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Abstract

Purpose of review Bispecific antibodies combine antigen recognition sites from two or more antibodies into a single construct
allowing simultaneous binding to multiple targets. Bispecific antibodies exist which can redirect immune effector cells against
acute myeloid leukemia (AML) targets. This review will highlight the progress to date and the challenges in developing bispecific
antibodies for the treatment of AML.

Recent findings Currently, a number of bispecific antibody formats including bispecific T cell engagers, dual affinity retargeting
proteins, and tandem diabodies are in clinical development for AML. These antibodies target antigens present on AML blasts,
including CD33, and the low affinity IL3 receptor, CD123. T cell redirecting bispecific antibodies in early phase clinical trials for
AML include AG330, flotetuzumab, JNJ-63709178, and AMV564.

Summary Bispecific antibodies represent a promising immunotherapeutic approach for the treatment of cancer. The results of

ongoing studies in AML will elucidate the potential for these agents in AML.

Keywords Acute myeloid leukemia - Bispecific antibody - Dual affinity retargeting protein - Bispecific T cell engager

Introduction

Bispecific antibodies combine antigen recognition sites from
two or more antibodies into a single construct allowing simul-
taneous binding to multiple targets. Bispecific antibodies to
redirect the immune system against tumor cells have been
theorized since the 1980s [1, 2]. In its most commonly used
configuration, one segment has affinity for a tumor cell anti-
gen, while the other binds an effector cell, most commonly T
cells via the epsilon subunit of the T cell receptor (CD3¢).
When used in this way, bispecific antibody redirects effector
immune cells against tumor targets in a major histocompati-
bility complex-independent manner, bypassing immune es-
cape mechanisms of MHC downregulation by tumor cells.
In the case of T cell redirecting bispecific antibodies, these
constructs facilitate the formation of immunologic synapses
between cytotoxic T cells and tumor cells leading to granzyme
B/perforin-mediated target cell death (Fig. 1b).
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Compared to monoclonal antibodies and antibody-drug
conjugates, bispecific antibodies possess several unique ad-
vantages. First, these constructs can be engineered to recruit
not only T cells but potentially other components of the im-
mune system such as NK cells or immunomodulatory proteins
such as PD-1 or CD47. Also, in contrast to drug-antibody
conjugates, bispecific antibodies do not require receptor inter-
nalization for their therapeutic effect potentially allowing
targeting of a more diverse population of tumor antigens.
Blinatumomab, a bispecific antibody against CD3 and
CD19, was developed and received accelerated approved
from the FDA for the treatment of relapsed or refractory B
cell acute lymphoblastic leukemia [3, 4]. Given the success of
blinatumomab, there has been a high level of interest in de-
veloping bispecific antibodies for the treatment of acute mye-
loid leukemia (AML). This review will focus on those efforts
and the challenges of developing bispecific antibodies for the
treatment of AML.

Engineering of Bispecific Ab
The initial bispecific antibodies were made by fusing hybrid-

oma cells or chemical cross-linking of antibodies [5, 6]. These
first attempts suffered from low yields and immunogenicity
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Fig. 1 a Bispecific antibody constructs. Single-chain variable fragments
(scFv) are derived from the Fab fragment of the [gG immunoglobulin and
are composed of the VH and VL domains attached with a linker.
Bispecific T cell engagers (BiTEs) consist of two scFVs, one directed
against T cell antigen and one against a chosen tumor antigen,
connected via a single-chain linker. Tandem diabodies (TandAbs)
combine two scFVs for each target connected with a single polypeptide
target. This allows them to maintain the avidity of a bivalent antibody as
well as have a molecular weight that exceeds the renal clearance
threshold. Dual affinity retargeting antibodies (DARTSs) consist of
variable domains of two antigen-binding specificities linked to two

with the development of neutralizing human anti-mouse anti-
bodies. Advances in antibody engineering have resulted in
dozens of different bispecific antibody formats each with
unique characteristics affecting the ability to recruit different
components of the immune system as well as other factors
including tissue penetrance, circulating half-life, and ease of
manufacturing (Fig. 1a) [7¢].

