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Simple Summary: CD123 is overexpressed in multiple hematologic malignancies. Advances in
CD123-targeted therapies over the past decade have positioned this molecule as an integral
biomarker in current practice. This review provides an overview of CD123 biology and in-depth
discussion of clinical laboratory techniques used to determine CD123 expression in various
hematolymphoid neoplasms. In addition, we describe various pharmacologic strategies and agents
that are available or under evaluation for targeting CD123.

Abstract: CD123, the a chain of the interleukin 3 receptor, is a cytokine receptor that is
overexpressed in multiple hematolymphoid neoplasms, including acute myeloid leukemia, blastic
plasmacytoid dendritic cell neoplasm, acute lymphoblastic leukemia, hairy cell leukemia, and
systemic mastocytosis. Importantly, CD123 expression is upregulated in leukemic stem cells relative
to non-neoplastic hematopoietic stem cells, which makes it a useful diagnostic and therapeutic
biomarker in hematologic malignancies. Varying levels of evidence have shown that CD123-
targeted therapy represents a promising therapeutic approach in several cancers. Tagraxofusp, an
anti-CD123 antibody conjugated to a diphtheria toxin, has been approved for use in patients with
blastic plasmacytoid dendritic cell neoplasm. Multiple clinical trials are investigating the use of
various CD123-targeting agents, including chimeric antigen receptor-modified T cells (expressing
CD123, monoclonal antibodies, combined CD3-CD123 dual-affinity retargeting antibody therapy,
recombinant fusion proteins, and CD123-engager T cells. In this review, we provide an overview of
laboratory techniques used to evaluate and monitor CD123 expression, describe the strengths and
limitations of detecting this biomarker in guiding therapy decisions, and provide an overview of
the pharmacologic principles and strategies used in CD123-targeted therapies.
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1. Introduction

CD123 has emerged in recent years as an attractive novel target of therapy. CD123 is normally
expressed on hematopoietic stem cells (HSC) [1]. Its upregulation in leukemia brought it to the
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forefront as a target that can be selectively inhibited in neoplastic cells [2—4]. Indeed, CD123
expression has been demonstrated on neoplastic cells in blastic plasmacytoid dendritic cell neoplasm
(BPDCN), acute myeloid leukemia (AML), acute lymphoblastic leukemia/lymphoma (ALL), hairy
cell leukemia (HCL), systemic mastocytosis (SM), etc. [1,5].

Efforts to target CD123 have resulted in the development of agents that effectively target
neoplastic cells expressing this molecule. Several drugs designs have been explored in furtherance of
this goal, mostly utilizing a humanized anti-CD123 antibody moiety fused with a toxic payload. In
parallel, cellular therapy approaches using CD123-targeting chimeric antigen receptor (CAR) T cells
have emerged as another exciting approach [6,7]. As these therapies require knowledge of the
expression status of CD123 at baseline and during the course of treatment, clinical laboratory
techniques for measuring CD123 expression as a biomarker of therapy have gained unprecedented
urgency. Arguably, without such sensitive, specific, and reproducible laboratory techniques,
treatment decisions involving CD123-targeted therapies would be compromised.

In this review, we provide an overview of CD123 biology, discuss current clinical laboratory
techniques used to evaluate CD123 expression on neoplastic cells and salient features of CD123
expression in various hematolymphoid neoplasms, and discuss the major classes of targeted CD123-
targeting agents available at present.

2. Biology of CD123

CD123 is the alpha chain of the interleukin 3 receptor (IL-3Ra). IL-3R is the IL-3-specific member
of the beta common ((3c) family of receptors, which also includes IL-5R and granulocyte-monocyte
colony stimulating factor (GM-CSF) receptor. This family of membrane receptors regulates the
growth, proliferation, survival, and differentiation of hematopoietic cells, along with immunity and
inflammatory response [8-11]. Interleukin 3 (IL-3) is a soluble and pleiotropic cytokine that regulates
the function and production of hematopoietic and immune cells [12,13]. IL-3 binds to the ligand-
specific alpha subunit, resulting in heterodimerization with the common/shared signal-transducing
beta ([3c) subunit.

The CD123 protein is composed of three extracellular domains (287 amino acids), a single-pass
transmembrane domain (30 amino acids), and a short intracellular region (53 amino acids) [14,15].
The extracellular domains consist of fibronectin type III (Fnlll) components, an Ig-like N-terminal
domain (NTD), domain 2 (D2), and domain 3 (D3) [13,14]. D2 and D3 constitute the cytokine receptor
module, which is responsible for cytokine binding, while the NTD is responsible for ligand
recognition, receptor dimerization, and signaling. Indeed, the NTD appears to have dual roles, the
regulation of IL-3 binding and the prevention of spontaneous receptor dimerization [13,14,16]. The
gene encoding CD123-IL3RA-has been mapped to the X-Y pseudo-autosomal regions of the human
sex chromosomes at bands Xp22.3 and Yp11.3, which are notably located near the CSF2RA gene
encoding the alpha chain of the GM-CSF receptor [17]. Interestingly, the overlap in the genomic
structures of the IL3RA and CSF2RA genes suggest common ancestry in the evolution of the cytokine
receptor superfamily, with features indicating that they might have evolved separately from the
ILR5A gene [18].

IL-3 binding to CD123 recruits the [3c subunit (CD131) to form a high-affinity receptor. Then, the
receptor cascades intracellular downstream signals that in turn activate the JAK/STAT, Ras-MAPK,
and phosphatidylinositol 3-kinase pathways [19] (Figure 1). It should be noted that in addition to
promoting cell proliferation and survival, IL-3 binding, along with GM-CSF, modulates the levels of
chemokine stromal cell-derived factor-1 (SDF-1) and its receptor CXCR4, which play a role in the
homing and egress of bone marrow hematopoietic cells [20,21]. Indeed, CD123 overexpression in
AML results in increased proliferation and enhanced survival, as well as bone marrow egress
resulting from downregulation of the SDF-1/CXCR4 axis [21].
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Figure 1. CD123 is the alpha chain of the interleukin 3 receptor (IL-3R). Upon ligand (green moieties)
binding, the IL-3R heterodimer comprised of alpha and beta chains signals through Jak2, leading to a
downstream activation of effectors that result in a net increase of cell proliferation and survival.

3. Principles of Laboratory Evaluation of CD123

Assessment of CD123 expression in clinical practice is performed using flow cytometry (FC) or
immunohistochemistry. Similar to any laboratory assay, each of these techniques entails inherent
strengths and limitations.

3.1. Flow Cytometry

Flow cytometry immunophenotyping is a robust and versatile immunophenotyping technique
for hematolymphoid malignancies. Using live cells, fluorescence-tagged antibodies, laser light
excitation sources, and sensitive photon detectors, modern flow cytometers are capable of detecting
a variety of cellular characteristics, including cell size, cytoplasmic complexity, and protein
expression levels. Among the salient features of multicolor FC immunophenotyping is its dynamic
(logarithmic) range in terms of antigen detection and its ability to allocate expression to defined cell
populations. CD123 expression assessment by FC is a mainstay of clinical assessment for targeted
therapy eligibility. The number of CD123 molecules expressed on various cell populations are
indirectly reflected in the intensity of fluorescence detected, which is typically expressed as median
fluorescence intensity (MFI). Such intensity is normalized against background fluorescence and/or
control cell populations [22]. Furthermore, by employing carefully selected lineage and maturation-
associated markers, CD123 expression on neoplastic cells can be clearly distinguished from that on
other cell populations within a given sample. While this might not be critical in samples with a heavy
disease burden, it is particularly important in the context of minimal/measurable residual disease
evaluation [23] (Figure 2).
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Figure 2. (A) Flow cytometry analysis on a bone marrow aspiration sample demonstrating
CD34+/CD454%™ hematopoietic stem cells (HSC) (red color) (B) with normal CD123 expression pattern.
(C) Combinatorial gating depicts various CD123brig"t cells (green oval), which include CD34+ HSC
elements and CD34- populations (gray), with only rare CD117+ cells (purple). (D) CD123brish cells can
be further subtyped into basophils (CD123%1sh/ HLA-DR~-) and plasmacytoid dendritic cells (pDCs)
(CD123bright/HL A-DR+).

For all its advantages, FC has some inherent limitations. Most notable is its reliance on a fresh
sample with adequate viability. While this might not be a factor in settings where FC lab is located in
close proximity to the sample collection source, it might pose some logistic difficulties in settings
where sample transportation is needed. Another limitation is the need for high proficiency in FC,
both technical and interpretive. As such, sites that have limited case numbers might require higher
levels of proficiency maintenance. Other limitations include a loss of tissue architecture in the context
of FC evaluation, lack of antibody panel standardization, and restricted billing charges.

3.2. Immunohistochemistry

Immunohistochemistry is the mainstay immunophenotyping technique in tissue samples. It
permits antigen assessment in virtually any formalin-fixed paraffin-embedded sample type,
including percutaneous core biopsy, surgical samples, and decalcified bone marrow samples. This
also includes cell block preparations from fine needle aspiration and bone marrow aspirate samples.
Modern immunohistochemistry is performed on automated stainers and use complex antigen
retrieval and signal development chemistries, which are factors that have improved substantially its
sensitivity, specificity, and reproducibility [24,25]. Such innovations have also permitted easier
implementation of dual-color immunohistochemistry. CD123 expression assessment by
immunohistochemistry is common in tissue biopsy samples involved by neoplasms known to
express CD123 [11,26]. The protein is expressed in a restricted manner in tissue components, most
notably by endothelial cells and, alongside TCF4, plasmacytoid dendritic cells (pDC). CD123
immunohistochemistry is indispensable in skin biopsy samples suspected of involvement by BPDCN
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[27]. To improve the specificity of CD123 expression, TCF4 coexpression has been proposed as a
coexpression marker in proliferations derived from pDC, including BPDCN [26] (Figure 3).

Figure 3. Immunohistochemistry using antibodies against CD123 (red signal, surface/cytoplasmic)

and TCF4 (brown signal, nuclear). (A) Normal tonsil showing CD123+/TCF4- expression on
endothelial cells (asterisks), with a few scattered plasmacytoid dendritic cells showing CD123+/TCF4+
expression (arrow). (B) Bone marrow with scattered CD123+/TCF4- myeloid cells (arrowhead) as well
as CD123+/TCF4+ plasmacytoid dendritic cells (arrows). (A and B. Main figures at 200x magnification
(inset, 400x), hematoxylin counterstain).

The limitations of immunohistochemistry are mostly related to its lower sensitivity to low-level
CD123 expression in comparison to FC. While the dynamic range of CDI123 detection by
immunohistochemistry is reasonably broad, it remains unable to detect expression in hematopoietic
precursors, for example.

