherapy. The histogram presents trials registered on
clinicaltrial.gov [62].
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Abstract: Despite high response rates after initial chemotherapy in patients with acute myeloid
leukemia (AML), relapses occur frequently, resulting in a five-year-survival by <30% of the patients.
Hitherto, allogeneic hemotopoietic stem cell transplantation (allo-HSCT) is the best curative treatment
option in intermediate and high risk AML. It is the proof-of-concept for T cell-based immunotherapies
in AML based on the graft-versus-leukemia (GvL)-effect, but it also bears the risk of graft-versus-host
disease. CD19-targeting therapies employing chimeric antigen receptor (CAR) T cells are a
breakthrough in cancer therapy. A similar approach for myeloid malignancies is highly desirable.
This article gives an overview on the state-of-the art of preclinical and clinical studies on suitable
target antigens for CAR T cell therapy in AML patients.

Keywords: AML; CAR T cell; immunotherapy

1. Introduction

With conventional chemotherapy employing anthracycline and cytarabine, high complete
remission (CR) rates of 60% to 80% in younger adults and 40% to 60% in older adults (>60 years)
can be achieved [1,2]. Despite these successful response rates, relapse after conventional therapy is
common, mainly due to the chemorefractoriness of leukemic stem cells [3,4]. The estimated five-year
survival of acute myeloid leukemia (AML) patients in the years 2008–2014 was 27.4% [5]. Until now,
allogeneic hemotopoietic stem cell transplantation (allo-HSCT) was the best curative treatment option
in intermediate and high risk AML. However, allo-HSCT is not suitable for every patient and bears
the risk of non-relapse mortality as well as relapse. Allo-HSCT and donor lymphocyte infusion (DLI)
also suggest that cellular immunotherapy is effective in AML. Both allo-HSCT and DLI bear curative
potential based on the graft-versus-leukemia (GvL) effect but endow the danger of life-threatening
graft-versus-host disease (GvHD). The remaining challenge is to separate GvL from GvHD and to find
ways to enhance GvL without inducing GvHD. This underlines the urgent need for novel effective
treatment options that mediate enduring eradication of the leukemic tumor burden including leukemic
stem cells (LSCs).

Fueled by the success of immunotherapeutic strategies in other malignant hematologic entities,
e.g., the anti-CD20 antibody rituximab in Non-Hodgkin’s-lymphoma (NHL) or the CD19-specific
chimeric antigen receptor (CAR)-T-cell therapies in acute lymphoblastic leukemia (ALL) and NHL,
several efforts have been made to develop antibody-based or cellular immunotherapies for AML.
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The key for successful targeted immunotherapies, either in form of an antibody or a targeted
cellular approach, is the identification of a suitable target antigen. Cheever et al. summarized
the features of an ideal target antigen, namely having a potential to induce clinical effects, being
immunogenic, and playing a critical role in cell differentiation and proliferation of the malignant cells.
Its expression should be restricted to malignant cells; it should be expressed in all malignant cells
including malignant stem cells. A high number of patients should test positive for the antigen. The
antigen should comprise multiple antigenic epitopes and be on the surface of malignant cells [6].

While for ALL, several other approaches, like bispecific antibodies and CAR-T-cells targeting
CD19, are already in clinical practice, for AML identification of a good target antigen is more difficult.
It is known from patients treated with rituximab that it is possible to live for some time with few
B-cells, given the option that immunoglobulins can be substituted. Expression of antigens by AML
blasts and leukemic stem cells is not exclusively restricted to those cells but overlaps with normal
hematopoiesis, which can cause severe hematotoxicity of antigen-targeting therapies.

The following paragraphs focus on CAR-T cell approaches in AML.

2. Adoptive Cellular Therapies

Based on the finding that cytotoxic T cells are key players in mediating GvL in allo-HSCT, concepts
of adoptive T cell therapy were initially developed, such as tumor-infiltrating lymphocytes or donor
lymphocyte infusion (DLI) [7–9]. Later, genetically engineered T cells were tested in clinical trials. Two
main technologies of genetically engineered T cells exist—T cell receptor (TCR) engineered T cells and
chimeric antigen receptor (CAR) transduced T cells.

Both approaches directly place the T cell in the vicinity to the antigen-bearing target cell. One
main difference is that a T cell receptor (TCR) recognizes intracellularly and extracelluarly expressed
antigens in the context of human leukocyte antigen (HLA)- receptors, whereas CAR T cells are
HLA-independent and only recognize surface antigens in an antibody-specific manner (Figure 1).

CAR T-cells combine the strong feature of an antibody in target recognition and the effector,
and long-term function of the T-cell and the effector cell is directly brought to the cancer cell. CARs
(Figure 1) are artificial receptors composed of three domains, (1) an extracellular antigen-specific
binding domain that is derived from an antibody’s single chain variable fragment (scFv), (2) a hinge
and transmembrane segment usually derived from CD8alpha [10] or IgG domain [11], and (3) an
intracellular T-cell signaling domain.

CAR T cells are genetically engineered to express CARs via viral (retroviral, lentiviral, adenoviral)
or non-viral technologies such as electroporation, transposon-based, or gene-editing systems.

Addition of co-stimulation signals to the intracellular domain in second and third generation
CARs aim to improve the survival of engineered T cells (Figure 1A). First-generation CARs contain
only the tyrosine-based zeta-signal-transducing subunit from the TCR/CD3 receptor complex [12–14].
Adjacent to this zeta-domain, second-generation CARs harbor one and third-generation CARs two
additional costimulatory molecules [15] such as CD28 [16], CD27, DAP-12 [17], 10 4-1BB (CD137),
OX40 (CD134) [18], or inducible T cell costimulator (ICOS) [19]. Indeed, depending on the introduced
costimulatory signal, second and third generation CARs mediate superior activation, proliferation,
and in vivo persistence of T cells [20,21]. Third generation CARs show increased tumor-lytic activity
as well as reduced activation-induced cell death compared to first-generation CARs [22,23].

When relapse occurs after antibody or CAR therapy, tumor cells often lose the targeted antigen.
This problem is addressed by CAR T cells targeting multiple antigens, either by simultaneous
co-administration of several monospecific CARs [24] or by one distinct CAR T cell targeting several
antigens (Figure 1B). These CAR T cells are called dual-targeting T cells (when one CAR T cell expresses
two different antigen-specific CARs [25]) or bispecific CAR T cells (when one CAR is specific for two
different targets [26]). This combinatorial CAR therapy approach was recently put forward by Perna
et al. With the help of high-throughput surfaceome expression data, they identified pairs of target
antigens and defined ideal features of CAR targets to reduce the risks of antigen escape and off-tumor
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toxicity. The features for an ideal pair are: no overlapping expression in normal tissues to minimize
systemic off-tumor toxicity, very low level expression in CD34+CD38- hematopoietic stem cells (HSCs)
to minimize cytotoxicity, very low expression in normal resting and activated T cells to minimize T
cell reactivity, expression (for the combination) in all tumor cells to overcome clonal heterogeneity,
expression in LSCs, and co-expression in tumor-cells to prevent antigen escape [27]. Besides antigen
escape, loss of CAR T cells and autoantibody development are important mechanisms of CAR T cell
therapy failure [28].

Figure 1. (A) Chimeric antigen receptor (CAR). CARs consist of an extracellular domain generated
by joining the heavy and light chain variable regions of a monoclonal antibody with a linker to form
a single-chain Fv (scFv) molecule. The antigen-specific domain binds its antigen on the surface of
target cells. The scFv is attached via a hinge region to the transmembrane and intracellular receptor
portion. In first-generation CARs, the signaling domain is composed of the zeta- domain of a T
cell receptor (TCR)/CD3 receptor complex. In second- and third-generation CARs, one or two
costimulatory signaling domains are added (e.g., CD28, 4-1BB (CD137), OX-40 (CD137), or inducible T
cell costimulatory (ICOS)) within their intracellular domain, respectively. (B) Innovative CAR design.
Suicide gene strategies are investigated as control mechanisms for better toxicity management of
CAR T cells. One example is the inducible caspase 9 (iCasp9). When the small molecule AP1903
is administered, iCasp9 domains dimerize and activate apoptosis independently of CAR activation.
Dual-targeting CARs express two different antigen-specific CARs, whereas bispecific CARs bear
two linked scFV within one CAR construct. To address human leukocyte antigen (HLA)-presented
antigens, TCR-mimic (TCRm) CARs directing the scFv domain against a peptide-HLA complex have
been developed.

To date, in the context of AML, only few CARs have been investigated in clinical trials, and in
contrast to B-cell malignancies, no licensing authority approved CAR therapy for AML exists. In the
following sections, we give an overview of antigen candidates that are already investigated in clinical
trials (Table 1), as well as those that are potentially suitable for CAR therapy in AML (Figure 2).
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Figure 2. Potential target antigens for CAR therapy in AML.

3. CD33

CD33 is expressed in up to 90% of leukemic blast cells but also on healthy myeloid and myeloid
progenitor cells [30,31]. It is not expressed on early pluripotent CD34-positive hematopoietic stem
cells [32], but it is also expressed by hepatocytes, which can explain extrahematological toxicity in
the form of veno-occlusive liver disease (VOD) [33,34]. A restriction is that CD34+CD33- negative
leukemic stem cells have been reported [35]. CD33 is an attractive target for immunotherapy against
AML. This was shown by the development of Gemtuzumab (Mylotarg®, Pfizer, Berlin, Germany),
a humanized drug-conjugated anti-CD33-antibody. Although first approved in 2000 by the US Food
and Drug Administration (FDA), it was withdrawn from the European and US markets in 2010 due
to bone-marrow toxicity and VOD. It was reintroduced in 2018 after a meta-analysis by Hills et al.
demonstrated that a low, fractionated dose of Mylotarg® in combination with chemotherapy led to an
improved overall-survival of 280 treated AML patients [36].

Due to this experiment and the high expression of CD33 in myeloid leukemia, there are currently
many activities considering anti-CD33 CAR therapy (Table 1). To date, one report of a patient with r/r
AML who was treated with anti-CD33 CARs has been published [37]. In this phase I trial, the patient
received a total of 1.12 × 109 autologous T-cells (38% CAR transduced) and suffered from cytokine
release syndrome (CRS) as well as pancytopenia and disease progression nine weeks after cell infusion.

Due to the CD33 expression in healthy myelopoiesis, it is necessary to develop new safety concepts
with anti-CD33 CAR transfusion.