Bispecific T cell engagers (BiTEs) are recombinant fusion
antibody constructs created by using two single-chain variable
fragments (scFvs), which are tandemly arranged on a single
polypeptide linker [4]. The classical BiTE construct lacks the
Fc domain of the antibody, which decreases its half-life by the
lack of the neonatal Fc receptor recycling mechanism that
prevents lysosomal degradation of antibodies [8].
Furthermore, BiTEs lack the potential for Fc-mediated effec-
tor functions such as antibody-dependent cell-mediated cyto-
toxicity (ADCC), antibody-dependent cellular phagocytosis
(ADCP), and complement-dependent cytotoxicity (CDC) [9,
10]. The low molecular weight of approximately 55 kD for a
BiTE means that these constructs are renally excreted and
possess a short half-life of 1-4 h which can necessitate treat-
ment by a continuous intravenous infusion. Addition of an Fc
domain to a BiTE construct lead to an increase in the molec-
ular weight and an extended half-life of ~7 days [11].

A competing format to the tandem scFv format of the BiTE is
a diabody. A diabody consists of a dimer of two antibody frag-
ments which are covalently linked to each other. Dual affinity
retargeting (DART) antibodies are a type of diabody which con-
sists of heavy-and light-chain variable domains of two antigen-
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independent polypeptide chains. Each variable domain is formed by
associating one VL segment on one chain with a VH segment on a
second chain. The chains are covalently linked via disulfide bridge. b
Mechanisms of action. Bispecific antibodies have variable fragments
with affinities for both a selected tumor-associated antigen (TAA) and a
selected target on an effector immune cell. Bispecific T cell engagers
(BiTEs) bind to both TAA and the T cell receptor CD3. Bispecific killer
cell engagers (BiKEs) bind a TAA with an NK cell antigen, usually
CD16. Binding between effector cells and tumor cells facilitates the
formation of cytolytic synapses leading to tumor cell destruction

binding specificities linked to two independent polypeptide
chains [12]. Similar to a BiTE, DARTs lack an Fc domain.
Each Fv is formed by associating one VL segment on one chain
with a VH segment on a second chain. The chains are covalently
linked via disulfide bridges to limit the freedom of component Fv
domains resulting in a high degree of stability [13]. Other
diabody formats include tandem diabodies, providing two bind-
ing sites for each antigen to maintain the avidity of a bivalent
antibody as well as have a molecular weight exceeding the renal
clearance threshold [14e].

Other bispecific antibodies have an IgG-like structure with
binding sites on each arm along with an Fc region. These
antibodies can be engineered to optimize specific Fc-related
effector functions and can possess an extended half-life simi-
lar to native immunoglobulins and can facilitate manufactur-
ing and purification of the antibody [15, 16]. Currently, at least
nine different bispecific antibodies are in clinical trials for the
treatment of AML (Table 1).

Challenges in the Treatment of AML
with Bispecific Antigens

The development of antibody-based therapies in AML to date
has been limited by the lack of suitable tumor-associated anti-
gens. The ideal target antigen in AML would be highly expressed
on leukemic cells including the most primitive leukemic stem
cells, but would spare normal hematopoietic cells and other
non-hematopoietic tissues. In addition, an ideal target antigen
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Table 1 Bispecific antibodies currently in clinical trials for AML
Agent NCT Target Effector Phase Sponsor Study start Estimated
enrollment
MGDO006 NCT02152956 CD123 CD3 Phase 1 Macrogenics May-14 124
INJ-63709178 NCT02715011 CD123 CD3 Phase [ Janseen Research & Development Jun-16 60
Xmab14045 NCT02730312 CD123 CD3 Phase [ Xencor Aug-16 66
161533 NCT03214666 CD33 CD16 Phase I/I1 Masonic Cancer Center, Nov-18 60
University of Minnesota
AMG330 NCT02520427 CD33 CD3 Phase [ Amgen Aug-15 50
AMG673 NCT03224819 CD33 CD3 Phase [ Amgen Sep-17 50
AMV564 NCT03144245 CD33 CD3 Phase 1 Amphivena Therapeutics, Inc. Mar-17 50
GEM333 NCT03516760 CD33 CD3 Phase | GEMoaB Monoclonals GmbH Apr-18 33
MCLA-117 NCT03038230 CLECI2A CD3 Phase 1 Merus N.V. Apr-16 50