4. CD123 Expression in Hematologic Malignancies
4.1. Myeloid Neoplasms

4.1.1. Blastic Plasmacytoid Dendritic Cells Neoplasm

Blastic plasmacytoid dendritic cells neoplasm is a highly aggressive hematologic malignancy
derived from pDCs. The disease has been reported in all age groups, but most patients are in the sixth
decade of life. Over 80% of patients present with skin lesions with or without systemic involvement
that most often includes the bone marrow and lymph nodes [27]. The diagnosis of BPDCN hinges on
the detection of CD123 and TCF4, with an absence of lineage-specific markers such as CD3, CD19,
CD64, and myeloperoxidase [28] (Figure 4). Most BPDCN cases are positive for CD4, CD56, and TCL1
[29]. Proliferations of mature pDCs have also been described, particularly in association with chronic
myelomonocytic leukemia (CMML) [30].
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Figure 4. CD123 expression in various myeloid neoplasms, as assessed by flow cytometry and
immunohistochemistry (CD123/TCF4 dual-color stain). In systemic mastocytosis, neoplastic mast
cells express CD123 (red signal) without TCF4 (brown signal); a few admixed plasmacytoid dendritic
cells with CD123/TCF4 coexpression can be seen (arrowhead). (Main figures at 200x magnification
(inset 400x), hematoxylin counterstain).

4.1.2. Acute Myeloid Leukemia

Different studies showed CD123 to be expressed in 45-95% of AML cases [2,12,31]. CD123
overexpression in AML has been reported to correlate with mutations in NPM1 and FLT3 [32-34].
However, notably, the prognostic impact of CD123 appears to be independent of the presence of
concurrent genetic alterations known to be involved in therapy resistance [35]. CD123 overexpression
on AML blasts has been associated with a negative prognosis with decreased overall survival (OS)
and lack of clinical remission (CR) [5,31]. The impact of CD123 overexpression on clinical outcomes
in AML is postulated to be related to increased sensitivity to IL-3 binding and to downregulation of
CXCR4 (see above) [21]. CD123 overexpression also leads to constitutive STATS5 activation resulting
in higher cycling activity and worsening resistance to apoptotic stimuli [31].

Cytokines and the cytokine receptors system have been shown to play an important role in
leukemogenesis as well as in the biological and clinical behavior of various myeloid neoplasms. In
AML, the levels of CD123, GM-CSF, interleukin-2 receptor alpha chain (IL-2Ra; CD25), common
gamma-chain cytokine (yc), c-kit, and granulocyte colony-stimulating factor receptor (G-CSFR) were
widely expressed with a range of more than 10,000 sites/cell, and their expression patterns correlated
with morphologic subtypes [36,37].

4.1.3. Myelodysplastic Syndrome

Yue et al. [38] measured the expression of CD123 on CD34+/CD38- cells in the bone marrow of
Myelodysplastic Syndrome (MDS) patients and detected overexpression in 48% of cases, which was
correlated with the percentage of bone marrow CD34+ blasts. Li and colleagues further showed that
the extent and intensity of CD123 expression in high-grade MDS was similar to that in AML [39]. In
an attempt to elucidate the role of CD123 in the pathogenesis of MDS and disease progression,
Stevens et al. [40] showed that CD123+ on CD34+ hematopoietic stem cells in MDS exhibited
significant changes in cellular energy metabolism and higher levels of protein synthesis [40]. CD123
has been proposed as a potential therapeutic target in MDS [41].
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4.1.4. Systemic Mastocytosis

CD123 is not expressed normally by mast cells. However, the majority of neoplastic mast cells
exhibit aberrant CD123 expression. Pardanani and colleagues studied 58 SM cases, including indolent
SM, aggressive SM, SM with associated hematological neoplasm, and mast cell leukemia; CD123 was
detected by immunohistochemistry in 100%, 61%, 57%, and 0% of cases, respectively [42]. Other
groups identified CD123 and HLA-DR expression in aggressive variants of SM, including mast cell
leukemia [43]. Moonim and colleagues reported no association between CD30/CD123 expression and
disease aggressiveness in SM [44]. Another interesting finding is the presence of pDCs in association
with neoplastic mast cells in CD123+ SM cases [42] (Figure 4). It has been suggested that pDCs may
play a role in the pathogenesis of SM [45]. Hence, CD123-targeted therapy would be an interesting
option in SM that will attack the tumor cells as well as its microenvironment.

4.1.5. Chronic Myeloid Leukemia

The use of various generations of tyrosine kinase inhibitor therapy has improved the survival of
patients with chronic myeloid leukemia (CML) [46]. However, the accelerated and blast phases of the
disease remain high-risk categories, possibly to the limited activity of tyrosine kinase inhibitors
against CD34+/CD38- leukemic stem cells. Therefore, multiple studies are being conducted to
identify new therapeutic agents targeting CML stem cells [47]. The expression of CD123 was found
on CD34+/CD38- cells in CML patients, and the level of expression increased with disease
progression [48]. These findings are raising the specter of using Tyrosine Kinase Inhibitors (TKI) in
combination with anti-CD123 therapy in patients with high-risk CML. The role of IL-2 and IL-2R
(CD25) has also been highlighted in CML. High-level CD25 expression has been identified on
CD34+/CD38- cells, suggesting that targeting CD25 might provide another avenue to complement
TKI treatment to improve CML outcomes [49].

4.2. Lymphoid Neoplasms

4.2.1. Acute Lymphoblastic Leukemia/Lymphoma

B acute lymphoblastic leukemia/lymphoma (B-ALL) is typically categorized based on the
presence of t(9;21)(q34;q11)/BCR-ABL1 resulting in the Philadelphia (Ph) chromosome derivative.
Cases harboring this translocation are designated as Ph-positive, while those lacking this
translocation are designated as Ph-negative. In recent years, a subset of Ph-negative B-ALL has been
shown to express a “Ph-like” signature imparting a distinct prognostic and therapeutic impact.
CD123 is frequently overexpressed in B-ALL. Angelova and colleagues [22] conducted a large study
in which CD123 expression was evaluated by FC in various subsets of B-ALL and T-ALL. They
demonstrated CD123 overexpression in 96.6% of Ph-positive and 86.3% of Ph-negative B-ALL. Within
the Ph-negative subset, CD123 appears to be more commonly expressed in cases expressing a Ph-like
signature. [50] Liu et al. reported that CD123 in B-ALL correlated with worse OS [32]. This was
supported by another study demonstrating a high risk of relapse in adult B-ALL patients expressing
CD123 [51]. In contrast, Al-Mudallal et al. showed that CD123 expression was associated with a good
response to induction therapy in pediatric B-ALL cases [52]. On balance, the prognostic impact of
CD123 in B-ALL is debatable, and reported differences in outcomes might be related to the treatment
protocols and other prognostic factors.

Angelova and colleagues detected CD123 expression in 43.3% of T-ALL, with the vast majority
of cases (92.3%) having early T precursor (ETP) or early non-ETP immunophenotype [23(Khogeer,
2019 #136)(Jain, 2016 #134)] [53,54]. Notably, their findings, in line with those reported by others [2],
indicated that CD123 expression on leukemic cells in T-ALL was at a lower MFI compared to B-ALL.

4.2.2. Hairy Cell Leukemia

The expression of CD123 on mature B lymphoproliferative disorders in general and B-cell
disorders with hairy or villous lymphocytes in particular was extensively investigated. CD123
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overexpression has been demonstrated in almost all cases of HCL, with rare expression in HCL
variant and splenic lymphoma with villous lymphocytes [55]. Recent reports have further confirmed
CD123 overexpression in HCL but showed partial/dim CD123 expression in 40% of HCL variant, 33%
of MCL, 33% of FL, 25% of SMZL, and 4% of CLL [56].

4.2.3. Hodgkin Lymphoma

CD123 is expressed on Hodgkin—Reed—-Sternberg cells in 90% of Hodgkin lymphoma (HL), and
IL-3 is capable of inducing Hodgkin cell line growth in vitro [57]. CD123 overexpression appears to
be highest in nodular sclerosis HL [58]. Other data suggest that CD123 expression is also present on
macrophages in the microenvironment of HL, suggesting that targeting CD123 might impact both
the neoplastic cells as well as the tumor microenvironment [59].

5. CD123-Targeted Therapies

A number of CD123-targeted therapies have been developed over the past decades. The ensuing
section is aimed at providing an overview of design strategies and salient advances in the use of
CD123-targeted therapies in patients with various hematolymphoid malignancies. Table 1 provides
a summary of the agents discussed herein, while Figure 5 provides a schematic overview of the drug
designs employed.

Duobody CD3xCD123
Monoclonal antibody

IL3-diphteria toxin

Antibody-drug

. CD3Fv-IL3
conjugate

AesoVN Bum [

Costimulatory

D123 endodomains

Antibody CD3F, (D16 IL-3 Diphtheria  Drug conjugate
toxin

Figure 5. Schematic diagram of various CD123-targeted therapeutic constructs.
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5.1. Recombinant Fusion Protein (IL3-Diphtheria Toxin)

In 2000, Frankel and colleagues [60] reported the development of a novel recombinant protein
that consisted of the IL-3 fused using a (G4S)2 linker with the catalytic and translocation domains of
diphtheria toxin. The product showed a cytotoxic effect on myeloid leukemia cell lines in vitro, and
the degree of cytotoxicity was linked to level of CD123 expression [60]. Subsequent optimization
confirmed effectiveness against myeloid cells under various in vitro, ex vivo, and clinical settings
[61,62]. Currently, numerous clinical trials are exploring the efficiency of tagraxofusp (formerly SL-
401) in multiple settings, including relapsed/refractory AML and MDS.

An ongoing clinical trial (NCT02268253) is evaluating the effect of tagraxofusp in patients with
myelofibrosis [63]. Preliminary results of the study involving relapsed/refractory patients or those
intolerant to Janus Kinase (JAK) inhibitors show a remarkable reduction in splenomegaly in
advanced disease [64]. CD123 is expressed in CMML blasts, monocytes, and neoplastic pDCs [65].
Tagraxofusp achieved satisfactory response in treating CMML patients in terms of reduction in
spleen size [66].

Frolova et al. [48] confirmed that IL3R is significantly expressed on CD34 (+) BCR-ABL1(+) stem
cells in CML cases. Therefore, they explored SL-401 (DT388-IL3) and SL-501 (DT388-IL3 [K116W]) as
potential therapeutic options in TKI-resistant CML cases [48]. They reported that combining TKI with
recombinant fusion proteins enhanced leukemic cell death [48].

The interaction between plasma cell myeloma cells and pDCs stimulate IL-3 expression, which
consequently enhances myeloma cells” development and increases pDC survival [67,68]. Targeting
pDCs in multiple myeloma using tagraxofusp blocked the growth of neoplastic cells, decreased
serum paraprotein levels, and enhanced the activity of bortezomib and pomalidomide [69,70].
Interestingly, IL-3 receptors on osteoclastic progenitors seem to result in improved halting of bone
resorption as a result of tagraxofusp therapy [45,69].