One approach is the transient expression of anti-CD33 CAR, which was tested in an in vivo
model of AML-xenotransplanted NOD scid gamma (NSG) mice [38]. Only transient cytotoxicity was
observed. Another interesting method recently published is the generation of leukemia specificity by
genetic knock-out of CD33 in normal hematopoietic stem and progenitor cells. Thereby, an artificial
resistance against anti-CD33 CAR T cell therapy is created. In xenograft immunodeficient mice,
CD33-deficient human HSPCs engrafted and differentiated normally. In rhesus macaques, anti-CD33
CAR T cell therapy transfused after autologous CD33 knock-out HSPC transplantation was effective
in eliminating leukemia cells without any signs of myelotoxicity [39].
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4. Lewis Y (LeY)

Lewis Y (LeY) is a carbohydrate antigen that is overexpressed by a wide variety of epithelial
cancers [40] and hematological malignancies including AML [41,42] but with only limited expression
on normal tissue [43].

In 2010, Peinert and colleagues published the results of the first phase I CAR- T cell trial for
relapsed LeY-expressing AML [44]. They investigated an autologous second-generation anti-LeY CAR
in four patients who received up to 1.3 × 109 total T cells (14–38% with anti-LeY CAR expression). No
grade three or four toxicity was observed. The best response was transient cytogenetic remission in one
patient; another patient showed a transient reduction of blasts, and two patients showed stable disease.
All patients relapsed after 28 days to 23 months after adoptive cell therapy. CAR T cell persistence was
demonstrated for up to 10 months.

5. CD123

CD123 is the transmembrane alpha chain of the interleukin 3 receptor. Due to its surface expression
and its overexpression on AML blasts and LSCs, as well as its low expression on normal hematopoeietic
stem cells, CD123 qualifies as a suitable target [45,46]. However, similar to CD33 targeted therapy, the
problem of myelotoxicity in CD123 targeted therapy remains.

At the time of writing this manuscript, CD123 is being studied in 11 clinical trials for AML
(Table 1).

CARs normally encode in its scFvs a VH and VL chain from one monoclonal antibody in the
extracellular antigen binding domain. In an experimental AML model, hematopoietic toxicity was
shown after treatment with anti-CD123 CAR T cells. When using VH and VL chains derived from
different CD123-specific mAbs for CAR engineering, one specific combination showed less lysis of the
normal hematopoietic stem cells while preserving the toxicity [47].

6. FLT3 (CD135)

FLT3-ITD mutations are found in about 20% (and FLT3-TKD in about 7%) of all AML patients [48].
In a preclinical model, second-generation anti-FLT3-41BB CARs were tested [49]. Specific cytotoxicity
against FLT3+ leukemia cell lines and primary cell lines in vitro, as well as little off-tumor cytotoxicity
on normal hematopoietic stem cells, was observed. In a xenograft mouse model, prolonged survival
was seen in FLT3+ mice that were treated with the anti-FLT3 CARs. Compared to anti-CD33 CAR T
cells, less toxicity to hematopoietic stem cells and multipotent myeloid progenitor cells and equivalent
toxicity to common myeloid progenitor and granulocyte-macrophage progenitor cells was described,
suggesting a lower hematologic toxicity with anti-FLT3 CAR T cells. In a second preclinical study,
second-generation 4-1BB CARs that target the FLT3-ligand (FLT3L) were tested [50]. For anti-FLT3L,
little off-tumor cytotoxicity on normal hematopoietic stem and progenitor cells was observed. A
xenograft mouse model also showed a significantly prolonged survival in FLT3+ leukemia bearing
mice after anti-FLT3L CAR T cells [50].

7. CLL1

The myeloid surface antigen C-type lectin-like molecule 1 (CLL1 or CLEC12A) is a glycoprotein
highly expressed by the majority of AML patients. It is expressed on AML blasts and on normally
differentiated myeloid cells. Relatively low amounts are expressed on CD34+ progenitor cells. It is not
expressed on normal hematopoietic stem cells [51]. CLL 1 therefore qualifies as a promising CAR T
cell target suggesting low “off-tumor” toxicity.

Four research groups generated anti-CLL1 CAR T cells, three second generation [52–54] and one
third generation CAR [55]. All four showed potent activity against CLL1+ AML cell lines, as well as
primary CLL1+ AML blasts in vitro and in xenograft mouse models, while sparing normal myeloid
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precursor cells. Tashiro et al. went a step further and introduced the inducible caspase-9 suicide gene
system into the CARs and could successfully control anti-CLL1 CAR T cell activity in vitro and in vivo.

8. CD44v6

CD44v6 is the isoform variant 6 of the hyaluronic acid receptor CD44, a class I membrane
glycoprotein overexpressed in hematologic malignancies including AML [56] and epithelial tumors [57].
It is absent in hematopoietic stem cells [58] and shows low expression levels on normal cells. Casucci
and colleagues designed a second generation anti-CD44v6 CAR with cytotoxicity against AML
cells while sparing normal hematopoietic stem cells [59]. Monocytopenia was the dose limiting
toxicity in this preclinical study. To control this adverse event, the clinical-grade suicide genes,
thymidine kinase [60] and the nonimmunogenic inducible Caspase 9 (iC9) [61], were coexpressed in
the anti-CD44v6 CARs with iC9 successfully eradicating the CAR T cells within hours.

9. Folate Receptor ß (FRß)

Folate receptor ß (FRß) is primarily expressed on myeloid-lineage hematopoietic cells [62] and
is expressed on about 70% of primary AML cells [63]. The expression of FRß on AML blasts can
be increased by all-trans retinoic acid (ATRA) and enhanced the efficacy of folate-conjugated drug
therapy in a preclinical study [64,65]. Preclinical models showed the efficacy of anti-FRß CAR T cells
and an even better efficacy of high-affinity anti-FRß CAR T cells against AML cells in vitro and in vivo
without toxicity against healthy hematopoietic progenitor/stem cells (HPSCs) [66,67].

10. CD38

CD38 is expressed on the majority of AML blasts but not healthy human hematopoietic stem
cells [68,69]. Due to the modest expression level of CD38 in AML, the combination of ATRA and
second generation anti-CD38 CAR T cells to enhance the CD38 expression was tested [70]. In this
study, ATRA enhanced the cytotoxicity of anti-CD38 CAR T cells on AML cells with the augmented
CD38 expression in vitro.

11. CD7

CD7 is expressed by T cells and natural killer cells [71]; it is also expressed in over 90% of
lymphoblastic T cell leukemia and lymphoma [72,73] and in about 30% of AML cases [74,75], but is
absent in normal myeloid and erythroid cells. An anti-CD7 CAR in CD7 knock-out T cells to prevent
fratricide can effectively eliminate CD7 + AML cell lines as well as primary AML cells while sparing
normal myeloid and erythroid progenitor cells [76–78].

12. Intracellular Targets: PR1/HLA-A2; WT1/HLA-A2

The majority of leukemia-associated-antigens and neoantigens are intracellularly processed and
presented by HLA class II molecules. To address HLA-presented antigens, TCR-mimic (TCRm) CARs
directing the scFv domain against a peptide-HLA complex were developed. Proteinase 1 (PR1) is a
HLA A2-restricted nonamer derived from the leukemia associated antigen proteinase 3 and neutrophil
elastase. Both proteases are expressed in the primary azurophilic granules of neutrophils and are
overexpressed in myeloid leukemic blasts [79,80]. A second-generation CAR construct targeting
HLA-A2/PR1 was preferentially cytotoxic against human AML cell lines and primary AML blasts
in vitro [81]. The second TCRm CAR published targets the leukemia associated antigen Wilms tumor
1 (WT1) in the context of HLA-A2 and has demonstrated efficacy in vivo in an AML mouse model [82].
WT1 is overexpressed in AML, chronic myeloid leukemia (CML), and several solid tumors [83–85].
Another antigen candidate is PRAME (preferentially expressed antigen in melanoma). It is a so-called
cancer-testis antigen and is therefore exclusively expressed in the testes and ovaries in healthy tissue.
However, in several malignant tissues—and in about 20–40% of AML cases—it is intracellularly
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expressed and presented on the cell surface via human leukocyte antigen (HLA)-I. Chang et al.
developed a TCRm human IgG1 antibody that recognizes a decamer peptide derived from PRAME
in the context with HLA-A. It showed therapeutical effectiveness against mouse xenograft models of
human leukemia [86]. In addition, a multicenter phase I/II clinical trial is currently testing autologous
T cells that are transduced with a PRAME-specific HLA-A*02:01-restricted TCR (NCT03503968).

Whether autoimmune reactions as off-tumor toxicity occur with TCRm CAR application has to be
investigated in further studies.

13. Safety Affairs

Relevant side effects of CARs are tumor-lysis syndrome and cytokine release syndrome, as well
as “on-target but off-tumor” toxicity. “On-target but off-tumor” toxicity occurs when the target antigen
is not only expressed on the target cells but also on normal tissues. This is the case for HER2, which
is expressed in epithelial cells in the gastrointestinal, respiratory, reproductive, urinary tract, skin,
breast, placenta, and normal hematopoietic cells [87]. A clinical trial investigating a third generation
CAR targeting HER2 reported of one patient who developed respiratory distress within 15 min after
receiving a single dose of 10ˆ10 CAR T cells, followed by cardiac arrest [88]. This study underlines how
important the target antigen selection is. Other aspects of reducing toxicity, mainly cytokine storm,
are the number of infused CARs as well as the use of immunosuppressive agents and an introduced
control mechanism into the CARs (Figure 1B). As control mechanisms, several suicide gene strategies
were investigated, including thymidine kinase gene of the herpes simplex virus thymidine kinase
(HSV-TK) [89] and the inducible caspase 9 (iCasp9) [90]. An elegant approach to limit “off-tumor”
toxicity is to modify the CAR scFvs affinity of the antibody [91]. For high affinity HER2 CAR T cells,
it was demonstrated that in dependence of the antigen density on the surface of the target cell, a
high-affinity CAR is reactive against a malignant (high density) but not a normal (low density) cell [91].

14. Conclusions

Although in B-cell malignancies, CAR T cells now begin to build one therapeutic column in
clinical practice, the value of CAR T cell therapy for AML still has to be determined.

There are major hurdles to take, e.g., finding the right antigen with low “off-tumor” toxicity and
supplementing strategies to minimize “off-tumor” toxicity. Several attempts have already been made,
such as suicidal control of CAR T cells, temporary expression of the CAR, and improvement of the
affinity of the CAR. The CAR race has started and will hopefully improve and enrich the therapeutic
armentarium against AML.