would be crucial for the survival of the leukemic cell and not
undergo downregulation in response to binding. In acute lym-
phoblastic leukemia, blinatumomab targets CD19 which is ubiq-
uitously expressed on B cells. Even though CD19 lacks specific-
ity for leukemic lymphoblasts and is also expressed on normal B
lymphocytes, the resulting lymphopenia and
hypogammaglobulinemia are manageable side effects in patients
with ALL. Similarly, in AML, there is significant overlap of
antigen expression patterns between leukemic cells and normal
hematopoietic cells. This overlap predicts on-target off-tumor
toxicity to the hematopoietic compartment and prolonged cyto-
penias including severe neutropenia which clinically is more
likely to result in life-threatening complications when compared
to B lymphopenia. Currently, the most frequently used targets for
AML immunotherapy are CD33 and CD123. While initial stud-
ies used single-valent monoclonal antibodies, antibody-drug con-
jugates, T cell redirecting bispecific antibodies, and chimeric an-
tigen receptor T cells targeting these antigens are all currently
under clinical development in AML.

A common toxicity associated with T cell redirecting ther-
apy including both bispecific antibodies and chimeric antigen
receptor T cells is the cytokine release syndrome (CRS) [17,
18]. CRS is a systemic inflammatory response that is associ-
ated with cytokine elevation as part of the in vivo activation of
the effector immune cells [19]. The syndrome is associated
with high level of inflammatory cytokines such as C-reactive
protein (CRP), ferritin, IL-6, INF-y, TNF-«, and IL-2 [17, 20,
21]. Clinically, symptoms range from mild flu-like symptoms
to high fever, capillary leak, vasodilatory shock, and end-
organ dysfunction. CRS may cause life-threatening complica-
tions including ARDS, renal failure, hepatic failure, and car-
diac dysfunction. Due to the massive immune activation, CRS
may be associated with macrophage activation syndrome or
hemophagocytic lymphohistiocytosis [22]. Neurotoxicity can
range from mild confusion, headaches, and word-finding dif-
ficulties to severe encephalopathy, seizures, aphasia, delirium,
and cerebral edema [17, 23, 24].

Development of CRS is in part due to the magnitude of T
cell activation which are influenced by factors including the
target antigen, antibody construct, antibody dose, and high
disease burden and/or antigen load. Treatment of CRS ranges
from interrupting the infusion of the drug and antipyretics and
in more severe cases vasopressors, corticosteroids, and anti-
IL-6 therapy using tocilizumab and siltuximab.