A phase I/II study (NCT00397579) evaluated the response of 11 patients with BPDCN who
received tagraxofusp. Five patients had CR and two had partial response after a single course; the
duration of clinical response fluctuated between 1 and 20 months (median, 5 months) [71]. Similar
outcomes were described in vivo and in vitro [72]. These findings led to a multicenter phase III trial,
which included 47 patients with untreated and relapsed BPDCN who received intravenous infusion
of tagraxofusp. The response rate among relapsed patients was 67%, and the median OS was 8.5
months. A total of 72% of the untreated patients had a CR. Among those who underwent SCT, the 2-
year survival was 52% [73]. Based on these findings, the United States Food and Drug Administration
(FDA) approved tagraxofusp-erzs for BPDCN treatment in adults and pediatric patients 2 years and
older [74]. The most common adverse effects consist of increased alanine aminotransferase (64%) and
aspartate aminotransferase levels (60%), hypoalbuminemia (55%), peripheral edema (51%), and
thrombocytopenia (49%). Most importantly, capillary leak syndrome (CLS) was observed in 19%;
most of the cases showed moderate severity; however, deaths due to CLS occurred in two patients.
Therefore, stringent monitoring of serum albumin, weight, and blood pressure are of utmost
importance for patients treated with tagraxofusp [73,75].

5.2. Therapeutic Monoclonal Antibodies against CD123

Jin and colleagues [76] reported on an anti-IL-3R neutralizing antibody (7G3) to target AML cells.
Clone 7GS3 first inhibited the engraftment of leukemic cells in vivo by inhibiting the binding of IL-3
and triggered the activation of the immune system in mice [76]. The fully humanized clone CSL362
showed affinity to Fc gamma receptor IIIA (CD16) on natural killers cells (NK) engendering an
enhanced cytotoxic effect against CD123+ cell lines in vitro and naive AML cells in vivo [77]. The non-
Fc-engineered CD123 monoclonal antibody did not induce anti-leukemic activity in AML patients;
therefore, monoclonal antibody blockade of CD123 function solely seemed insufficient as a
therapeutic strategy [63]. The drug has been tested against AML blasts in combination with
cytarabine and daunorubicin and showed a synergistic effect without affective normal HSC [78].In a
phase I trial, CSL362 resulted in 50% of patients being maintained CR after 6 months, and the median
duration of CR was 34 weeks [79].
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After chemotherapy and transplantation, the number of NK cells is increased in AML patients
[80], further enhancing the impact of CSL362 in stimulating NK cell-mediated antibody-dependent
cell cytotoxicity (ADCC). The SAMBA trial used talacotuzumab (JNJ-56022473), which is an IgG1
monoclonal antibody against CD123 for the treatment of high-risk MDS or AML patients failing first-
line treatment. They reported that patients had significantly less mature NK cells and less activating
NK-cell receptors compared to controls. Overall, their results showed moderate benefits of treating
relapsed AML and MDS with monoclonal antibodies against CD123 only [81,82].

Although HL cells express CD123, the limited number of NK cells in the microenvironment
limits the ADCC induced by talacotuzumab. Ernst and colleagues demonstrated that the combination
of CSL362 and high-affinity Fc gamma-receptor NK-92 cells (haNK) effectively target and kill HL
cells in vitro [83]. Based on these findings, CD123 monoclonal antibody can be used to treat all
hematologic diseases in which CD123 is highly expressed independently of the size of the NK cells
clusters. On the other hand, KHK2823, a non-fucosylated fully humanized monoclonal antibody
against CD123 was found to bind to cells from AML, MDS, and B-ALL patients [81], and it is currently
being investigated in patients with AML and MDS (NCT02181699). Moreover, CD123 expression was
high in CD34+/CD38- cells blast and chronic phases of CML, and the level of expression increased
with disease progression, as mentioned above. Adding CSL362 to the CML regimen enhanced the
effect of the tyrosine kinase inhibitors in eliminating the CML precursors [84].

Table 1. Current agents and clinical trials exploring CD123 as a marker for targeted therapy.

. FDA
Agent Mechar}lsm of Tal:getable Clinical Trial Approval  References
Action Diseases
Status
NCT02113982
AML/MDS NCT02270463 n/a [61,62]
R b NCT03113643
T f £ o min't 3. —ML n/a [48]
agraxotusp d‘fsfglpr,o ‘:m,( ) T MF NCT02268253  n/a [64]
i ria toxin
phihetia to CMML NCT02268253  n/a [65]
MM NCT02661022  n/a [68-70]
BPDCN NCT00397579 Approved [72,73]
NCT02472145
. AML/MDS NCT03011034 n/a [78,79,82,85]
Anti-IL-3 receptor :
.. Hodgkin
Talacotuzumab neutralizing lymphoma
antibody B-ALL n/a [81-83]
CML
CD 3 xCD123 AML
Flotetuzumab DART MDS NCT02152956  n/a [86,87]
Full-length IgG
bispecific AML
APVO436 immunoglobulins MDS NCT03647800 n/a [88]
(CD123 x CD3)
Full-length IgG
JNJ-63709178  Dispecific AML NCT02715011  n/a (82,85]
immunoglobulins
(CD123 x CD3)
AML
Fgll—le.ngth IeG B-ALL
bispecific
XmAb14045 . . BPDCN NCT02730312  n/a [89]
immunoglobulins CML Blast
(CD123 x CD3) ..
Crisis
Anti-CD3Fv-  CD3Fv-IL3 fusion AML n/a [90]

A4IL3 constructs
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In situ secretion of
bispecific anti-
CD123-ENG T CD123 x anti-CD3

cells diabodies by AML n/a [91-95]
genetically
modified T cells
Humanized anti- AML NCT02848248
CD123 antibody AML
IMGN&632 linked to a DNA BPDCN NCTO03386513 n/a [22,96]
mono-alkylating ALL
payload MPN
AML NCT03203369  Orphan
drug
designation
UCART123 CART cells HL NCT02159495  for AML [6,7,97-101]
and
BPDCN

Abbreviations: FDA: Food and Drug Administration. AML: Acute Myeloid Leukemia. MDS:
Myelodysplastic Syndrome. BPDCN: Blastic Plasmacytoid Dendritic Cell Neoplasm. ALL: Acute
Lymphoblastic Leukemia. HL: Hodgkin Lymphoma. CML: Chronic Myeloid Leukemia. CMML:
Chronic Myelomonocytic Leukemia. MF: Myelofibrosis. DART: Dual Affinity Retargeting. UCART:
Universal Chimeric Antigen Receptor T-cell.

5.3. Bispecific Antibody-Based Molecules

Kuo and colleagues [102] developed a bispecific CD3 x CD123 dual-affinity retargeting therapy
(DART) molecule. This drug stimulates the immune system through the activation and expansion of
cytokine-secreting T cells [102]. The DART molecule creates a bridge between CD123 on target cells
and CD3 on T cells and mediates anti-cancer activity via an enhancement of the cytolytic activity of
T cells. Compared with other bispecific antibodies, the DART platform is characterized by high
stability due to interchain disulfide bridging at the level of the Fv domain [102]. Moreover, in
comparison with the bispecific T cell engager (BiTe) designs, DART achieves a higher magnitude of
T cell activation [103]. The ensuing product, flotetuzumab (MGDO006), consisted of a bispecific
antibody comprised of the Vi domain of one antibody and the Vi of the other, recognizing the N-
extracellular domain of CD123 and the extracellular domain of CD3 within the human T cell receptor
complex. [86] The drug resulted in a significant amplification of T cells and the destruction of CD123+
AML cells in vitro and in vivo [104]. Due to the short half-life of flotetuzumab, it is given as a
continuous infusion [105].

Godwin et al. [87] studied six patients with refractory high-risk cytogenetic AML, and 50% of
the patients achieved CR. The authors reported that CD3 and CD8 T cells were higher in CR patients
versus non-responders [87], which is a finding that highlights the pivotal role of the immune system
activation in achieving the desired outcomes [87]. The activation of T-lymphocytes resulted in PD-1
induction, engendering high PD-L1 levels in post-treatment biopsy of non-responders compared to
responders. These outcomes urged driving trials combining CD123 x CD3 bispecific antibody therapy
with anti-PD-1 antibody in the treatment of AML patients [106]. A phase I trial is evaluating the
efficacy of flotetuzumab (MGDO006/S80880) in relapsed/refractory AML or intermediate to high risk
MDS (NCT02152956).

APVO436 consists of two full-length IgG bispecific immunoglobulins that retain the Fc region
of the antibody and therefore has higher stability in vivo and a longer half-life compared to DART,
thus requiring intermittent instead of continuous infusion (NCT03647800) [105].

JNJ-63709178 is being assessed for the treatment of RR AML (NCT02715011), and XmAb14045 is
being studied for the treatment of AML, B-ALL, BPDCN, and CML blast crisis (NCT02730312). Other
bi-specific antibodies have been designed to include a novel conjugate of single-chain Fv antibody
fragments specific for CD123 with an anti-CD16 antibody to enhance the recruitment of CD16-
positive NK cells, thereby inducing better ADCC activity [88].
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Recently, triplebody dual-targeting molecules have been developed using triple single-chain Fv
antibody fragments (scFvs). These molecules have longer half-lives and can target both CD33/CD123
positive tumor cells as well as CD16 on NK cells, inducing a stronger elimination of leukemic cells in
vitro [107]. Braciak and colleagues developed SPM-2, which is a triplebody molecule with binding
sites for CD33, CD123, and CD16. Large clusters of CD33 and CD123 on the surface of leukemic cells
were needed to achieve the maximum efficiency of this drug [108].

5.4. CD3Fv-IL3 Fusion Constructs

The deletion of eight C-terminal amino acid residues from IL-3 engender higher affinity
interactions with its receptor CD123 and better anti-leukemic effect in drug constructs [109]. Fan and
colleagues used a C-terminal eight-amino-acids-deleted IL-3 combined with anti-CD3Fv to build a
fusion protein named antiCD3Fv-AIL3 [90]. To improve the stability of the protein, they generated
a disulfide-stabilized variant of the product. High-binding capacity resulted in a very specific attack
of the CD123-positive cells [90].

5.5. CD123 Engager T Cells

This product consists of two single chain variable fragments (scFVs) specific for tumor antigen
and for CD3. This construct provides a unique characteristic to destroy tumor cells and attract
resident T cells to neoplastic cells. The infusion of genetically modified T cells will allow an
accumulation of their recombinant bispecific antibody product in the tumor area, hence prolonging
the treatment effect. The engager had significant in vivo cytotoxic activity against tumor cells and
notable prolongation in survival [91]. CD123-ENG T cells directed against AML blasts showed similar
outcomes. However, the new product is able to lyse normal HSC when the effector-to-target (E:T)
ratio is high. Thus, to eliminate this risk, a CD20 suicide gene (CD20.CD123-ENG T cells) was added
to the modified infused T cells. The CD20.CD123-ENG T lymphocytes showed the same effect on
tumor cells and also allowed rituximab-mediated ENG-T cell elimination when the E:T is high [92].
To improve the engager therapy, Doherty and colleagues engineered a new CD123-ENGs that
provides a co-stimulation of T cells to increase their expansion and persistence for better tumor
killing. The new product was constructed by genetically modifying the T cells to encode CD123-ENG
linked to an inducible costimulatory molecule MYD88/CD40 (CD123-ENG.2A.iMC), which can be
triggered by a chemical inducer of dimerization. Testing the molecule in vitro on AML cells showed
improved function compared to CD123-ENG by itself [93]. Recently, IL-15 has been shown to enhance
the cytotoxic activity of CD8+ T cells and generates memory T cells [94]. Therefore, IL-15 expressing
CD123-ENG T cells were developed to improve the role of CD123-ENG T cells. Mu and colleagues
generated a CD123-ENG combined with the CD20 suicide gene expressing IL15 (CD20.2A.CD123-
ENG.2A IL15) [95].