Acknowledgments: We thank M. Hinkelbein for support with editing text and references.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Döhner, H.; Weisdorf, D.J.; Bloomfield, C.D. Acute myeloid leukemia. N. Engl. J. Med. 2015, 373, 1136–1152.
[CrossRef] [PubMed]

2. Döhner, H.; Estey, E.H.; Amadori, S.; Appelbaum, F.R.; Büchner, T.; Burnett, A.K.; Dombret, H.; Fenaux, P.;
Grimwade, D.; Larson, R.A.; et al. Diagnosis and management of acute myeloid leukemia in adults:
Recommendations from an international expert panel, on behalf of the european leukemianet. Blood 2010,
115, 453–474. [CrossRef] [PubMed]

3. Eppert, K.; Takenaka, K.; Lechman, E.R.; Waldron, L.; Nilsson, B.; van Galen, P.; Metzeler, K.H.; Poeppl, A.;
Ling, V.; Beyene, J.; et al. Stem cell gene expression programs influence clinical outcome in human leukemia.
Nat. Med. 2011, 17, 1086–1093. [CrossRef] [PubMed]

4. Bonnet, D.; Dick, J.E. Human acute myeloid leukemia is organized as a hierarchy that originates from a
primitive hematopoietic cell. Nat. Med. 1997, 3, 730–737. [CrossRef]

5. Available online: https://seer.cancer.gov/statfacts/html/amyl.html (accessed on 5 February 2019).

127



J. Clin. Med. 2019, 8, 200

6. Cheever, M.A.; Allison, J.P.; Ferris, A.S.; Finn, O.J.; Hastings, B.M.; Hecht, T.T.; Mellman, I.; Prindiville, S.A.;
Viner, J.L.; Weiner, L.M.; et al. The prioritization of cancer antigens: A national cancer institute pilot project
for the acceleration of translational research. Clin. Cancer Res. 2009, 15, 5323–8337. [CrossRef] [PubMed]

7. Kolb, H.J.; Mittermuller, J.; Clemm, C.; Holler, E.; Ledderose, G.; Brehm, G.; Heim, M.; Wilmanns, W. Donor
leukocyte transfusions for treatment of recurrent chronic myelogenous leukemia in marrow transplant
patients. Blood 1990, 76, 2462–2465. [PubMed]

8. Kolb, H.J.; Schattenberg, A.; Goldman, J.M.; Hertenstein, B.; Jacobsen, N.; Arcese, W.; Ljungman, P.;
Ferrant, A.; Verdonck, L.; Niederwieser, D.; et al. Graft-versus-leukemia effect of donor lymphocyte
transfusions in marrow grafted patients. Blood 1995, 86, 2041–2050.

9. Kolb, H.J.; Schmid, C.; Barrett, A.J.; Schendel, D.J. Graft-versus-leukemia reactions in allogeneic chimeras.
Blood 2004, 103, 767–776. [CrossRef]

10. Maude, S.L.; Frey, N.; Shaw, P.A.; Aplenc, R.; Barrett, D.M.; Bunin, N.J.; Chew, A.; Gonzalez, V.E.; Zheng, Z.;
Lacey, S.F.; et al. Chimeric antigen receptor t cells for sustained remissions in leukemia. N. Engl. J. Med. 2014,
371, 1507–1517. [CrossRef]

11. Turtle, C.J.; Hanafi, L.A.; Berger, C.; Gooley, T.A.; Cherian, S.; Hudecek, M.; Sommermeyer, D.; Melville, K.;
Pender, B.; Budiarto, T.M.; et al. Cd19 car-t cells of defined cd4+:Cd8+ composition in adult b cell all patients.
J. Clin. Investig. 2016, 126, 2123–2138. [CrossRef]

12. Eshhar, Z.; Waks, T.; Gross, G.; Schindler, D.G. Specific activation and targeting of cytotoxic lymphocytes
through chimeric single chains consisting of antibody-binding domains and the gamma or zeta subunits of
the immunoglobulin and t-cell receptors. Proc. Natl. Acad. Sci. USA 1993, 90, 720–724. [CrossRef] [PubMed]

13. Jensen, M.C.; Popplewell, L.; Cooper, L.J.; DiGiusto, D.; Kalos, M.; Ostberg, J.R.; Forman, S.J. Antitransgene
rejection responses contribute to attenuated persistence of adoptively transferred cd20/cd19-specific chimeric
antigen receptor redirected t cells in humans. Biol. Blood Marrow Trans. 2010, 16, 1245–1256. [CrossRef]
[PubMed]

14. Stancovski, I.; Schindler, D.G.; Waks, T.; Yarden, Y.; Sela, M.; Eshhar, Z. Targeting of t lymphocytes to
neu/her2-expressing cells using chimeric single chain fv receptors. J. Immunol. 1993, 151, 6577–6582.
[PubMed]

15. Till, B.G.; Jensen, M.C.; Wang, J.; Qian, X.; Gopal, A.K.; Maloney, D.G.; Lindgren, C.G.; Lin, Y.; Pagel, J.M.;
Budde, L.E.; et al. Cd20-specific adoptive immunotherapy for lymphoma using a chimeric antigen receptor
with both cd28 and 4-1bb domains: Pilot clinical trial results. Blood 2012, 119, 3940–3950. [CrossRef]
[PubMed]

16. Finney, H.M.; Lawson, A.D.G.; Bebbington, C.R.; Weir, A.N.C. Chimeric receptors providing both primary
and costimulatory signaling in t cells from a single gene product. J. Immunol. 1998, 161, 2791. [PubMed]

17. Wang, E.; Wang, L.C.; Tsai, C.Y.; Bhoj, V.; Gershenson, Z.; Moon, E.; Newick, K.; Sun, J.; Lo, A.; Baradet, T.;
et al. Generation of potent t-cell immunotherapy for cancer using dap12-based, multichain, chimeric
immunoreceptors. Cancer Immunol. Res. 2015, 3, 815–826. [CrossRef] [PubMed]

18. Hombach, A.A.; Chmielewski, M.; Rappl, G.; Abken, H. Adoptive immunotherapy with redirected t cells
produces ccr7- cells that are trapped in the periphery and benefit from combined cd28-ox40 costimulation.
Hum. Gene Ther. 2013, 24, 259–269. [CrossRef]

19. Guedan, S.; Chen, X.; Madar, A.; Carpenito, C.; McGettigan, S.E.; Frigault, M.J.; Lee, J.; Posey, A.D., Jr.;
Scholler, J.; Scholler, N.; et al. Icos-based chimeric antigen receptors program bipolar th17/th1 cells. Blood
2014, 124, 1070–1080. [CrossRef]

20. Zhao, Y.; Wang, Q.J.; Yang, S.; Kochenderfer, J.N.; Zheng, Z.; Zhong, X.; Sadelain, M.; Eshhar, Z.;
Rosenberg, S.A.; Morgan, R.A. A herceptin-based chimeric antigen receptor with modified signaling domains
leads to enhanced survival of transduced t lymphocytes and antitumor activity. J. Immunol. 2009, 183,
5563–5574. [CrossRef]

21. Savoldo, B.; Ramos, C.A.; Liu, E.; Mims, M.P.; Keating, M.J.; Carrum, G.; Kamble, R.T.; Bollard, C.M.;
Gee, A.P.; Mei, Z.; et al. Cd28 costimulation improves expansion and persistence of chimeric antigen
receptor-modified t cells in lymphoma patients. J. Clin. Investig. 2011, 121, 1822–1826. [CrossRef]

22. Han, E.Q.; Li, X.L.; Wang, C.R.; Li, T.F.; Han, S.Y. Chimeric antigen receptor-engineered t cells for cancer
immunotherapy: Progress and challenges. J. Hematol. Oncol. 2013, 6, 47. [CrossRef] [PubMed]

128



J. Clin. Med. 2019, 8, 200

23. Long, A.H.; Haso, W.M.; Shern, J.F.; Wanhainen, K.M.; Murgai, M.; Ingaramo, M.; Smith, J.P.; Walker, A.J.;
Kohler, M.E.; Venkateshwara, V.R.; et al. 4-1bb costimulation ameliorates t cell exhaustion induced by tonic
signaling of chimeric antigen receptors. Nat. Med. 2015, 21, 581–590. [CrossRef] [PubMed]

24. Ruella, M.; Barrett, D.M.; Kenderian, S.S.; Shestova, O.; Hofmann, T.J.; Perazzelli, J.; Klichinsky, M.;
Aikawa, V.; Nazimuddin, F.; Kozlowski, M.; et al. Dual cd19 and cd123 targeting prevents antigen-loss
relapses after cd19-directed immunotherapies. J. Clin. Investig. 2016, 126, 3814–3826. [CrossRef] [PubMed]

25. Wilkie, S.; van Schalkwyk, M.C.; Hobbs, S.; Davies, D.M.; van der Stegen, S.J.; Pereira, A.C.; Burbridge, S.E.;
Box, C.; Eccles, S.A.; Maher, J. Dual targeting of erbb2 and muc1 in breast cancer using chimeric antigen
receptors engineered to provide complementary signaling. J. Clin. Immunol. 2012, 32, 1059–1070. [CrossRef]
[PubMed]

26. Zah, E.; Lin, M.Y.; Silva-Benedict, A.; Jensen, M.C.; Chen, Y.Y. T cells expressing cd19/cd20 bispecific
chimeric antigen receptors prevent antigen escape by malignant b cells. Cancer Immunol. Res. 2016, 4,
498–508. [CrossRef] [PubMed]

27. Perna, F.; Berman, S.H.; Soni, R.K.; Mansilla-Soto, J.; Eyquem, J.; Hamieh, M.; Hendrickson, R.C.;
Brennan, C.W.; Sadelain, M. Integrating proteomics and transcriptomics for systematic combinatorial
chimeric antigen receptor therapy of aml. Cancer Cell 2017, 32, 506–519. [CrossRef] [PubMed]

28. Dotti, G.; Gottschalk, S.; Savoldo, B.; Brenner, M.K. Design and development of therapies using chimeric
antigen receptor-expressing t cells. Immunol. Rev. 2014, 257, 107–126. [CrossRef]

29. Available online: https://clinicaltrials.gov/ct2/results?cond=aml&term=car&cntry=&state=&city=&dist=
(accessed on 12 December 2018).

30. Griffin, J.D.; Linch, D.; Sabbath, K.; Larcom, P.; Schlossman, S.F. A monoclonal antibody reactive with normal
and leukemic human myeloid progenitor cells. Leuk. Res. 1984, 8, 521–534. [CrossRef]

31. Nguyen, D.H.; Ball, E.D.; Varki, A. Myeloid precursors and acute myeloid leukemia cells express multiple
cd33-related siglecs. Exp. Hematol. 2006, 34, 728–735. [CrossRef]

32. Hauswirth, A.W.; Florian, S.; Printz, D.; Sotlar, K.; Krauth, M.T.; Fritsch, G.; Schernthaner, G.H.; Wacheck, V.;
Selzer, E.; Sperr, W.R.; et al. Expression of the target receptor cd33 in cd34+/cd38-/cd123+ aml stem cells.
Eur. J. Clin. Investig. 2007, 37, 73–82. [CrossRef]

33. Thol, F.; Schlenk, R.F. Gemtuzumab ozogamicin in acute myeloid leukemia revisited. Expert Opin. Biol. Ther.
2014, 14, 1185–1195. [CrossRef] [PubMed]

34. Giles, F.J.; Kantarjian, H.M.; Kornblau, S.M.; Thomas, D.A.; Garcia-Manero, G.; Waddelow, T.A.; David, C.L.;
Phan, A.T.; Colburn, D.E.; Rashid, A.; et al. Mylotarg (gemtuzumab ozogamicin) therapy is associated with
hepatic venoocclusive disease in patients who have not received stem cell transplantation. Cancer 2001, 92,
406–413. [CrossRef]

35. Walter, R.B.; Appelbaum, F.R.; Estey, E.H.; Bernstein, I.D. Acute myeloid leukemia stem cells and
cd33-targeted immunotherapy. Blood 2012, 119, 6198. [CrossRef] [PubMed]

36. Hills, R.K.; Castaigne, S.; Appelbaum, F.R.; Delaunay, J.; Petersdorf, S.; Othus, M.; Estey, E.H.; Dombret, H.;
Chevret, S.; Ifrah, N.; et al. Addition of gemtuzumab ozogamicin to induction chemotherapy in adult patients
with acute myeloid leukaemia: A meta-analysis of individual patient data from randomised controlled trials.
Lancet Oncol. 2014, 15, 986–996. [CrossRef]

37. Wang, Q.-S.; Wang, Y.; Lv, H.-Y.; Han, Q.-W.; Fan, H.; Guo, B.; Wang, L.-L.; Han, W.-D. Treatment of
cd33-directed chimeric antigen receptor-modified t cells in one patient with relapsed and refractory acute
myeloid leukemia. Mol. Ther. 2015, 23, 184–191. [CrossRef]

38. Kenderian, S.S.; Ruella, M.; Shestova, O.; Klichinsky, M.; Aikawa, V.; Morrissette, J.J.; Scholler, J.; Song, D.;
Porter, D.L.; Carroll, M.; et al. Cd33-specific chimeric antigen receptor t cells exhibit potent preclinical activity
against human acute myeloid leukemia. Leukemia 2015, 29, 1637–1647. [CrossRef]

39. Kim, M.Y.; Yu, K.-R.; Kenderian, S.S.; Ruella, M.; Chen, S.; Shin, T.-H.; Aljanahi, A.A.; Schreeder, D.;
Klichinsky, M.; Shestova, O.; et al. Genetic inactivation of cd33 in hematopoietic stem cells to enable car t cell
immunotherapy for acute myeloid leukemia. Cell 2018, 173, 1439–1453. [CrossRef]

40. Westwood, J.A.; Murray, W.K.; Trivett, M.; Haynes, N.M.; Solomon, B.; Mileshkin, L.; Ball, D.; Michael, M.;
Burman, A.; Mayura-Guru, P.; et al. The lewis-y carbohydrate antigen is expressed by many human tumors
and can serve as a target for genetically redirected t cells despite the presence of soluble antigen in serum.
J. Immunother. 2009, 32, 292–301. [CrossRef]

129



J. Clin. Med. 2019, 8, 200

41. Sakamoto, J.; Furukawa, K.; Cordon-Cardo, C.; Yin, B.W.T.; Rettig, W.J.; Oettgen, H.F.; Old, L.J.; Lloyd, K.O.
Expression of Lewisa, X, and Y blood group antigens in human colonic tumors and normal tissue and in
human tumor-derived cell lines. Cancer Res. 1986, 46, 1553.

42. Peinert, S.; Prince, H.M.; Guru, P.M.; Kershaw, M.H.; Smyth, M.J.; Trapani, J.A.; Gambell, P.; Harrison, S.;
Scott, A.M.; Smyth, F.E.; et al. Gene-modified t cells as immunotherapy for multiple myeloma and acute
myeloid leukemia expressing the lewis y antigen. Gene Ther. 2010, 17, 678. [CrossRef]

43. Kobayashi, K.; Sakamoto, J.; Kito, T.; Yamamura, Y.; Koshikawa, T.; Fujita, M.; Watanabe, T.; Nakazato, H.
Lewis blood group-related antigen expression in normal gastric epithelium, intestinal metaplasia, gastric
adenoma, and gastric carcinoma. Am. J. Gastroenterol. 1993, 88, 919–924. [PubMed]

44. Neeson, P.; Shin, A.; Tainton, K.M.; Guru, P.; Prince, H.M.; Harrison, S.J.; Peinert, S.; Smyth, M.J.; Trapani, J.A.;
Kershaw, M.H.; et al. Ex vivo culture of chimeric antigen receptor t cells generates functional cd8+ t cells
with effector and central memory-like phenotype. Gene Ther. 2010, 17, 1105. [CrossRef]

45. Jordan, C.T.; Upchurch, D.; Szilvassy, S.J.; Guzman, M.L.; Howard, D.S.; Pettigrew, A.L.; Meyerrose, T.;
Rossi, R.; Grimes, B.; Rizzieri, D.A.; et al. The interleukin-3 receptor alpha chain is a unique marker for
human acute myelogenous leukemia stem cells. Leukemia 2000, 14, 1777–1784. [CrossRef] [PubMed]

46. Jin, L.; Lee, E.M.; Ramshaw, H.S.; Busfield, S.J.; Peoppl, A.G.; Wilkinson, L.; Guthridge, M.A.; Thomas, D.;
Barry, E.F.; Boyd, A.; et al. Monoclonal antibody-mediated targeting of cd123, il-3 receptor α chain, eliminates
human acute myeloid leukemic stem cells. Cell Stem Cell 2009, 5, 31–42. [CrossRef]

47. Thokala, R.; Olivares, S.; Mi, T.; Maiti, S.; Deniger, D.; Huls, H.; Torikai, H.; Singh, H.; Champlin, R.E.;
Laskowski, T.; et al. Redirecting specificity of t cells using the sleeping beauty system to express chimeric
antigen receptors by mix-and-matching of vl and vh domains targeting cd123+ tumors. PLoS ONE 2016, 11,
e0159477. [CrossRef] [PubMed]

48. Levis, M.; Small, D. Flt3: Itdoes matter in leukemia. Leukemia 2003, 17, 1738–1752. [CrossRef]
49. Chien, C.D.; Sauter, C.T.; Ishii, K.; Nguyen, S.M.; Shen, F.; Tasian, S.K.; Chen, W.; Dimitrov, D.S.; Fry, T.J.

Preclinical development of flt3-redirected chimeric antigen receptor t cell immunotherapy for acute myeloid
leukemia. Blood 2016, 128, 1072.

50. Wang, Y.; Xu, Y.; Li, S.; Liu, J.; Xing, Y.; Xing, H.; Tian, Z.; Tang, K.; Rao, Q.; Wang, M.; et al. Targeting flt3 in
acute myeloid leukemia using ligand-based chimeric antigen receptor-engineered t cells. J. Hematol. Oncol.
2018, 11, 60. [CrossRef]

51. Bakker, A.B.H.; van den Oudenrijn, S.; Bakker, A.Q.; Feller, N.; van Meijer, M.; Bia, J.A.; Jongeneelen, M.A.C.;
Visser, T.J.; Bijl, N.; Geuijen, C.A.W.; et al. C-type lectin-like molecule-1. Cancer Res. 2004, 64, 8443. [CrossRef]

52. Laborda, E.; Mazagova, M.; Shao, S.; Wang, X.; Quirino, H.; Woods, A.K.; Hampton, E.N.; Rodgers, D.T.;
Kim, C.H.; Schultz, P.G.; et al. Development of a chimeric antigen receptor targeting c-type lectin-like
molecule-1 for human acute myeloid leukemia. Int. J. Mol. Sci. 2017, 18, 2259. [CrossRef]

53. Kenderian, S.S.; Habermann, T.M.; Macon, W.R.; Ristow, K.M.; Ansell, S.M.; Colgan, J.P.; Johnston, P.B.;
Inwards, D.J.; Markovic, S.N.; Micallef, I.N.; et al. Large b-cell transformation in nodular
lymphocyte-predominant hodgkin lymphoma: 40-year experience from a single institution. Blood 2016, 127,
1960–1966. [CrossRef] [PubMed]

54. Tashiro, H.; Sauer, T.; Shum, T.; Parikh, K.; Mamonkin, M.; Omer, B.; Rouce, R.H.; Lulla, P.; Rooney, C.M.;
Gottschalk, S.; et al. Treatment of acute myeloid leukemia with t cells expressing chimeric antigen receptors
directed to c-type lectin-like molecule 1. Mol. Ther. J. Am. Soc. Gene Ther. 2017, 25, 2202–2213. [CrossRef]
[PubMed]

55. Wang, J.; Chen, S.; Xiao, W.; Li, W.; Wang, L.; Yang, S.; Wang, W.; Xu, L.; Liao, S.; Liu, W.; et al. Car-t cells
targeting cll-1 as an approach to treat acute myeloid leukemia. J. Hematol. Oncol. 2018, 11, 7. [CrossRef]
[PubMed]

56. Legras, S.; Gunthert, U.; Stauder, R.; Curt, F.; Oliferenko, S.; Kluin-Nelemans, H.C.; Marie, J.P.; Proctor, S.;
Jasmin, C.; Smadja-Joffe, F. A strong expression of cd44-6v correlates with shorter survival of patients with
acute myeloid leukemia. Blood 1998, 91, 3401–3413. [PubMed]

57. Günthert, U.; Hofmann, M.; Rudy, W.; Reber, S.; Zöller, M.; Hauβmann, I.; Matzku, S.; Wenzel, A.; Ponta, H.;
Herrlich, P. A new variant of glycoprotein cd44 confers metastatic potential to rat carcinoma cells. Cell 1991,
65, 13–24. [CrossRef]

130



J. Clin. Med. 2019, 8, 200

58. Neu, S.; Geiselhart, A.; Sproll, M.; Hahn, D.; Kuçi, S.; Niethammer, D.; Handgretinger, R. Expression
of cd44 isoforms by highly enriched cd34-positive cells in cord blood, bone marrow and leukaphereses.
Bone Marrow Trans. 1997, 20, 593. [CrossRef] [PubMed]