5.6. CD123-Targeting Antibody-Drug Conjugate

IMGN632 is a CD123-targeting antibody-drug conjugate (ADC) consisting of a humanized anti-
CD123 antibody linked to a DNA mono-alkylating cytotoxic payload known as
indolinobenzodiazepine pseudodimer. This molecule was tested in vivo and in vitro showing limited
toxicity in normal myeloid progenitors [110]. A phase I study in patients with relapsed/refractory
AML or BPDCN using IMGN632 showed a manageable safety profile, with side effects including
diarrhea (30%), febrile neutropenia (27%), nausea (26%), chills (23%), lung infection (22%), and
infusion-related reactions (16%); high doses caused prolonged neutropenia and veno-occlusive
disease [111]. SGN-CD123A, another antibody-drug conjugate, uses the pyrrolobenzodiazepine
dimer linker and a humanized CD123 antibody. The molecule was evaluated in vitro on AML cell
lines and patient samples with FLT3 mutations and/or unfavorable cytogenetic signature; the results
showed significant cytotoxic activity and long-lasting CR [96]. Based on these findings, clinical trials
to evaluate the efficacy and safety of SGN-CD123 in AML cases are conducted (NCT02848248).
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Angelova and colleagues showed that IMGN632 therapy in vitro was effective against B-ALL
cell lines and primary B-ALL cells expressing CD123, with no effect on normal lymphocytes [22].
Currently, IMGN632 monotherapy is being investigated in relapsed/refracotry AML, BPDCN, ALL,
and other CD123+ myeloproliferative neoplasms (NCT03386513). IMGN632 is also being evaluated
in combination therapy with venetoclax and/or azacitidine in CD123+ AML patients (NCT04086264).

5.7. Chimeric Antigen Receptor T Cell Therapy (CART)

A CAR is a fusion protein combining an extracellular domain that consists of a single-chain
variable fragment (scFv) derived from antibodies, a trans-membrane connecting segment, and an
intra-cellular signaling domain. The intracellular domain of first-generation CARs consisted only of
the zeta-signal-transducing subunit of the TCR/CD3 receptor complex (CD3z), whereas second- and
third-generation CARs possess respectively one or two co-stimulatory endo-domain molecules, such
as CD28, OX40, and CD137 fused to CD3z [97]. CAR T cells have multiple characteristics, including
a targeted recognition of specific tumor markers, with high avidity and prolonged persistence of
transfused T cells providing longer protection. After the success of the ELIANA (NCT02435849) and
JULIET (NCT02445248) trials, which investigated tisagenlecleucel, an anti-CD19 CART cell construct,
for the treatment of pediatric patients with relapsed/refractory B-ALL and adults with
relapsed/refractory Diffuse Large B-Cell Lymphoma (DLBCL), respectively, the anti-CD19 CAR T
cells have been approved by the FDA [112,113]. Moreover, axicabtagene ciloleucel, which belongs to
the same family of immunotherapy constructs, has been approved for the treatment of relapsed large
B-cell lymphomas [114]. Some groups have reported the emergence of CD19 downregulation on B-
ALL cells after CD19 CART treatment [115].

CD123 is an attractive target for CART in AML; however, since CD123 is dimly expressed on
some normal hematopoietic cells and endothelial cells, undesirable off-target effects can result [98].
In addition, responses are not sustained; therefore, allogeneic SCT may be necessary, if feasible. Other
researchers reported a potent anti-leukemic effect of the second and third generation CD123 CART
with limited inhibition of normal bone marrow progenitors [6,99]. The discrepancy in the results can
be related to the source of stem cells used in the experiment; the latter used human adult bone marrow
as HSC; however, others used fetal liver, which shows high levels of CD123 expression [98]. Severe
cytokine release syndrome and capillary leak syndrome were described in the patients with AML
and BPDCN who were treated with an anti-CD123 “universal” CART (UCART123) as part of Phase
1 clinical trials (NCT03203369, NCT03190278 respectively). One fatality was reported with the
BPDCN trial of a 78-year-old patient. These findings led to discontinuation of the trial by the FDA
[116]. Then, the study was resumed after adjustment of the UCART123 dose [117]. To prevent earlier
toxicities from CD123 CART, Cummins and colleagues generated biodegradable CART123 cells with
a limited capacity to proliferate (NCT02623582). Although no adverse events have been reported, an
anti-tumor effect could not be demonstrated [118]. Furthermore, if an emergent elimination of CAR
T cells were needed due to severe cytokine release syndrome, researchers developed a “kill-switch”
with the addition of a CD20 marker on the engineered 123-CAR T cells (CAR T 123-CD20), which can
be targeted with rituximab [119].

A phase I clinical trial (NCT02159495) is examining the safety and efficacy of CD123 CAR T cell
therapy using a lentivirally transduced second-generation CAR with CD28 co-stimulation
(CD123CAR-CD28-CD3C-EGFRt) in adult patients with relapsed/refractory AML and persistent or
recurrent BPDCN. Clinical remission has been achieved in patients treated with low doses of CD123
CART (MB-102) without evidence of dose-limiting side effects [120]. Based on these findings, the FDA
has granted an orphan drug designation to MB-102 (CD123 CAR T cell) for AML and BPDCN [100].

Furthermore, a CAR lentiviral vector containing the CD123CAR-CD28-CD3(-EGFRt was
designed with CD123+ hematopoietic stem cells in MDS. CAR T cells were able to attack CD123+ cells
with an antigen density of >1 x 10* with sparing of normal hematopoietic stem cells that express lower
antigen densities [121].
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The applications of CD123CART have expanded to encompass treatment-resistant HL cases.
Ruella et al. demonstrated that the CD123 CART could overcome the immunosuppressive tumor
microenvironment of HL and eliminate the HC [59].

6. Conclusions

The tremendous advances achieved recently in understanding of cancer pathogenesis allowed
the emergence of new biomarkers that can have significant diagnostic, prognostic, and therapeutic
implications. CD123 has gained particular attention due to its widespread expression on numerous
hematolymphoid malignancies, particularly AML and BPDCN. Promising CD123 targeted therapies
have been developed and continue to be examined, ensuring the continued need to evaluate CD123
expression as an integral biomarker whose presence represents a targetable vulnerability.

Author Contributions: Concept: ].D.K., Manuscript writing: H.E.A. and E.D., Pharmacology section review: S.P.
All authors contributed to the final version of the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: Joseph D. Khoury received honoraria and research funding from Stemline, Inc. The other
authors declare no conflict of interest.

References

1. Mufoz, L; Nomdedéu, J.F.; Lopez, O.; Carnicer, M.].; Bellido, M.; Aventin, A.; Brunet, S.; Sierra, J.
Interleukin-3 receptor alpha chain (CD123) is widely expressed in hematologic malignancies. Haematologica
2001, 86, 1261-1269.

2. Bras, A.E,; de Haas, V.; van Stigt, A.; Jongen-Lavrencic, M.; Beverloo, H.B.; Te Marvelde, ].G.; Zwaan, C.M.;
van Dongen, J.J.M.; Leusen, ] HW.; van der Velden, V.H.]. CD123 expression levels in 846 acute leukemia
patients based on standardized immunophenotyping. Cytom. B Clin. Cytom. 2019, 96, 134-142,
do0i:10.1002/cyto.b.21745.

3. Huang, S; Chen, Z; Yu, ].F.; Young, D.; Bashey, A.; Ho, A.D.; Law, P. Correlation between IL-3 receptor
expression and growth potential of human CD34+ hematopoietic cells from different tissues. Stem Cells
1999, 17, 265-272, d0i:10.1002/stem.170265.

4.  Manz, M.G,; Miyamoto, T.; Akashi, K.; Weissman, I.L. Prospective isolation of human clonogenic common
myeloid progenitors. Proc. Natl. Acad. Sci. USA 2002, 99, 11872-11877, d0i:10.1073/pnas.172384399.

5. Testa, U,; Pelosi, E; Castelli, G. CD123 as a Therapeutic Target in the Treatment of Hematological
Malignancies. Cancers 2019, 11, 1358, doi:10.3390/cancers11091358.

6.  Mardiros, A.; Dos Santos, C.; McDonald, T.; Brown, C.E.; Wang, X.; Budde, L.E.; Hoffman, L.; Aguilar, B.;
Chang, W.C,; Bretzlaff, W.; et al. T cells expressing CD123-specific chimeric antigen receptors exhibit
specific cytolytic effector functions and antitumor effects against human acute myeloid leukemia. Blood
2013, 122, 3138-3148, d0i:10.1182/blood-2012-12-474056.

7. Jacoby, E.; Shahani, S.A.; Shah, N.N. Updates on CAR T-cell therapy in B-cell malignancies. Immunol. Rev.
2019, 290, 39-59, d0i:10.1111/imr.12774.

8. Broughton, S.E.; Dhagat, U.; Hercus, T.R.; Nero, T.L.; Grimbaldeston, M.A.; Bonder, C.S.; Lopez, A.F,;
Parker, M.W. The GM-CSF/IL-3/IL-5 cytokine receptor family: From ligand recognition to initiation of
signaling. Immunol. Rev. 2012, 250, 277-302, doi:10.1111/j.1600-065X.2012.01164.x.

9.  Guthridge, M.A.; Stomski, F.C.; Thomas, D.; Woodcock, ].M.; Bagley, C.J.; Berndt, M.C.; Lopez, A.F.
Mechanism of activation of the GM-CSF, IL-3, and IL-5 family of receptors. Stem Cells 1998, 16, 301-313,
doi:10.1002/stem.160301.

10. Liu, K;Zhu, M.; Huang, Y.; Wei, S.; Xie, ].; Xiao, Y. CD123 and its potential clinical application in leukemias.
Life Sci. 2015, 122, 59-64, doi:10.1016/j.1fs.2014.10.013.

11.  Arai, N; Homma, M.; Abe, M.; Baba, Y.; Murai, S.; Watanuki, M.; Kawaguchi, Y.; Fujiwara, S.; Kabasawa,
N.; Tsukamoto, H.; et al. Impact of CD123 expression, analyzed by immunohistochemistry, on clinical
outcomes in patients with acute myeloid leukemia. Int. . Hematol. 2019, 109, 539-544, doi:10.1007/s12185-
019-02616-y.



Cancers 2020, 12, 3087 15 of 21

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Testa, U.; Pelosi, E.; Frankel, A. CD 123 is a membrane biomarker and a therapeutic target in hematologic
malignancies. Biomark. Res. 2014, 2, 4, d0i:10.1186/2050-7771-2-4.

Broughton, S.E.; Hercus, T.R.; Nero, T.L.; Kan, W.L.; Barry, E.F.; Dottore, M.; Cheung Tung Shing, K.S.;
Morton, C.J.; Dhagat, U.; Hardy, M.P.; et al. A dual role for the N-terminal domain of the IL-3 receptor in
cell signalling. Nat. Commun. 2018, 9, 386, doi:10.1038/541467-017-02633-7.