59. Casucci, M.; Nicolis di Robilant, B.; Falcone, L.; Camisa, B.; Norelli, M.; Genovese, P.; Gentner, B.; Gullotta, F.;
Ponzoni, M.; Bernardi, M.; et al. Cd44v6-targeted t cells mediate potent antitumor effects against acute
myeloid leukemia and multiple myeloma. Blood 2013, 122, 3461–3472. [CrossRef] [PubMed]

60. Ciceri, F.; Bonini, C.; Stanghellini, M.T.; Bondanza, A.; Traversari, C.; Salomoni, M.; Turchetto, L.; Colombi, S.;
Bernardi, M.; Peccatori, J.; et al. Infusion of suicide-gene-engineered donor lymphocytes after family
haploidentical haemopoietic stem-cell transplantation for leukaemia (the tk007 trial): A non-randomised
phase i-ii study. Lancet Oncol. 2009, 10, 489–500. [CrossRef]

61. Di Stasi, A.; Tey, S.K.; Dotti, G.; Fujita, Y.; Kennedy-Nasser, A.; Martinez, C.; Straathof, K.; Liu, E.; Durett, A.G.;
Grilley, B.; et al. Inducible apoptosis as a safety switch for adoptive cell therapy. N. Engl. J. Med. 2011, 365,
1673–1683. [CrossRef] [PubMed]

62. Shen, D.; Jiang, M.; Hao, W.; Tao, L.; Salazar, M.; Fong, H.K. A human opsin-related gene that encodes a
retinaldehyde-binding protein. Biochemistry 1994, 33, 13117–13125. [CrossRef]

63. Ross, J.F.; Wang, H.; Behm, F.G.; Mathew, P.; Wu, M.; Booth, R.; Ratnam, M. Folate receptor type beta is a
neutrophilic lineage marker and is differentially expressed in myeloid leukemia. Cancer 1999, 85, 348–357.
[CrossRef]

64. Wang, H.; Zheng, X.; Behm, F.G.; Ratnam, M. Differentiation-independent retinoid induction of folate
receptor type beta, a potential tumor target in myeloid leukemia. Blood 2000, 96, 3529–3536. [PubMed]

65. Pan, X.Q.; Zheng, X.; Shi, G.; Wang, H.; Ratnam, M.; Lee, R.J. Strategy for the treatment of acute myelogenous
leukemia based on folate receptor beta-targeted liposomal doxorubicin combined with receptor induction
using all-trans retinoic acid. Blood 2002, 100, 594–602. [CrossRef] [PubMed]

66. Lynn, R.C.; Poussin, M.; Kalota, A.; Feng, Y.; Low, P.S.; Dimitrov, D.S.; Powell, D.J., Jr. Targeting of folate
receptor beta on acute myeloid leukemia blasts with chimeric antigen receptor-expressing t cells. Blood 2015,
125, 3466–3476. [CrossRef] [PubMed]

67. Lynn, R.C.; Feng, Y.; Schutsky, K.; Poussin, M.; Kalota, A.; Dimitrov, D.S.; Powell, D.J., Jr. High-affinity
frbeta-specific car t cells eradicate aml and normal myeloid lineage without hsc toxicity. Leukemia 2016, 30,
1355–1364. [CrossRef] [PubMed]

68. Terstappen, L.W.; Safford, M.; Unterhalt, M.; Konemann, S.; Zurlutter, K.; Piechotka, K.; Drescher, M.;
Aul, C.; Buchner, T.; Hiddemann, W.; et al. Flow cytometric characterization of acute myeloid leukemia:
Iv. Comparison to the differentiation pathway of normal hematopoietic progenitor cells. Leukemia 1992, 6,
993–1000. [PubMed]

69. Konopleva, M.; Rissling, I.; Andreeff, M. Cd38 in hematopoietic malignancies. Chem. Immunol. 2000, 75,
189–206. [PubMed]

70. Yoshida, T.; Mihara, K.; Takei, Y.; Yanagihara, K.; Kubo, T.; Bhattacharyya, J.; Imai, C.; Mino, T.; Takihara, Y.;
Ichinohe, T. All-trans retinoic acid enhances cytotoxic effect of t cells with an anti-cd38 chimeric antigen
receptor in acute myeloid leukemia. Clin. Transl. Immunol. 2016, 5, e116. [CrossRef]

71. Rabinowich, H.; Vitolo, D.; Altarac, S.; Herberman, R.B.; Whiteside, T.L. Role of cytokines in the adoptive
immunotherapy of an experimental model of human head and neck cancer by human il-2-activated natural
killer cells. J. Immunol. 1992, 149, 340–349.

72. Campana, D.; van Dongen, J.J.; Mehta, A.; Coustan-Smith, E.; Wolvers-Tettero, I.L.; Ganeshaguru, K.;
Janossy, G. Stages of t-cell receptor protein expression in t-cell acute lymphoblastic leukemia. Blood 1991, 77,
1546–1554.

73. Campana, D.; Behm, F.G. Immunophenotyping of leukemia. J. Immunol. Methods 2000, 243, 59–75. [CrossRef]
74. Tiftik, N.; Bolaman, Z.; Batun, S.; Ayyildiz, O.; Isikdogan, A.; Kadikoylu, G.; Muftuoglu, E. The importance

of cd7 and cd56 antigens in acute leukaemias. Int. J. Clin. Pract. 2004, 58, 149–152. [CrossRef]
75. Miwa, H.; Nakase, K.; Kita, K. Biological characteristics of cd7(+) acute leukemia. Leuk Lymphoma 1996, 21,

239–244. [PubMed]
76. Gomes-Silva, D.; Atilla, E.; Atilla, P.A.; Mo, F.; Tashiro, H.; Srinivasan, M.; Lulla, P.; Rouce, R.H.; Cabral, J.M.S.;

Ramos, C.A.; et al. Cd7 car t cells for the therapy of acute myeloid leukemia. Mol. Ther. 2018, 27, 272–280.
[CrossRef]

131



J. Clin. Med. 2019, 8, 200

77. Gomes-Silva, D.; Srinivasan, M.; Sharma, S.; Lee, C.M.; Wagner, D.L.; Davis, T.H.; Rouce, R.H.; Bao, G.;
Brenner, M.K.; Mamonkin, M. Cd7-edited t cells expressing a cd7-specific car for the therapy of t-cell
malignancies. Blood 2017, 130, 285–296. [CrossRef]

78. Silva, D.; Tashiro, H.; Srinivasan, M.; Brenner, M.K.; Mamonkin, M. Cd7 car for the treatment of acute
myeloid and lymphoid leukemia. Blood 2016, 128, 4555.

79. Molldrem, J.; Dermime, S.; Parker, K.; Jiang, Y.Z.; Mavroudis, D.; Hensel, N.; Fukushima, P.; Barrett, A.J.
Targeted t-cell therapy for human leukemia: Cytotoxic t lymphocytes specific for a peptide derived from
proteinase 3 preferentially lyse human myeloid leukemia cells. Blood 1996, 88, 2450–2457.

80. Molldrem, J.J.; Clave, E.; Jiang, Y.Z.; Mavroudis, D.; Raptis, A.; Hensel, N.; Agarwala, V.; Barrett, A.J.
Cytotoxic t lymphocytes specific for a nonpolymorphic proteinase 3 peptide preferentially inhibit chronic
myeloid leukemia colony-forming units. Blood 1997, 90, 2529–2534. [PubMed]

81. Ma, Q.; Garber, H.R.; Lu, S.; He, H.; Tallis, E.; Ding, X.; Sergeeva, A.; Wood, M.S.; Dotti, G.; Salvado, B.;
et al. A novel tcr-like car with specificity for pr1/hla-a2 effectively targets myeloid leukemia in vitro when
expressed in human adult peripheral blood and cord blood t cells. Cytotherapy 2016, 18, 985–994. [CrossRef]
[PubMed]

82. Rafiq, S.; Purdon, T.J.; Daniyan, A.F.; Koneru, M.; Dao, T.; Liu, C.; Scheinberg, D.A.; Brentjens, R.J. Optimized
t-cell receptor-mimic chimeric antigen receptor t cells directed toward the intracellular wilms tumor 1 antigen.
Leukemia 2017, 31, 1788–1797. [CrossRef]

83. Rezvani, K.; Grube, M.; Brenchley, J.M.; Sconocchia, G.; Fujiwara, H.; Price, D.A.; Gostick, E.; Yamada, K.;
Melenhorst, J.; Childs, R.; et al. Functional leukemia-associated antigen-specific memory cd8+ t cells exist
in healthy individuals and in patients with chronic myelogenous leukemia before and after stem cell
transplantation. Blood 2003, 102, 2892–2900. [CrossRef] [PubMed]

84. Krug, L.M.; Dao, T.; Brown, A.B.; Maslak, P.; Travis, W.; Bekele, S.; Korontsvit, T.; Zakhaleva, V.; Wolchok, J.;
Yuan, J.; et al. Wt1 peptide vaccinations induce cd4 and cd8 t cell immune responses in patients with
mesothelioma and non-small cell lung cancer. Cancer Immunol. Immunother. 2010, 59, 1467–1479. [CrossRef]
[PubMed]

85. Gao, L.; Bellantuono, I.; Elsässer, A.; Marley, S.B.; Gordon, M.Y.; Goldman, J.M.; Stauss, H.J. Selective
elimination of leukemic CD34+ progenitor cells by cytotoxic t lymphocytes specific for wt1. Blood 2000, 95,
2198. [PubMed]

86. Chang, A.Y.; Dao, T.; Gejman, R.S.; Jarvis, C.A.; Scott, A.; Dubrovsky, L.; Mathias, M.D.; Korontsvit, T.;
Zakhaleva, V.; Curcio, M.; et al. A therapeutic t cell receptor mimic antibody targets tumor-associated prame
peptide/hla-i antigens. J. Clin. Investig. 2017, 127, 2705–2718. [CrossRef] [PubMed]

87. Press, M.F.; Cordon-Cardo, C.; Slamon, D.J. Expression of the her-2/neu proto-oncogene in normal human
adult and fetal tissues. Oncogene 1990, 5, 953–962. [PubMed]

88. Morgan, R.A.; Yang, J.C.; Kitano, M.; Dudley, M.E.; Laurencot, C.M.; Rosenberg, S.A. Case report of a serious
adverse event following the administration of t cells transduced with a chimeric antigen receptor recognizing
erbb2. Mol. Ther. 2010, 18, 843–851. [CrossRef]

89. Bonini, C.; Ferrari, G.; Verzeletti, S.; Servida, P.; Zappone, E.; Ruggieri, L.; Ponzoni, M.; Rossini, S.;
Mavilio, F.; Traversari, C.; et al. Hsv-tk gene transfer into donor lymphocytes for control of allogeneic
graft-versus-leukemia. Science 1997, 276, 1719–1724. [CrossRef] [PubMed]

90. Straathof, K.C.; Pulè, M.A.; Yotnda, P.; Dotti, G.; Vanin, E.F.; Brenner, M.K.; Heslop, H.E.; Spencer, D.M.;
Rooney, C.M. An inducible caspase 9 safety switch for t-cell therapy. Blood 2005, 105, 4247. [CrossRef]

91. Liu, X.; Jiang, S.; Fang, C.; Yang, S.; Olalere, D.; Pequignot, E.C.; Cogdill, A.P.; Li, N.; Ramones, M.; Granda, B.;
et al. Affinity-tuned erbb2 or egfr chimeric antigen receptor t cells exhibit an increased therapeutic index
against tumors in mice. Cancer Res. 2015, 75, 3596–3607. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

132



Journal of

Clinical Medicine

Review

Antigenic Targets for the Immunotherapy of Acute
Myeloid Leukaemia

Ghazala Naz Khan 1, Kim Orchard 2 and Barbara-ann Guinn 1,*

1 Department of Biomedical Sciences, University of Hull, Hull HU7 6RX, UK; G.Khan@hull.ac.uk
2 Department of Haematology, University Hospital Southampton NHS Foundation Trust,

Southampton SO16 6YD, UK; kho@soton.ac.uk
* Correspondence: B.Guinn@hull.ac.uk; Tel: +44-1482-466543

Received: 25 December 2018; Accepted: 20 January 2019; Published: 23 January 2019
��������	
�������

Abstract: One of the most promising approaches to preventing relapse is the stimulation of the body’s
own immune system to kill residual cancer cells after conventional therapy has destroyed the bulk of
the tumour. In acute myeloid leukaemia (AML), the high frequency with which patients achieve first
remission, and the diffuse nature of the disease throughout the periphery, makes immunotherapy
particularly appealing following induction and consolidation therapy, using chemotherapy, and
where possible stem cell transplantation. Immunotherapy could be used to remove residual disease,
including leukaemic stem cells from the farthest recesses of the body, reducing, if not eliminating, the
prospect of relapse. The identification of novel antigens that exist at disease presentation and can act
as targets for immunotherapy have also proved useful in helping us to gain a better understand of
the biology that belies AML. It appears that there is an additional function of leukaemia associated
antigens as biomarkers of disease state and survival. Here, we discuss these findings.

Keywords: Acute myeloid leukaemia; cancer-testis antigen; human; clinical trial; immunotherapy

1. Introduction

Acute Myeloid Leukaemia (AML) is rare in children, but is more commonly observed in adults
over the age of 65. For context, in the United Kingdom (UK) there were 3126 new cases of AML
in 2015 and 2601 deaths from AML in 2016, in a population of 65 million. AML incidence has
increased more than 30% since the 1990s and the mortality rate has increased more than 79% since
the early 1970s (https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-
by-cancer-type/leukaemia-aml/incidence) [1]. This likely reflects the ageing population and prior
exposure to treatments for cancer, radiation, benzene, and pre-conditions, such as Down Syndrome
(www.nhs.uk/conditions.acute-myeloid-leukaemia) [2]. Typically, at diagnoses, the bone marrow
sample comprises of about 1 × 1012 blast cells and prognosis depends on the severity of the illness
at the point of diagnosis. Patients with AML usually present with complications of disordered
haematopoiesis: bleeding, fatigue, refractory infections, or the clinical consequences of an extremely
high white blood cell count: difficulty breathing, confusion, or other symptoms of organ failure [3].
We have been interested in identifying the antigens that are expressed by AML cells for three reasons.
They can (i) act as targets for immunotherapy, (ii) provide new information about the biology of the
disease, and (iii) act as biomarkers for the best treatment options or survival.

Immunotherapy stimulates the body’s own immune system to recognise and kill cancer cells and
potentially protect against cancer development in the future. It is known that one of the functions of
the immune system is to prevent tumour growth, and this is exemplified by the increased tumour
frequencies seen in immunocompromised patients following organ transplantation, those with acquired
immune deficiency syndrome (AIDS), and in patients with severe combined immunodeficiency (SCID)
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syndrome [4]. A range of immunotherapy strategies that engage the innate and more often the adaptive
immune system have been developed to treat AML (recently reviewed in [5]).

Survival for patients with AML has the potential to be greatly impacted by immunotherapy.
Similar to all leukaemias, AML rapidly spreads throughout the body making localised treatments used
for solid tumours, such as radiotherapy, of no real benefit. In addition, almost all AML patients will
achieve first remission where minimal residual disease (MRD) can be monitored in anticipation of an
all too frequent relapse. Around 70–80% of AML patients that were aged less than 65 achieve remission
through chemotherapy treatment [6], but around half relapse in the absence of stem cell transplantation
(SCT). During this period the immune system can recover and residual disease in difficult to reach
places could be eliminated by immunotherapy. Indeed, we already use immunotherapy to treat AML
patients through allo-SCT [7]. To boost this anti-tumour response, patients are given donor leukocyte
infusions (DLIs) as follow-up treatments post-transplant to maximise the chances of the transplant
being successful. Even with SCT, over one-third of patients will relapse [8], and we know that the
mortality rates that are associated with SCT, though decreased with the advent of peripheral blood
(PB) based haematopoietic-SCT (HSCT), still remain high. Indeed, patients are often exempted from
SCT due to a lack of a suitable donor or because they are too fragile to cope with the rigours of SCT,
although reduced intensity regimens have made SCT available to a broader base of older patients [9].

We already know a lot about how the immune system works from transplantation studies for
AML patients, especially around the importance of graft-versus-host disease (GvHD) to achieve
graft-versus-leukaemia (GvL) through twin studies and T cell depletions [10], the boosting of GvHD
through repeated DLI transfusions [11] and the role of reduced intensity conditioning allo-transplants
to improve the outcomes for older patients [12]. However many patients, especially those who
are ineligible to have a HSCT transplant, will relapse after first remission and require further
chemotherapeutic treatments [13]. Ideally, patients could be treated with immunotherapy in first
remission, to delay or hopefully prevent relapse.

Currently, the median survival for AML is around one year; however, there has been a steady
increase in the overall survival in younger patients [14]. The shift from bone marrow SCTs to PB SCTs
has increased donor availability and MRD allows for the prediction of relapse and prophylactic care.
However, to date, the largest improvements in survival remain due to improvements in palliative and
supportive care [3].

2. Immunotherapy

Although conventional treatments can be successful for patients with leukaemia, with five-year
survival rates for those patients treated with conventional chemotherapeutics (e.g., cytarabine and
daunorubicin), being at 27.4% (National Cancer Institute, https://seer.cancer.gov/statfacts/html/
amyl.html) [15] in comparison to those who were treated with SCTs being at 44.1%, at five-years
post-diagnosis [16]. The success of SCTs needs to be considered in a background of 15–25%
mortality [17], due to the treatment itself. On the whole aggressive types and stages are still
particularly challenging to diagnose and treat. The future of cancer treatment is increasingly focussed
on immunotherapy [18] used in combination with conventional treatments, which is seen as the best
opportunity for personalised and more effective treatments that could significantly increase survival
rates [19], and in the case of liquid tumours, could remove residual disease at diffuse sites in the body.

The ideal immunotherapy targets should play a role in tumour progression [20], so that tumour
destruction targets those cells that are responsible for the tumours aggression as well as starting
a cascade of activation induced cell death (AICD), immune stimulation in the context of ‘danger’ and
inflammation, and epitope spreading. To ensure monies from National Institute of Health (NIH) grants
prioritised immunotherapeutic treatments that focussed on a limited number of antigenic targets,
maximising the speed with which treatments reached clinical trials, Cheever and colleagues [21]
identified 75 cancer antigens and evaluated them based on nine characteristics that were identified as
being essential for effective treatment. p53 [22] was identified as one of the most desirable targets for
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immunotherapy as targeting p53 can kill both the evolving tumour cell population and any cancer
“stem” cell that harbours this as an early stage aberration. By targeting p53, you prevent its support of
further tumour growth and genomic instability [23]. However p53, like many other antigens is found
to be expressed in solid tumours, but is absent or expressed at low frequencies in haematological
malignancies [24]. Indeed, of the antigens considered, those that have been found with any frequency
in AML were limited to Wilms’ Tumour protein (WT1) (3rd out of 75) and survivin (12th out of
75), reflecting the authors’ need to provide a shortlist of antigens relevant to as many solid and
haematological malignancies as possible. However, the re-expression of some of the antigens listed has
been demonstrated through demethylation agents, such as 5′aza-2′-deoxy-cytidine, in recent studies,
including, but not limited to, melanoma antigen (MAGE)-A3 (29th of 75), NY-ESO-1 (34th of 75) [25],
and synovial sarcoma X breakpoint 2 (SSX2) (53rd of 75) [26].

3. The Role of Immunotherapy to Prevent or Delay Relapse in AML Patients in Remission

Treatment for leukaemia is often successful and a first remission achieved [27] however, recurrence
is seen in about 50% of younger patients and 90% of older patients [28]. MRD monitoring can predict
relapse 2–3 months prior to the development of clinical symptoms [29], enabling prophylactic treatment
to give patients the best chance of remaining in remission. The death of patients with leukaemia are
generally due to disease relapse and patients in first complete remission who are positive for MRD
prior to SCT were more likely to die (2.61 times) or relapse (4.9 times) a second time than patients who
were MRD negative [30].

Immunotherapy provides an opportunity to remove MRD from cancer patients in first remission,
when the burden of disease is low and their immune system is recovering from induction and
consolidation therapies. In addition, immunotherapy can be specific to the diseased cells, unlike
chemotherapy [31], and destroy leukaemic blast cells in the PB and organs throughout the body. There
are a number of different types of antigens [32], including differentiation, mutated, overexpressed,
and cancer-testis antigens (CTAs), some of which have been found in AML, including antigens from
mutated genes such as Nucleophosmin 1 (NPM1), DNA methyltansferase 3A (DNMT3A), Fms Related
Tyrosine Kinase 3 (FLT3), and Ten–Eleven Translocation 2 (TET2) (recently reviewed by [33]). The
CTAs category includes some of the oldest and best characterized families, and although MAGE family
members were not found to be expressed in presentation AML patient samples with any notable
frequency [34], helicase antigen (HAGE) and Per ARNT SIM domain containing 1 (PASD1) antigens
have been [34,35]. The differentiation antigens category is another large group of molecules that
includes, among many others, the well-known Carcinoembryonic antigen (CEA), glycoprotein 100
(gp100), melan A/melanoma antigen recognized by T cells (MART-1), prostate specific antigen (PSA),
and tyrosinase antigens, but relatively few AML antigens have come from this category. The myeloid
differentiation antigen CD65 is found at low levels in the least differentiated forms of AML (M0, M1),
and usually appears as CD34 disappears during normal myeloid development, reflecting the lack
of differentiation in the blast cells in these disease states. The largest group are the overexpressed
antigens that include human epidermal growth factor receptor 2 (ErbB-2), human telomerase reverse
transcriptase (hTERT), Mucin1 (MUC1), mesothelin, PSA, prostate specific membrane antigen (PSMA),
survivin, WT1, p53 and cyclin B1, some of whom are discussed below.