Barry, S.C.; Korpelainen, E.; Sun, Q.; Stomski, F.C.; Moretti, P.A.; Wakao, H.; D’Andrea, R.J.; Vadas, M.A.;
Lopez, A.F.; Goodall, G.J. Roles of the N and C terminal domains of the interleukin-3 receptor alpha chain
in receptor function. Blood 1997, 89, 842-852.

Kaczmarski, R.S.; Mufti, G.J. The cytokine receptor superfamily. Blood Rev. 1991, 5, 193-203,
doi:10.1016/0268-960x(91)90036-c.

Broughton, S.E.; Hercus, T.R.; Hardy, M.P.; McClure, B.].; Nero, T.L.; Dottore, M.; Huynh, H.; Braley, H.;
Barry, E.F.; Kan, W.L,; et al. Dual mechanism of interleukin-3 receptor blockade by an anti-cancer antibody.
Cell Rep. 2014, 8, 410-419, doi:10.1016/j.celrep.2014.06.038.

Milatovich, A.; Kitamura, T.; Miyajima, A.; Francke, U. Gene for the alpha-subunit of the human
interleukin-3 receptor (IL3RA) localized to the X-Y pseudoautosomal region. Am. ]. Hum. Genet. 1993, 53,
1146-1153.

Kosugi, H.; Nakagawa, Y.; Hotta, T.; Saito, H.; Miyajima, A.; Arai, K.; Yokota, T. Structure of the gene
encoding the alpha subunit of the human interleukin 3 receptor. Biochem. Biophys. Res. Commun. 1995, 208,
360-367, d0i:10.1006/bbrc.1995.1346.

Hercus, T.R,; Dhagat, U.; Kan, W.L.; Broughton, S.E.; Nero, T.L.; Perugini, M.; Sandow, J.J.; D’Andrea, R.J.;
Ekert, P.G.; Hughes, T.; et al. Signalling by the Bc family of cytokines. Cytokine Growth Factor Rev. 2013, 24,
189-201, doi:10.1016/j.cytogfr.2013.03.002.

Tavor, S.; Petit, I.; Porozov, S.; Avigdor, A.; Dar, A.; Leider-Trejo, L.; Shemtov, N.; Deutsch, V.; Naparstek,
E.; Nagler, A.; et al. CXCR4 regulates migration and development of human acute myelogenous leukemia
stem cells in transplanted NOD/SCID mice. Cancer Res. 2004, 64, 2817-2824, d0i:10.1158/0008-5472.can-03-
3693.

Wittwer, N.L.; Brumatti, G.; Marchant, C.; Sandow, ].J.; Pudney, M.K.; Dottore, M.; D’ Andrea, R.]J.; Lopez,
A.F.; Ekert, P.G.; Ramshaw, H.S. High CD123 levels enhance proliferation in response to IL-3, but reduce
chemotaxis by downregulating CXCR4 expression. Blood Adv. 2017, 1, 1067-1079,
doi:10.1182/bloodadvances.2016002931.

Angelova, E.; Audette, C.; Kovtun, Y.; Daver, N.; Wang, S.A.; Pierce, S.; Konoplev, S.N.; Khogeer, H.;
Jorgensen, J.L.; Konopleva, M.; et al. CD123 expression patterns and selective targeting with a CD123-
targeted antibody-drug conjugate IMGN®632) in acute lymphoblastic leukemia. Haematologica 2019, 104,
749-755, d0i:10.3324/haematol.2018.205252.

Wang, W.; Khoury, ].D.; Miranda, R.N,; Jorgensen, J.L.; Xu, J.; Loghavi, S.; Li, S.; Pemmaraju, N.; Nguyen,
T.; Medeiros, L]J.; et al. Immunophenotypic characterization of reactive and neoplastic plasmacytoid
dendritic cells permits establishment of a 10-color flow cytometric panel for initial workup and residual
disease evaluation of blastic plasmacytoid dendritic cell neoplasm. Haematologica 2020,
do0i:10.3324/haematol.2020.247569.

Khoury, J.D.; Wang, W.L.; Prieto, V.G.; Medeiros, L.J.; Kalhor, N.; Hameed, M.; Broaddus, R.; Hamilton,
S.R. Validation of Immunohistochemical Assays for Integral Biomarkers in the NCI-MATCH EAY131
Clinical Trial. Clin. Cancer Res. 2018, 24, 521-531, d0i:10.1158/1078-0432.CCR-17-1597.

Sukswai, N.; Khoury, ].D. Immunohistochemistry Innovations for Diagnosis and Tissue-Based Biomarker
Detection. Curr. Hematol. Malig. Rep. 2019, 14, 368-375, d0i:10.1007/s11899-019-00533-9.

Sukswai, N.; Aung, P.P.; Yin, C.C,; Li, S.; Wang, W.; Wang, S.A.; Ortega, V.; Lyapichev, K.; Nagarajan, P.;
Alfattal, R.; et al. Dual Expression of TCF4 and CD123 Is Highly Sensitive and Specific For Blastic
Plasmacytoid Dendritic Cell Neoplasm. Am. ]. Surg. Pathol. 2019, 43, 1429-1437,
doi:10.1097/PAS.0000000000001316.

Khoury, J.D. Blastic Plasmacytoid Dendritic Cell Neoplasm. Curr. Hematol. Malig. Rep. 2018, 13, 477-483,
do0i:10.1007/s11899-018-0489-z.

Sukswai, N.; Jung, H.R.; Amr, S.S.; Ng, S.B.; Sheikh, S.S.; Lyapichev, K.; El Hussein, S.; Loghavi, S.; Agbay,
R.; Miranda, R.N.; et al. Immunopathology of Kikuchi-Fujimoto disease: A reappraisal using novel
immunohistochemistry markers. Histopathology 2019, doi:10.1111/his.14050.



Cancers 2020, 12, 3087 16 of 21

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Alayed, K.; Patel, K.P.; Konoplev, S.; Singh, RR.; Routbort, M.].; Reddy, N.; Pemmaraju, N.; Zhang, L.;
Shaikh, A.A.; Aladily, T.N.; et al. TET2 mutations, myelodysplastic features, and a distinct immunoprofile
characterize blastic plasmacytoid dendritic cell neoplasm in the bone marrow. Am. J. Hematol 2013, 88,
1055-1061, doi:10.1002/ajh.23567.

Loghavi, S.; Khoury, ].D. Recent Updates on Chronic Myelomonocytic Leukemia. Curr. Hematol. Malig. Rep.
2018, 13, 446-454, doi:10.1007/s11899-018-0475-5.

Testa, U.; Riccioni, R.; Militi, S.; Coccia, E.; Stellacci, E.; Samoggia, P.; Latagliata, R.; Mariani, G.; Rossini,
A.; Battistini, A.; et al. Elevated expression of IL-3Ralpha in acute myelogenous leukemia is associated with
enhanced blast proliferation, increased cellularity, and poor prognosis. Blood 2002, 100, 2980-2988,
doi:10.1182/blood-2002-03-0852.

Liu, J.; Tan, X,; Ma, Y.Y,; Liu, Y.; Gao, L.; Gao, L.; Kong, P.; Peng, X.G.; Zhang, X.; Zhang, C. Study on the
Prognostic Value of Aberrant Antigen in Patients With Acute B Lymphocytic Leukemia. Clin. Lymphoma
Myeloma Leuk. 2019, 19, e349-e358, doi:10.1016/j.clm1.2019.03.012.

Riccioni, R.; Diverio, D.; Riti, V.; Buffolino, S.; Mariani, G.; Boe, A.; Cedrone, M.; Ottone, T.; Foa, R.; Testa,
U. Interleukin (IL)-3/granulocyte macrophage-colony stimulating factor/IL-5 receptor alpha and beta
chains are preferentially expressed in acute myeloid leukaemias with mutated FMS-related tyrosine kinase
3 receptor. Br. |. Haematol. 2009, 144, 376-387, d0i:10.1111/j.1365-2141.2008.07491 .x.

Rollins-Raval, M.; Pillai, R.; Warita, K.; Mitsuhashi-Warita, T.; Mehta, R.; Boyiadzis, M.; Djokic, M.; Kant,
J.A.; Roth, C.G. CD123 immunohistochemical expression in acute myeloid leukemia is associated with
underlying FLT3-ITD and NPM1 mutations. Appl. Immunohistochem. Mol. Morphol. 2013, 21, 212-217,
doi:10.1097/PAI0b013e318261a342.

Yan, B.; Huang, S.; Qiu, Y. Epigenetic Drugs Selectively Target a Population of AML Cells Which Are
Positive for CD123 Cell Surface Marker and Are Chemoresistant. Blood 2017, 130, 3929-3929,
do0i:10.1182/blood.V130.Suppl_1.3929.3929.

Nakase, K,; Kita, K.; Kyo, T.; Ueda, T.; Tanaka, I.; Katayama, N. Prognostic Relevance of Cytokine Receptor
Expression in Acute Myeloid Leukemia: Interleukin-2 Receptor a-Chain (CD25) Expression Predicts a Poor
Prognosis. PLoS ONE 2015, 10, e0128998, doi:10.1371/journal.pone.0128998.

Li, J.; Ran, Q.; Xu, B.; Luo, X,; Song, S.; Xu, D.; Zhang, X. Role of CD25 expression on prognosis of acute
myeloid leukemia: A literature review and meta-analysis. PLoS ONE 2020, 15, e0236124,
doi:10.1371/journal.pone.0236124.

Yue, L.Z,; Fu, R,; Wang, H.Q.; Li, L.].; Hu, HR; Fu, L.; Shao, Z.H. Expression of CD123 and CD114 on the
bone marrow cells of patients with myelodysplastic syndrome. Chin. Med. ]. 2010, 123, 2034-2037.

Li, LJ; Tao, J.L.; Fu, R,; Wang, H.Q.; Jiang, H.J.; Yue, L.Z.; Zhang, W.; Liu, H.; Shao, Z.H. Increased
CD34+CD38 -CD123 + cells in myelodysplastic syndrome displaying malignant features similar to those in
AML. Int. ]. Hematol. 2014, 100, 60-69, doi:10.1007/s12185-014-1590-2.

Stevens, B.M.; Khan, N.; D’ Alessandro, A.; Nemkov, T.; Winters, A.; Jones, C.L.; Zhang, W.; Pollyea, D.A ;
Jordan, C.T. Characterization and targeting of malignant stem cells in patients with advanced
myelodysplastic syndromes. Nat. Commun. 2018, 9, 3694, doi:10.1038/s41467-018-05984-x.

Lagadinou, E.D.; Sach, A.; Callahan, K.; Rossi, R.M.; Neering, S.J.; Minhajuddin, M.; Ashton, ].M.; Pei, S.;
Grose, V.; O'Dwyer, KM.; et al. BCL-2 inhibition targets oxidative phosphorylation and selectively
eradicates quiescent human leukemia stem cells. Cell Stem Cell 2013, 12, 329-341,
doi:10.1016/j.stem.2012.12.013.

Pardanani, A.; Reichard, K.K.; Zblewski, D.; Abdelrahman, R.A.; Wassie, E.A.; Morice Ii, W.G.; Brooks, C.;
Grogg, K.L.; Hanson, C.A.; Tefferi, A.; et al. CD123 immunostaining patterns in systemic mastocytosis:
Differential expression in disease subgroups and potential prognostic value. Leukemia 2016, 30, 914-918,
doi:10.1038/1eu.2015.348.

Teodosio, C.; Mayado, A.; Sanchez-Mufoz, L.; Morgado, ].M.; Jara-Acevedo, M.; Alvarez-Twose, 1.; Garcia-
Montero, A.C.; Matito, A.; Caldas, C.; Escribano, L.; et al. The immunophenotype of mast cells and its utility
in the diagnostic work-up of systemic mastocytosis. J. Leukoc. Biol. 2015, 97, 49-59, d0i:10.1189/j1b.5RU0614-
296R.

Moonim, M.T.; Kossier, T.; van Der Walt, J.; Wilkins, B.; Harrison, C.N.; Radia, D.H. CD30/CD123
Expression in Systemic Mastocytosis Does Not Correlate with Aggressive Disease. Blood 2012, 120, 1746,
doi:10.1182/blood.V120.21.1746.1746.



Cancers 2020, 12, 3087 17 of 21

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Chauhan, D.; Singh, A.V.; Brahmandam, M.; Carrasco, R.; Bandi, M.; Hideshima, T.; Bianchi, G.; Podar, K.;
Tai, Y.T.; Mitsiades, C.; et al. Functional interaction of plasmacytoid dendritic cells with multiple myeloma
cells: A therapeutic target. Cancer Cell 2009, 16, 309-323, doi:10.1016/j.ccr.2009.08.019.

Hochhaus, A.; Larson, R.A.; Guilhot, F.; Radich, J.P.; Branford, S.; Hughes, T.P.; Baccarani, M.; Deininger,
M.W.; Cervantes, F.; Fujihara, S.; et al. Long-Term Outcomes of Imatinib Treatment for Chronic Myeloid
Leukemia. N. Engl. ]. Med. 2017, 376, 917-927, doi:10.1056/NEJMoa1609324.

Muselli, F.; Peyron, ].-F.; Mary, D. Druggable Biochemical Pathways and Potential Therapeutic Alternatives
to Target Leukemic Stem Cells and Eliminate the Residual Disease in Chronic Myeloid Leukemia. Int. J.
Mol. Sci 2019, 20, 5616, doi:10.3390/ijms20225616.

Frolova, O.; Benito, J.; Brooks, C.; Wang, R.Y.; Korchin, B.; Rowinsky, E.K.; Cortes, ].; Kantarjian, H.;
Andreeff, M.; Frankel, A.E.; et al. SL-401 and SL-501, targeted therapeutics directed at the interleukin-3
receptor, inhibit the growth of leukaemic cells and stem cells in advanced phase chronic myeloid
leukaemia. Br. ]. Haematol. 2014, 166, 862-874, d0i:10.1111/bjh.12978.

Kobayashi, C.I.; Takubo, K.; Kobayashi, H.; Nakamura-Ishizu, A.; Honda, H.; Kataoka, K.; Kumano, K,;
Akiyama, H.; Sudo, T.; Kurokawa, M.; et al. The IL-2/CD25 axis maintains distinct subsets of chronic
myeloid leukemia-initiating cells. Blood 2014, 123, 2540-2549, d0i:10.1182/blood-2013-07-517847.
Lyapichev, K.A.; Sukswai, N.; Angelova, E.; Kersh, M.].; Pierce, S.; Konopleva, M.; Jain, N.; Jabbour, E.J.;
Jorgensen, J.L., Wang, S.A.; et al. CD123 Expression in Philadelphia-chromosome-Like B Acute
Lymphoblastic Leukemia/Lymphoma. Clin. Lymphoma Myeloma Leuk. 2020, doi:10.1016/j.clm1.2020.09.014.
Mekkaoui, L.; Rassart, C.; Rozen, L.; Janssens, A.; Bron, D.; Ferster, A.; Cantinieaux, B. Use of CD 123
Expression on Blasts from AML, ALL and RAEB As Minimal Residual Disease Marker. Blood 2015, 126,
5402-5402, d0i:10.1182/blood.V126.23.5402.5402.

Al-Mudallal, S.S.; Shaker, H.; Dede, H. Assessment of Expression and Prognostic Significance of Interleukin
3 Receptor Alpha Subunit (CD123) in Childhood Acute Lymphoblastic Leukemia. Int. ]. Med. Res. Prof. 2016,
2,247-254.

Jain, N.; Lamb, A.V.; O'Brien, S.; Ravandi, F.; Konopleva, M.; Jabbour, E.; Zuo, Z.; Jorgensen, J.; Lin, P.;
Pierce, S.; et al. Early T-cell precursor acute lymphoblastic leukemia/lymphoma (ETP-ALL/LBL) in
adolescents and adults: A high-risk subtype. Blood 2016, 127, 18631869, doi:10.1182/blood-2015-08-661702.
Khogeer, H.; Rahman, H.; Jain, N.; Angelova, E.A,; Yang, H.; Quesada, A.; Ok, C.Y.; Sui, D.; Wei, P.; Fattani,
A.A; et al. Early T precursor acute lymphoblastic leukaemia/lymphoma shows differential
immunophenotypic characteristics including frequent CD 33 expression and in vitro response to targeted
CD 33 therapy. Br. J. Haematol. 2019, 184, 538-548, doi:10.1111/bjh.15960.

Del Giudice, I.; Matutes, E.; Morilla, R.; Morilla, A.; Owusu-Ankomah, K.; Rafiq, F.; A’Hern, R.; Delgado,
J.; Bazerbashi, M.B.; Catovsky, D. The diagnostic value of CD123 in B-cell disorders with hairy or villous
lymphocytes. Haematologica 2004, 89, 303-308.

Venkataraman, G.; Aguhar, C; Kreitman, R.J.; Yuan, C.M.; Stetler-Stevenson, M. Characteristic CD103 and
CD123 expression pattern defines hairy cell leukemia: Usefulness of CD123 and CD103 in the diagnosis of
mature B-cell lymphoproliferative disorders. Am. J. Clin. Pathol. 2011, 136, 625-630,
doi:10.1309/AJCPKUMO9J4IXCWEU.

Aldinucci, D.; Poletto, D.; Gloghini, A.; Nanni, P.; Degan, M.; Perin, T.; Ceolin, P.; Rossi, F.M.; Gattei, V.;
Carbone, A.; et al. Expression of functional interleukin-3 receptors on Hodgkin and Reed-Sternberg cells.
Am. |. Pathol. 2002, 160, 585-596, d0i:10.1016/S0002-9440(10)64878-X.

Diefenbach, C.S.; Sabado, R.; Brooks, C.L.; Baquero-Buitrago, J.; Cruz, C.; Vengco, I.; Montanari, F.; Marchi,
E.; Scotto, L.; Cirrito, T.P.; et al. Hodgkin’s Lymphoma Cell Lines Have up-Regulated IL-3 Receptor a (IL-
3Ra) Expression and Are Sensitive to SL-401, An IL-3Ra Targeted Drug. Blood 2011, 118, 3737,
doi:10.1182/blood.V118.21.3737.3737.

Ruella, M.; Klichinsky, M.; Kenderian, S.S.; Shestova, O.; Ziober, A.; Kraft, D.O.; Feldman, M.; Wasik, M.A;
June, C.H.; Gill, S. Overcoming the Imnmunosuppressive Tumor Microenvironment of Hodgkin Lymphoma
Using Chimeric Antigen Receptor T Cells. Cancer Discov. 2017, 7, 1154-1167, d0i:10.1158/2159-8290.CD-16-
0850.

Frankel, A.E.; McCubrey, J.A.; Miller, M.S.; Delatte, S.; Ramage, J.; Kiser, M.; Kucera, G.L.; Alexander, R.L,;
Beran, M.; Tagge, E.P.; et al. Diphtheria toxin fused to human interleukin-3 is toxic to blasts from patients
with myeloid leukemias. Leukemia 2000, 14, 576-585, d0i:10.1038/sj.leu.2401743.



Cancers 2020, 12, 3087 18 of 21

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Frankel, A;; Liu, J.S.; Rizzieri, D.; Hogge, D. Phase I clinical study of diphtheria toxin-interleukin 3 fusion
protein in patients with acute myeloid leukemia and myelodysplasia. Leuk. Lymphoma 2008, 49, 543-553,
do0i:10.1080/10428190701799035.

Hogge, D.E.; Yalcintepe, L.; Wong, S.H.; Gerhard, B.; Frankel, A.E. Variant diphtheria toxin-interleukin-3
fusion proteins with increased receptor affinity have enhanced cytotoxicity against acute myeloid leukemia
progenitors. Clin. Cancer Res. 2006, 12, 1284-1291, doi:10.1158/1078-0432.CCR-05-2070.

He, S.Z.; Busfield, S.; Ritchie, D.S.; Hertzberg, M.S.; Durrant, S.; Lewis, 1.D.; Marlton, P.; McLachlan, A.];
Kerridge, L; Bradstock, K.F.; et al. A Phase 1 study of the safety, pharmacokinetics and anti-leukemic
activity of the anti-CD123 monoclonal antibody CSL360 in relapsed, refractory or high-risk acute myeloid
leukemia. Leuk. Lymphoma 2015, 56, 1406-1415, d0i:10.3109/10428194.2014.956316.

Pemmaraju, N.; Gupta, V.; Ali, H.; Yacoub, A.; Wang, E.S,; Lee, S.; Schiller, G.J.; Sardone, M.; Wysowskyj,
H.; Chen, J; et al. Results from a Phase 1/2 Clinical Trial of Tagraxofusp (SL-401) in Patients with
Intermediate, or High Risk, Relapsed/Refractory Myelofibrosis. Blood 2019, 134, 558-558, d0i:10.1182/blood-
2019-131217.

Lucas, N.; Duchmann, M.; Rameau, P.; Noél, F.; Michea, P.; Saada, V.; Kosmider, O.; Pierron, G.; Fernandez-
Zapico, M.E.; Howard, M.T; et al. Biology and prognostic impact of clonal plasmacytoid dendritic cells in
chronic myelomonocytic leukemia. Leukemia 2019, 33, 2466—2480, d0i:10.1038/s41375-019-0447-3.

Patnaik, M.M.; Ali, H.; Gupta, V.; Schiller, G.J.; Lee, S.; Yacoub, A.; Talpaz, M.; Wysowskyj, H.; Shemesh,
S.; Chen, J.; et al. Results from ongoing phase 1/2 clinical trial of tagraxofusp (SL-401) in patients with
relapsed/refractory chronic myelomonocytic leukemia (CMML). . Clin. Oncol. 2019, 37, 7059,
do0i:10.1200/JC0O.2019.37.15_suppl.7059.

Ray, A.; Das, D.S; Song, Y.; Macri, V.; Richardson, P.; Brooks, C.L.; Chauhan, D.; Anderson, K.C. A novel
agent SL-401 induces anti-myeloma activity by targeting plasmacytoid dendritic cells, osteoclastogenesis
and cancer stem-like cells. Leukemia 2017, 31, 2652-2660, d0i:10.1038/leu.2017.135.