4. CTAs

We are particularly interested in CTAs, whose expression is usually restricted to healthy major
histocompatability complex (MHC) class I-deficient germline cells (reviewed by [32]). This feature
makes them appealing targets for immunotherapeutic strategies because they provide tumour-specific
antigens for MHC class I-restricted CD8+ T cells [36]. Developing immunogenic cancer vaccines that
target these antigens has become a priority in how cancer is diagnosed and treated. Boon and colleagues
were the first to clone a human tumour antigen, named MAGE-1 [37], through the analyses of responses
of cytotoxic T cells to melanoma cells. Subsequently, other CTAs were discovered by the group namely
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the B melanoma antigen (BAGE) and G antigen (GAGE) gene families. Common characteristics of CTAs
include mostly being encoded by multigene families, often mapping to the X chromosome and having
their expression level epigenetically regulated with drugs, such as 5-aza-2-deoxycytidine [25,26],
and although the functions of many are still unidentified, they have been shown to be involved
in tumourigenesis [36]. A large number CTAs have been discovered using serological analysis of
recombinant cDNA expression libraries (SEREX) [38] showing much promise as biomarkers for disease
and providing targets for immunotherapy. Examples include PASD1 in AML [35], LY6K in lung and
oesophageal carcinomas [39], sperm protein 17 (Sp17) in head and neck squamous cell carcinoma [40]
and transmembrane protein 31 (TMEM31) in metastatic melanoma [41]. The problem is that CTAs are
often expressed in less patients (23% for HAGE [34] and 33% for PASD1 [35]) at AML presentation as
compared with leukaemia associated antigens (LAAs), such as Survivin [42] and WT1 [43], which are
found in most patients and can act as MRD markers in their own right. However CTAs are restricted
in their expression to cancer/leukaemia cells and they offer an opportunity to circumvent the initiation
of auto-immune responses that could destroy healthy tissues in vulnerable patients.

It has been increasingly apparent that immunotherapy works best when patients have a healthy
immune system and low tumour burden. This is exemplified by the increased cancer incidence
observed in patients who have been immune suppressed by Human Immunodeficiency virus (HIV) [44],
organ transplantation [45], or cancer treatments, such as radiotherapy and/or chemotherapy [46].
It appears likely that immunotherapy will require use in combination with other treatments, such as
hypomethylating agents i.e., SGI-110, a derivative of decitabine [47], which has been shown to lead
to the re-expression of MAGE-A and NY-ESO-1 in AML blasts, or more recently treatment in a Phase
II clinical trial of AML patients with azacitidine and vorinostat, which led to an increased expression
of MAGE, renal cell carcinoma antigen (RAGE), LAGE, SSX2, and taxol resistance associated gene-3
(TRAG3) in blasts, which can be recognised when presented to circulating T cells [48]. In addition,
anti-CTLA4 or anti-PD-L1 have been shown to enable the memory of the immune system to recognise
tumour antigens (reviewed in [49]).

There has been some suggestion of using CTAs vaccines in a preventative manner at the earliest
stages before the cancer advances [50], but predicting which patients are at risk of cancer is often
limited to inherited cancers, which account for approximately 5% of all of those affected by cancer and
predisposing factors such as exposure to carcinogens that may or may not lead to cancer development.

5. CTAs and AML

HAGE is part of the DEAD-box RNA helicases that implies that its function may include RNA
metabolism in malignant cells [51]. It has been shown to be expressed in a number of tumour types but
not healthy tissues [52]. In 2002, Adams et al. [34] investigated the expression of 10 CTAs in presentation
samples from 26 AML and 42 CML. They found little or no expression of MAGE-A1, -A3, -A6, -A12,
BAGE, GAGE, LAGE-1, NY-ESO-1 or RAGE. In contrast to previous studies of CTAs in AML, Adams et
al. found that HAGE was expressed in 23% of AML patient samples by RT-PCR while it was detected in
14.8% (11/74) AML patients by qPCR analysis by Chen et al. [53]. HAGE has been found to be induced
in a dose dependent manner by 5-aza-2′-deoxycytidine [54], a treatment now being used in Phase II
clinical trials to overcome T cell exhaustion that is caused by AML blast arginase II activity [48].

The PASD1 gene was identified through the immunoscreening of testes cDNA libraries [35,55]
using the SEREX technique [56]. A number of investigations have demonstrated PASD1 expression in
haematological malignancies, including 4/12 (33%) AML samples [35]. In a cohort of haematological
malignancy derived cell lines, the sub-cellular localisation of PASD1, as determined by immunostaining
with monoclonal antibodies, was variable [57]. The detection of nuclear staining was not unexpected
and it likely reflected the presence of a nuclear localisation signal in the common region of the PASD1-1
and PASD1-2 proteins and the role of PASD1 as a transcription factor [58].

Immunogenic T-cell epitopes within PASD1a and PASD1b have proved to be more difficult
to identify [59,60]. In AML, Hardwick et al. [60] modified HLA-A*02:01 binding PASD1-specific
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peptides to generate effective T cell responses. One epitope, Pa14, caused limited expansion in CD8+ T
cell numbers from two of three HLA-A*02:01 positive, PASD1-positive AML patient samples. This
corresponds with the findings of Rezvani et al. [61], who also found AML T cells have limited capacity
to respond to stimulation ex vivo. A 2–3 week limited expansion is the maximum that has been
achieved prior to AML T cell death. Reasons for the limited responses may be due to the presence of
myeloid suppressor cells in mixed lymphocyte assays [62], interleukin-6 (IL-6) secretion by myeloid
leukaemia cells [63], and/or defects in T cell populations in myeloid leukaemia patients [61,64].
However, the stimulation of T cells from a colon cancer patient, by Hardwick et al, led to a substantial
increase in the number of Pa14-specific T cells to 13.6% of the CD8+ cell population after four rounds
of stimulation, with Pa14-specific IFNγ responses being evidenced [60].

PASD1 expression has not been described in solid tumours although the issues around publishing
negative results [65] means that there is little record of which solid tumour have been investigated for PASD1
expression. However the absence of PASD1 expression in solid tumours, including basal cell cancer [66]
and ovarian cancer [67], has been published suggesting low expression where it has been described.

6. The Role of Tumour Antigens as Biomarkers for Survival

Although tumour antigens were identified for their potential to act as targets for immunotherapy,
using the patient immune response for their identification, a number of subsequent studies showed
that some, but not all of these antigens could also act as biomarkers [68]. Indeed, despite their known
role in cancer initiation and progression, some antigens with elevated expression correlated with
improved survival.

Greiner and Guinn theorised that when leukaemia cells with elevated levels of LAAs are destroyed by
chemotherapy the clean-up of the dead/dying cancer cells by the immune system leads to the presentation
of antigens in an immunogenic and inflammatory context, leading to improved post-treatment immune
responses. In acute promyelocytic leukaemia (APL) patients who harbour the t(15;17) translocation, had a
decreased expression of Preferentially Expressed Antigen In Melanoma (PRAME) that correlated with
a shorter overall survival [69], whereas the typically favourable t(8;21) translocation was associated with
a higher level of PRAME in AML M2 patients [70]. Greiner et al. [71] had shown a significant correlation
between high G250 mRNA expression levels and a longer overall survival (p = 0.022) based on DNA
microarray data from 116 AML patients. In addition, the SSX2 interacting protein (SSX2IP) has been found
to be a marker of improved survival in AML patients who had no cytogenetic aberrations [72], while also
being elevated in patients with t(15;17), associated with poor prognosis until the advent of (treatment) and
decreased in patients harbouring the more favourable t(8;21) [73]. Guinn et al. found a positive correlation
between the expression of SSX2IP and the poor prognostic indicator FLT-3-ITD (p = 0.008, t test), but not
between SSX2IP and other poor prognostic markers, such as cytogenetic abnormalities associated with
poor survival, white cell count, age, sex, or survival [73].

However this has not been the case with all antigens. Liberante et al. [74] suggested a ‘Goldilocks’
effect of the relative levels of PRAME expression in terms of its role as a biomarker for survival. It was
found that ‘very high’ and ‘very low’ levels of PRAME expression correlated with poor survival. Low
levels of PRAME expression may reflect a situation where leukaemia cells are able to escape immune
surveillance, while higher levels of PRAME could reflect a higher tumour load and/or the presence of
more aberrant leukaemia cells [74]. In addition, elevated survivin expression has been shown to correlate
with chemoresistance [42] and poor outcomes [75,76] in AML. This is more commonly the case in solid
tumours, where the elevated expression of antigens tends to be associated with a worse clinical outcome,
if there is an association. Examples include survivin in different solid tumours, including renal cell
carcinoma [76] and HAGE in breast cancer [77]. In addition, differences between survival and antigen
expression can vary with AML subtype, patient age, and cytogenetics perhaps reflecting the heterogeneity
of AML. For example, RAGE-1 and MGEA6 were both found to have elevated expression in the less
lineage restricted forms of AML [78], while microarray analysis showed elevated SSX2IP in patients with
the t(15;17) and significantly decreased levels of SSX2IP in patients harbouring the t(8;21) [73].
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Bergmann et al. showed that high levels of WT1 mRNA in AML were associated with poor long-term
outcome [79], while others found no correlation [71,80,81]. However Bergmann’s findings reflected the
situation in non-small cell lung cancer, where low WT1 mRNA expression has been associated with poor
survival and lymph node metastases [82]. This may demonstrate the need to further sub-group patients
based on age or other demographics. Indeed, the expression of BCL-2 and WT1 has been associated with
a reduced rate of achieving complete remission and overall survival in patients that were younger than
60 years, and no effect on survival rates in patients older than 60 years [83].