Chauhan, D.; Ray, A.; Sharma Das, D.; Macri, V.; Brooks, C.; Richardson, P.; Rowinsky, E.; Anderson, K.
Effect of a novel agent, SL-401, targeting interleukin-3 receptor (IL-3R) on plasmacytoid dendritic cell
(pDC)-induced myeloma cell growth and osteolytic bone disease. ]. Clin. Oncol. 2014, 32, 8599,
do0i:10.1200/jc0.2014.32.15_suppl.8599.

Eldin, T.K.; Nagiub Abdelsalam, E.M.; Razak, G.A.; Nafady, H.; Mohammed Saleh, M.F. Expression of CD
123 in Acute Lymphoblastic Leukemia and its Prognostic Impact. Clin. Lymphoma Myeloma Leuk. 2017, 17,
5258, doi:10.1016/j.clm1.2017.07.022.

Htut, M.; Gasparetto, C.; Zonder, J.; Martin, T.G., III; Scott, E.C.; Chen, J.; Shemesh, S.; Brooks, C.L.;
Chauhan, D.; Anderson, K.C; et al. Results from Ongoing Phase 1/2 Trial of SL-401 in Combination with
Pomalidomide and Dexamethasone in Relapsed or Refractory Multiple Myeloma. Blood 2016, 128, 5696,
doi:10.1182/blood.V128.22.5696.5696.

Frankel, A.E.; Woo, J.H.; Ahn, C.; Pemmaraju, N.; Medeiros, B.C.; Carraway, H.E.; Frankfurt, O.; Forman,
S.J.; Yang, X.A,; Konopleva, M.; et al. Activity of SL-401, a targeted therapy directed to interleukin-3
receptor, in blastic plasmacytoid dendritic cell neoplasm patients. Blood 2014, 124, 385-392,
doi:10.1182/blood-2014-04-566737.

Angelot-Delettre, F.; Roggy, A.; Frankel, A.E.; Lamarthee, B.; Seilles, E.; Biichle, S.; Royer, B.; Deconinck, E.;
Rowinsky, E.K.; Brooks, C.; et al. In vivo and in vitro sensitivity of blastic plasmacytoid dendritic cell
neoplasm to SL-401, an interleukin-3 receptor targeted biologic agent. Haematologica 2015, 100, 223-230,
doi:10.3324/haematol.2014.111740.

Pemmaraju, N.; Lane, A.A.; Sweet, K.L.; Stein, A.S.; Vasu, S.; Blum, W.; Rizzieri, D.A.; Wang, E.S.; Duvic,
M,; Sloan, J.M.; et al. Tagraxofusp in Blastic Plasmacytoid Dendritic-Cell Neoplasm. N. Engl. J. Med. 2019,
380, 1628-1637, d0i:10.1056/NEJMoal815105.

Food and Drug Administration. FDA Approves Tagraxofusp-Erzs for Blastic Plasmacytoid Dendritic Cell
Neoplasm.  Available online:  https://www.fda.gov/drugs/fda-approves-tagraxofusp-erzs-blastic-
plasmacytoid-dendritic-cell-neoplasm (accessed on 30 March 2020).

Economides, M.P.; McCue, D.; Lane, A.A.; Pemmaraju, N. Tagraxofusp, the first CD123-targeted therapy
and first targeted treatment for blastic plasmacytoid dendritic cell neoplasm. Expert Rev. Clin. Pharmacol.
2019, 12, 941-946, doi:10.1080/17512433.2019.1662297.

Jin, L.; Lee, EIM.; 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 alpha chain,



Cancers 2020, 12, 3087 19 of 21

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

eliminates human acute myeloid leukemic stem cells. Cell Stem Cell 2009, 5, 31-42,
doi:10.1016/j.stem.2009.04.018.

Busfield, S.J.; Biondo, M.; Wong, M.; Ramshaw, H.S.; Lee, E.M.; Ghosh, S.; Braley, H.; Panousis, C.; Roberts,
AW, He, S.Z; et al. Targeting of acute myeloid leukemia in vitro and in vivo with an anti-CD123 mAb
engineered for optimal ADCC. Leukemia 2014, 28, 2213-2221, doi:10.1038/leu.2014.128.

Lee, EIM.; Yee, D.; Busfield, S.J.; McManus, J.F.; Cummings, N.; Vairo, G.; Wei, A.; Ramshaw, H.S.; Powell,
J.A,; Lopez, AF,; et al. Efficacy of an Fc-modified anti-CD123 antibody (CSL362) combined with
chemotherapy in xenograft models of acute myelogenous leukemia in immunodeficient mice.
Huaematologica 2015, 100, 914-926, doi:10.3324/haematol.2014.113092.

Smith, B.D.; Roboz, G.J.; Walter, R.B.; Altman, ].K.; Ferguson, A.; Curcio, T.]J.; Orlowski, K.F.; Garrett, L.;
Busfield, S.J.; Barnden, M.; et al. First-in Man, Phase 1 Study of CSL362 (Anti-IL3Ra/Anti-CD123
Monoclonal Antibody) in Patients with CD123+ Acute Myeloid Leukemia (AML) in CR at High Risk for
Early Relapse. Blood 2014, 124, 120, doi:10.1182/blood.V124.21.120.120.

Xie, L.H.; Biondo, M.; Busfield, S.J.; Arruda, A.; Yang, X.; Vairo, G.; Minden, M.D. CD123 target validation
and preclinical evaluation of ADCC activity of anti-CD123 antibody CSL362 in combination with NKs from
AML patients in remission. Blood Cancer |. 2017, 7, 567, doi:10.1038/bcj.2017.52.

Akiyama, T.; Takayanagi, S.-I.; Maekawa, Y.; Miyawaki, K.; Jinnouchi, F.; Jiromaru, T.; Sugio, T.; Daitoku,
S.; Kusumoto, H.; Shimabe, M.; et al. First Preclinical Report of the Efficacy and PD Results of KHK2823, a
Non-Fucosylated Fully Human Monoclonal Antibody Against IL-3Ra. Blood 2015, 126, 1349,
doi:10.1182/blood.V126.23.1349.1349.

Kubasch, A.S.; Schulze, F.; Gotze, K.S.; Kronke, J.; Sockel, K.; Middeke, ].M.; Chermat, F.; Gloaguen, S.;
Puttrich, M.; Weigt, C.; et al. Anti-CD123 Targeted Therapy with Talacotuzumab in Advanced MDS and
AML after Failing Hypomethylating Agents—Final Results of the Samba Trial. Blood 2018, 132, 4045,
doi:10.1182/blood-2018-99-113112.

Ernst, D.; Williams, B.A.; Wang, X.H.; Yoon, N.; Kim, K.P.; Chiu, ].; Luo, Z.J.; Hermans, K.G.; Krueger, J.;
Keating, A. Humanized anti-CD123 antibody facilitates NK cell antibody-dependent cell-mediated
cytotoxicity (ADCC) of Hodgkin lymphoma targets via ARF6/PLD-1. Blood Cancer ]. 2019, 9, 6,
do0i:10.1038/s41408-018-0168-2.

Nievergall, E.; Ramshaw, H.S; Yong, A.S.; Biondo, M.; Busfield, S.J.; Vairo, G.; Lopez, A.F.; Hughes, T.P.;
White, D.L.; Hiwase, D.K. Monoclonal antibody targeting of IL-3 receptor a with CSL362 effectively
depletes CML progenitor and stem cells. Blood 2014, 123, 1218-1228, d0i:10.1182/blood-2012-12-475194.
Williams, B.A.; Wang, X.H.; Leyton, ].V.; Maghera, S.; Deif, B.; Reilly, RM.; Minden, M.D.; Keating, A.
CD16(+)NK-92 and anti-CD123 monoclonal antibody prolongs survival in primary human acute myeloid
leukemia xenografted mice. Haematologica 2018, 103, 1720-1729, d0i:10.3324/haematol.2017.187385.
Chichili, G.R.; Huang, L.; Li, H.; Burke, S.; He, L.; Tang, Q.; Jin, L.; Gorlatov, S.; Ciccarone, V.; Chen, F.; et
al. A CD3xCD123 bispecific DART for redirecting host T cells to myelogenous leukemia: Preclinical activity
and safety in nonhuman primates. Sci. Transl. Med. 2015, 7, 289ra82, do0i:10.1126/scitranslmed.aaa5693.
Godwin, J.E.; Ballesteros-Merino, C.; Lonberg, N.; Jensen, S.; Moudgil, T.; Bifulco, C.B.; Wigginton, ].; Muth,
J.; Davidson-Moncada, ].K.; Fox, B. Flotetuzumab (FLZ), an Investigational CD123 x CD3 Bispecific Dart®
Protein-Induced Clustering of CD3+ T Cells and CD123+ AML Cells in Bone Marrow Biopsies Is Associated
with Response to Treatment in Primary Refractory AML Patients. Blood 2019, 134, 1410, d0i:10.1182/blood-
2019-128485.

Stein, C.; Kellner, C.; Kiigler, M.; Reiff, N.; Mentz, K.; Schwenkert, M.; Stockmeyer, B.; Mackensen, A.; Fey,
G.H. Novel conjugates of single-chain Fv antibody fragments specific for stem cell antigen CD123 mediate
potent death of acute myeloid leukaemia cells. Br. J. Haematol. 2010, 148, 879-889, doi:10.1111/j.1365-
2141.2009.08033.x.

Ravandi, F.; Bashey, A.; Foran, J.; Stock, W.; Mawad, R.; Blum, W.; Saville, M.; Johnson, C.; Vanasse, K.; Ly,
T.; et al. Complete Responses in Relapsed/Refractory Acute Myeloid Leukemia (AML) Patients on a Weekly
Dosing Schedule of XmAb14045, a CD123 x CD3 T Cell-Engaging Bispecific Antibody: Initial Results of a
Phase 1 Study. Blood 2018, 132, 763, doi:10.1182/blood-2018-99-119786.

Fan, D.; Li, Z,; Zhang, X.; Yang, Y.; Yuan, X.; Zhang, X.; Yang, M.; Zhang, Y.; Xiong, D. AntiCD3Fv fused
to human interleukin-3 deletion variant redirected T cells against human acute myeloid leukemic stem
cells. J. Hematol. Oncol. 2015, 8, 18, doi:10.1186/s13045-015-0109-5.



Cancers 2020, 12, 3087 20 of 21

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Iwahori, K.; Kakarla, S.; Velasquez, M.P.; Yu, F.; Yi, Z; Gerken, C.; Song, X.T.; Gottschalk, S. Engager T
cells: A new class of antigen-specific T cells that redirect bystander T cells. Mol. Ther. 2015, 23, 171-178,
do0i:10.1038/mt.2014.156.

Bonifant, C.L.; Szoor, A.; Torres, D.; Joseph, N.; Velasquez, M.P.; Iwahori, K.; Gaikwad, A.; Nguyen, P.;
Arber, C; Song, X.T.; et al. CD123-Engager T Cells as a Novel Immunotherapeutic for Acute Myeloid
Leukemia. Mol. Ther. 2016, 24, 1615-1626, d0i:10.1038/mt.2016.116.

Doherty, E.; Vaidya, A.; Bonifant, C.; Mata, M.; Leen, A.M.; Gottschalk, S.; Velasquez, M.P. Improving
CD123-Targeted T-Cell Therapy for Acute Myeloid Leukemia. Biol. Blood Marrow Transplant. 2018, 24, S232,
doi:10.1016/j.bbmt.2017.12.214.

Steel, J.C.; Waldmann, T.A.; Morris, ].C. Interleukin-15 biology and its therapeutic implications in cancer.
Trends Pharmacol. Sci. 2012, 33, 35-41, d0i:10.1016/j.tips.2011.09.004.

Mu, H.; Ma, H.; Vaidya, A.; Bonifant, C.L.; Gottschalk, S.; Velasquez, M.P.; Andreeff, M. IL15 Expressing
CD123-Targeted Engager T-Cell Therapy for Adult Acute Myeloid Leukemia. Blood 2018, 132, 2724,
doi:10.1182/blood-2018-99-116811.

Li, F.; Sutherland, M.K,; Yu, C.; Walter, R.B.; Westendorf, L.; Valliere-Douglass, J.; Pan, L.; Cronkite, A,;
Sussman, D.; Klussman, K.; et al. Characterization of SGN-CD123A, A Potent CD123-Directed Antibody-
Drug Conjugate for Acute Myeloid Leukemia. Mol. Cancer Ther. 2018, 17, 554-564, doi:10.1158/1535-
7163.MCT-17-0742.

June, C.H.; O’Connor, R.S.; Kawalekar, O.U.; Ghassemi, S.; Milone, M.C. CAR T cell immunotherapy for
human cancer. Science 2018, 359, 1361-1365, d0i:10.1126/science.aar6711.

Gill, S.; Tasian, S.K.; Ruella, M.; Shestova, O.; Li, Y.; Porter, D.L.; Carroll, M.; Danet Desnoyers, G.; Scholler,
J.; Grupp, S.A.; et al. Preclinical targeting of human acute myeloid leukemia and myeloablation using
chimeric antigen receptor-modified T cells. Blood 2014, 123, 2343-2354, doi:10.1182/blood-2013-09-529537.
Pizzitola, I.; Anjos-Afonso, F.; Rouault-Pierre, K.; Lassailly, F.; Tettamanti, S.; Spinelli, O.; Biondi, A.; Biagi,
E.; Bonnet, D. Chimeric antigen receptors against CD33/CD123 antigens efficiently target primary acute
myeloid leukemia cells in vivo. Leukemia 2014, 28, 1596-1605, d0i:10.1038/leu.2014.62.

Administration, F.A.D. FDA Grants Orphan Drug Designation to Cd123-Targeted Car T-Cell Therapy for
Aml. Available online: https://www.targetedonc.com/view/fda-grants-orphan-drug-designation-to-
cd123targeted-car-tcell-therapy (accessed on 1 May 2020).

Yao, S.; Jianlin, C.; Yarong, L.; Botao, L.; Qinghan, W.; Hongliang, F.; Lu, Z.; Hongmei, N.; Pin, W.; Hu, C,;
et al. Donor-Derived CD123-Targeted CAR T Cell Serves as a RIC Regimen for Haploidentical
Transplantation in a Patient With FUS-ERG+ AML. Front. Oncol. 2019, 9, 1358, doi:10.3389/fonc.2019.01358.
Kuo, S.R.; Wong, L Liu, ].S. Engineering a CD123xCD3 bispecific scFv immunofusion for the treatment of
leukemia and elimination of leukemia stem cells. Protein Eng. Des. Sel. 2012, 25, 561-569,
doi:10.1093/protein/gzs040.

Moore, P.A.; Zhang, W.; Rainey, G.J.; Burke, S.; Li, H.; Huang, L.; Gorlatov, S.; Veri, M.C.; Aggarwal, S,;
Yang, Y.; et al. Application of dual affinity retargeting molecules to achieve optimal redirected T-cell killing
of B-cell lymphoma. Blood 2011, 117, 45424551, d0i:10.1182/blood-2010-09-306449.

Al-Hussaini, M.; Rettig, M.P.; Ritchey, ].K.; Karpova, D.; Uy, G.L.; Eissenberg, L.G.; Gao, F.; Eades, W.C.;
Bonvini, E.; Chichili, G.R.; et al. Targeting CD123 in acute myeloid leukemia using a T-cell-directed dual-
affinity retargeting platform. Blood 2016, 127, 122-131, doi:10.1182/blood-2014-05-575704.

Labrijn, A.F.; Janmaat, M.L.; Reichert, ].M.; Parren, P. Bispecific antibodies: A mechanistic review of the
pipeline. Nat. Rev. Drug Discov. 2019, 18, 585-608, doi:10.1038/s41573-019-0028-1.

Wei, A.H.; Fong, C.Y.; Montesinos, P.; Calbacho, M.; Gil, ].S.; Perez De Oteyza, J.; Rowe, ].M.; Wolach, O.;
Ofran, Y.; Moshe, Y.; et al. A Phase 1 Study of Flotetuzumab, a CD123 x CD3 DART® Protein, Combined
with MGAO12, an Anti-PD-1 Antibody, in Patients with Relapsed or Refractory Acute Myeloid Leukemia.
Blood 2019, 134, 2662, d0i:10.1182/blood-2019-125966.

Kiigler, M.; Stein, C.; Kellner, C.; Mentz, K.; Saul, D.; Schwenkert, M.; Schubert, I.; Singer, H.; Oduncu, F.;
Stockmeyer, B.; et al. A recombinant trispecific single-chain Fv derivative directed against CD123 and CD33
mediates effective elimination of acute myeloid leukaemia cells by dual targeting. Br. ]. Haematol. 2010, 150,
574-586, doi:10.1111/j.1365-2141.2010.08300.x.

Braciak, T.A.; Roskopf, C.C.; Wildenhain, S.; Fenn, N.C.; Schiller, C.B.; Schubert, I.A.; Jacob, U.; Honegger,
A.; Krupka, C.; Subklewe, M.; et al. Dual-targeting triplebody 33-16-123 (SPM-2) mediates effective



Cancers 2020, 12, 3087 21 of 21

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

redirected lysis of primary blasts from patients with a broad range of AML subtypes in combination with
natural killer cells. Oncoimmunology 2018, 7, 1472195, doi:10.1080/2162402X.2018.1472195.

Klein, B.K; Olins, P.O.; Bauer, S.C.; Caparon, M.H.; Easton, A.M.; Braford, S.R.; Abrams, M.A_; Klover, J.A.;
Paik, K.; Thomas, ].W.; et al. Use of combinatorial mutagenesis to select for multiply substituted human
interleukin-3 variants with improved pharmacologic properties. Exp. Hematol. 1999, 27, 1746-1756,
doi:10.1016/s0301-472x(99)00118-6.

Kovtun, Y.; Jones, G.E.; Adams, S.; Harvey, L.; Audette, C.A.; Wilhelm, A.; Bai, C.; Rui, L.; Laleau, R; Liu,
F.; et al. A CD123-targeting antibody-drug conjugate, IMGN632, designed to eradicate AML while sparing
normal bone marrow cells. Blood Adv. 2018, 2, 848-858, doi:10.1182/bloodadvances.2018017517.

Daver, N. Ash 2019: Findings from Phase i Study of Imgn632 Shows Potential in Aml and Bpdcn. Available
online: https://www.adcreview.com/news/ash-2019-findings-from-phase-i-study-of-imgn632-shows-
potential-in-aml-and-bpdcn/ (accessed on 9 April 2020).

Administration, F.A.D. FDA Approves Tisagenlecleucel for B-Cell ALL and Tocilizumab for Cytokine
Release Syndrome. Available online: https://www.fda.gov/drugs/resources-information-approved-
drugs/fda-approves-tisagenlecleucel-b-cell-all-and-tocilizumab-cytokine-release-syndrome (accessed on 9
April 2020).

National Cancer Institute. FDA Approves Second CAR T-Cell Therapy for Lymphoma. Available online:
https://www.cancer.gov/news-events/cancer-currents-blog/2018/tisagenlecleucel-fda-lymphoma
(accessed on 1 May 2020).

Administration, F.A.D. FDA Approves Axicabtagene Ciloleucel for Large B-Cell Lymphoma. Available
online:  https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-axicabtagene-
ciloleucel-large-b-cell-lymphoma (accessed on 9 April 2020).

Rafei, H.; Kantarjian, H.M.; Jabbour, E.]. Recent advances in the treatment of acute lymphoblastic leukemia.
Leuk. Lymphoma 2019, 60, 2606-2621, d0i:10.1080/10428194.2019.1605071.

Cellectis.  Cellectis Reports  Clinical Hold of Ucartl23  Studies.  Available  online:
https://www.cellectis.com/en/press/cellectis-reports-clinical-hold-of-ucart123-studies (accessed on 1 May
2020).

Immuno-Oncology. FDA Lifts Clinical Hold on Cellectis’ UCART123 Phase 1 Trials in AML, BPDCN.
Available online: https://immuno-oncologynews.com/2017/11/09/cellectis-receives-fda-approval-resume-
ucart123-aml-bpdcen-trials/ (accessed on 1 May 2020).

Cummins, K.D.; Frey, N.; Nelson, A.M.; Schmidt, A.; Luger, S.; Isaacs, R.E.; Lacey, S.F.; Hexner, E,;
Melenhorst, J.J.; June, C.H,; et al. Treating Relapsed/Refractory (RR) AML with Biodegradable Anti-CD123
CAR Modified T Cells. Blood 2017, 130, 1359, d0i:10.1182/blood.V130.Suppl_1.1359.1359.

Tasian, S.K.; Kenderian, S.S.; Shen, F.; Ruella, M.; Shestova, O.; Kozlowski, M.; Li, Y.; Schrank-Hacker, A.;
Morrissette, ].J.D.; Carroll, M.; et al. Optimized depletion of chimeric antigen receptor T cells in murine
xenograft models of human acute myeloid leukemia. Blood 2017, 129, 2395-2407, doi:10.1182/blood-2016-
08-736041.

Budde, L.E; Son, J.; Del Real, M.; Kim, Y.; Toribio, C.; Wood, B.; Wagner, J.; Marcucci, E.; Stein, A.; Marcucci,
G.; et al. Abstract PR14: CD123CAR displays clinical activity in relapsed/refractory (r/r) acute myeloid
leukemia (AML) and blastic plasmacytoid dendritic cell neoplasm (BPDCN): Safety and efficacy results
from a phase 1 study. Cancer Immunol. Res. 2020, 8, doi:10.1158/2326-6074. TUMIMM18-PR14.

Stevens, B.M.; Zhang, W.; Pollyea, D.A.; Winters, A.; Gutman, J.; Smith, C.; Budde, E.; Forman, S.J.; Jordan,
C.T.; Purev, E. CD123 CAR T cells for the treatment of myelodysplastic syndrome. Exp. Hematol. 2019, 74,
52-63.e53, doi:10.1016/j.exphem.2019.05.002.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional

affiliations.

© 2020 by the authors. Licensee MDP], Basel, Switzerland. This article is an open access
@ ® article distributed under the terms and conditions of the Creative Commons Attribution

(CCBY) license (http://creativecommons.org/licenses/by/4.0/).