7. Antigens that Have Been Shown to Play a Role in the Biological Basis of AML

A number of proteins were identified by virtue of an antibody response against them and were
then shown to have an important role in the biological basis of AML. Greiner discussed the role of
a number of LAAs in cell cycle proliferation (BAGE, BCL-2, OFA-iLRP, FLT3-ITD, G250, hTERT, PRAME,
Hyaluronan-mediated motility receptor (HMMR, also known as RHAMM), proteinase 3, survivin, and
WT1), meaning that immunotherapy strategies targeting them would also destroy leukaemic cells that
are proliferating abnormally under the control of overexpressed or mutated antigens.

In AML patients with the t(15;17) translocation, SSX2IP levels were associated with gene
expression of proteins involved in regulating cyclin dependent kinases (CDK) activity (p57Kip2,
cdk7, cyclins D2, D3, E2, and B2), DNA replication (CDC6) and mitosis (survivin and CENPJ) [73].
We also found a very significant correlation between AML patients harbouring a t(8;21) and low
cdc20 expression [73]. Boyapati et al. [84] had described a mouse model of AML M2 whose cells had
a C-terminal truncated AML-ETO product and developed aneuploidy through the attenuation of the
spindle checkpoint. Using microarray datasets for associations between SSX2IP and the genes involved
in spindle checkpoints described by Boyapati et al., Guinn et al. [73] found a strong correlation between
low-CDC20 expression, one of the substrate-targeting subunits of the anaphase-promoting complex
and low-SSX2IP expression in patients harbouring a t(8;21) translocation when compared with AML
patients without a t(8;21) translocation and normal donors.

In 2007, Denniss observed the variable expression of PASD1 in synchronised K562 cells over
time [85], but could not demonstrate an association with the phases of the cell cycle. Others also noted
that only a subset of K562 cells expressed PASD1 (around 17% of the cell population) [60,86] and they
could be reproducibly killed by PASD1-specific T cells [60]. PASD1, a homologue to the mouse CLOCK
gene, has now been shown to suppress circadian rhythms. The circadian clock regulates and responds
to the physiological and environmental changes by regulating transcription in a roughly 24 h cycle.
PASD1 through its interaction with CLOCK:BMAL1 reduces transcription regulation, leading to the
transformation of cells. PASD1 C-terminal CC1 domain bears homology to the essential regulatory
region encoded by CLOCK exon 19. Using molecular mimicry, PASD1 can restrict the activation of
CLOCK exon 19 to disrupt the CLOCK:BMAL1 function, therefore supressing transcription [87].

Survivin, coded by the baculoviral IAP repeat-containing 5 (BIRC5) gene, has been shown to be
involved in several central pathways that control cell proliferation and viability (reviewed recently by
Garg et al. [88]). Of particular note, survivin is a key player of the survivin-Borealin-INCENP core
complex that regulates important proteins that are involved in cell division, like aurora B kinase
or polo-like kinase 1 [89,90]. Several pathways, such as mTOR- and ran-GTP, are regulated by
survivin [91,92], and survivin is involved in spindle formation and anti-apoptosis [91]. While in
normal differentiated adult tissues little or no expression of survivin is found, high expression
has been described in a number of different solid tumors and hematological malignancies [91].
Attempts to antagonize survivin using antisense molecules are ongoing, including immuno-targeting
by vaccination and tyrosine kinase inhibition [93–95]. Notably, a repressor of survivin recently
produced encouraging results in heavily pretreated cancer patients [96].

WT1 has emerged as one of the most promising targets for AML immunotherapy, because of its
oncogenic role in leukaemogenesis, its high expression in the majority of AML cells, and its ability to
function as a tumour rejection antigen [97]. Concomitantly, many other haematological [98–100] and
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solid [99–101] tumours could benefit from WT1-directed therapy. Despite its ubiquitous expression
during embryogenesis, WT1 expression in normal individuals is limited to renal podocytes, gonadal
cells, and CD34+ bone marrow cells [102,103], where expression is significantly lower than in leukaemia
cells (10–100 fold) [103], making it an excellent target for immunotherapy.

8. Clinical Trials–State-of-The-Art

As T cells are able to recognise and kill cancer cells [104], it was thought that T cell therapies would
be the most effective form of immunotherapy. T cells are believed to have an exquisite specificity for
epitopes within tumour antigens and they are able to effectively kill cancer cells in a controlled manner.
Cytotoxic T-lymphocytes (CTLs) can be stimulated through the use of dendritic cells (DCs) [105],
peptide vaccines [106], DNA vaccines [107], and natural killer (NK) cells [108].

DCs are antigen presenting cells that are able to cross present by ingesting and processing
extracellular antigens and presenting them on Major Histocompatability Complex (MHC) class I
molecules [109]. DC therapy involves extracting the patient’s own monocytes, maturing and activating
them to DCs using antigens. The DCs are then injected back into the body to stimulate the immune
system to eliminate the antigen expressing cancer cells [110].

AML cell lines were used to show that PRAME is involved in retinoic acid-regulated (RAR) cell
proliferation and differentiation by inhibiting RAR signalling [111] and introducing all-trans-retinoic
acid (ATRA) may be able to reverse this, especially in patients without the t(15:17) mutation.
Combination treatment of targeting PRAME along with ATRA would potentially benefit patients
expressing elevated levels of PRAME [111]. The presence of PRAME could be an indicator for relapse,
as it was found to be increased, after decreasing during remission, even with multiple relapses [112].
PRAME has been shown to induce specific T-cell responses in both solid tumours and leukaemia [113].
However, in some patients expressing PRAME, the cytotoxic response is too weak but after treatment
with a Histone deacetylase (HDAC) inhibitor chidamide enhanced PRAME levels are observed, with
further improvement when chidamide is combined with the DNA demethylating agent decitabine
resulting in immune cells recognizing the PRAME100–108 or PRAME300–309 peptide presented by
HLA-A*02:01 [114].

Monoclonal antibodies are used to treat a number of cancers, including low-grade or follicular
non-Hodgkin's lymphoma (NHL) and chronic lymphocytic leukaemia (CLL), through treatment with
rituximab, which is a CD20 specific antibody. Rituximab targets CD20 that is present on the surface of
the B cells, including the malignant NHL and CLL cells [115].

The best strategy for the effective treatment of cancer may include a combination of conventional
and immunotherapy techniques [116], or even a combination of immunotherapy techniques, as
demonstrated in increasing numbers of mouse models [117] and clinical trials [118–120]. Subsequently,
adoptive T cell therapy has been shown to be very promising with the number of cells being returned to
patients [121] and their status–activated but not matured [122], being the main considerations. Chimeric
antigen receptors-T cells (CAR-T) are where a patients T cells are genetically engineered to express
the CAR receptor on their surface against a specific antigen. Upon expansion, they are injected back
into the body to recognise and kill the antigen expressing cancer cells. In a recent novel study, a T-cell
receptor-mimic (TCRm) CAR, known as WT1-28z, responded to a peptide portion of the intracellular
antigen WT1, as it is presented on the surface of the tumour cell in the context of HLA-A*02:01. T
cells genetically modified to recognise WT1-28z specifically targeted and lysed HLA-A*02:01+ WT1+
tumours and improved the survival of mice engrafted with HLA-A*02:01+, WT1+ leukaemia cells [123].

There are a number of excellent reviews in this area of research that aim to identify and
discuss effective immunotherapy strategies for the future (Table 1). These include cellular
immunotherapy [124], whole cell vaccines [125], multidrug resistance [126], DCs [127], oncolytic
viruses [128], and nanotechnology [129]. Targeted therapeutic strategies along with ever improving
designs in clinical trials pave the way for further success [130].
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In addition, combinations of immunotherapy could further enhance survival, reducing residual
disease where there are escape variants. Combining the antibodies anti-CTLA-4 and anti-4-1BB
revealed CD8+ immune responses against advanced MC38 tumours as well as establishment of
memory T cells. Combination treatments reduced autoimmunity in comparison to a single antibody
therapy [137] and they often offer an opportunity to eliminate escape variants. Combination therapy
could be the answer for drug resistant tumours as the resistance mechanisms of the tumour can be
identified and targeted alongside standard treatments. Two cell lines (breast and gastric cancer),
resistant to sacituzumab govitecan, became susceptible to therapy through the use of an ATP-binding
cassette (ABC) transporter inhibitor that is used in combination with antibody treatment [138]. ABC
transporters can cause drug resistance by efflux-removal of the drug from the cell [139]. Promising
combination therapies utilising antibodies include Lapatinib with trastuzumab in Her2 positive breast
cancer [140], Dabrafenib and Trametinib in relapsed ovarian cancer [141], carboplatin and pemetrexed
in advanced non-small cell lung cancer [142], pidilizumab and rituximab in follicular lymphoma [143],
albumin-bound paclitaxel and gemcitabine in pancreatic cancer [144], nivolumab and ipilimumab
in untreated metastatic melanoma [145], cisplatin and topotecan or cisplatin and gemcitabine in
advanced colon cancer [146], and bevacizumab plus oral capecitabine plus irinotecan in metastatic
colon cancer [147].

9. Summary

We have described the multiplex of insights that novel antigens have provided into how AML
develops and how it might be targeted by immunotherapy approaches during disease remission. We
have not however discussed novel treatments that we felt were outside the scope of this review and
dealt with in detail elsewhere. Obvious examples include CAR-T cells (recently reviewed in [148]),
RNA interference (RNAi) targeting, for example, of Brd4 [149], and antibody therapies, including
anti-CD33 (recently reviewed in [150])

Poor T cells responses in AML patients [60,61] make gauging anti-tumour responses using ex vivo
T cells from AML patients difficult, and expanding immune and leukaemia cells for therapy before
patients relapse have struggled to succeed. However, the success of HSCT and DLIs has shown the
capacity of the immune system to overcome leukaemia cells when advantaged to do so.

For the monitoring of MRD and effective T cell responses, it is important that proteins specific
to the disease are identified and for immunotherapy that cancer specific antigens are the targets of
immune responses, including those enacted by B-cell responses (by definition) and their immune
counterparts (CD4+ and CD8+ T-cells among others).

The issues remain when to give vaccines against leukaemia to best impact the disease and the
effect of treatment on the immune system cannot be underestimated, especially in myeloid leukaemia.
Clinical trials, for what is a relatively rare cancer, as compared to many solid tumours, include a
limited number of immunotherapy treatments and perhaps a new list of prioritised tumour antigens
for haematological malignancies/leukaemia/myeloid leukaemia are required.

Whatever the way forward for AML treatment, it will undoubtedly require the combination of
SCT wherever possible, induction and consolidation therapies to achieve MRD, immune recovery, and
a lot of trial and error for this heterogenous population.
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