CD33 Targeted Bispecific Antibodies

CD33, also known as sialic acid-binding Ig-like lectin 3
(Siglec-3) is a 67-kDa trans-membrane cell surface glycopro-
tein, which is commonly expressed on acute myeloid leuke-
mia blasts in >90% of patients as well as leukemic stem and
progenitor cells [25, 26]. It is estimated that about 30% of
healthy bone marrow myeloid progenitors express CD33,
which leads to on-target off-tumor toxicity [27, 28, 29ee].
Multiple therapeutic concepts have targeted CD33 since the
early 2000s including monoclonal antibodies, antibody-drug
conjugates, and retargeting of T cell with bispecific antibodies
[30, 31]. The anti-CD33 antibody-drug conjugate
gemtuzumab ozogamicin (Mylotarg) was initially approved
for treatment of relapsed AML in 2000, later withdrawn from
the market after the failure of a large randomized phase III
study conducted in the USA and then reapproved in 2017
following the results of four European randomized studies
which demonstrated survival benefit for favorable and
intermediate-risk AML patients. [32, 33]. Concern was raised
as to whether antibodies against CD33 would affect human
CD34" hematopoietic stem cells (HSCs). In one experiment,
freshly isolated T cells were incubated with autologous
CD34" HSCs in the presence or absence of bispecific
CD33xCD3 antibodies. In vitro analysis of the hematopoietic
potential in colony-forming unit assays did not reveal any
difference to the control groups. The same cells were injected
into sub-lethally irradiated NOD/SCID IL2Ry mice and
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developed normal chimerism, showing that the hematopoietic
potential of these cells was not affected [34, 35].

AMG330 is a human BiTE tandem single-chain antibody
with the N-terminal specific for human CD33 and its C-
terminal is directed toward CD3e [29¢¢]. In vitro studies
showed activation of T cells manifested as expression of
CD69 and CD25 as well as release of IFN-y, TNF-«, inter-
leukin-2, IL-10, and IL-6 [36¢°]. Ex vivo, AMG330 showed a
potent dose- and effector to target cell ratio-dependent activity
against human AML cell lines [29, 37]. Daily intravenous
administration of AMG330 significantly prolonged the sur-
vival of immune-deficient mice adoptively transferred with
human MOLM-13 AML cells and human T cells [36°¢]. A
first in human phase I study in which AMG330 is adminis-
tered as a 14-28-day continuous intravenous infusion in pa-
tients with relapsed/refractory AML began recruiting in
August 2015 (NCT02520427). AMG673 is a related newer
anti-CD33 x anti-CD3 BiTE antibody construct developed by
Amgen. AMG673 fuses an Fc domain extending the half-life
of the antibody to 7 days which permits weekly dosing of the
agent [11]. The phase 1 study began recruitment in September
2017 (NCT03224819).

AMV564 is a tetravalent anti-CD33 X anti-CD3 tandem
diabody construct that is comprised of two VH and VL chains
that form antigen-binding single-chain variable fragments
(scFvs). The protein forms a homodimer creating two binding
sites for each epitope and increases the avidity of the antibody
to its targets. It also increases the molecular weight to approx-
imately 106 kDa avoiding first pass renal clearance and
resulting in a longer half-life in comparison to BiTEs [14ee].
Preclinical data with cryopreserved human AML specimens
demonstrated in vitro activity across the spectrum of disease
stage, cytogenetic risk, and CD33 expression levels [14ee].
AMV564 is currently studied in a first-in-human phase I trial
in patients with relapsed or refractory AML in which the agent
is dosed as a 14-day continuous infusion (NCT03144245)
every 28 days. Preliminary results presented at the European
Hematology Association in June 2018 showed evidence of T
cell activation evident by increased cytokine levels and anti-
gen markers of T cell activation. There was evidence of bio-
logic activity with 13-38% reductions in the bone marrow
blasts in 10/16 patients. The treatment was generally well
tolerated with no grade 3—4 toxicities attributed to the study
treatment with manageable grade 2 CRS observed at the
50 pg/day dose in a single patient [38¢].

GEM333 is another CD3xCD33 humanized bispecific an-
tibody currently in phase I clinical trials in Germany for re-
lapsed or refractory AML (NCTT03516760). GEM333 anti-
body is a humanized single-chain bispecific antibody with
variable and light and heavy chains to both CD3 and CD33
are arranged in a tandem format using a novel linker [39]. In
preclinical studies, the construct was capable of redirecting
human T cells efficiently toward CD33" AML blasts as
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demonstrated by killing of AML cell lines and patient-
derived AML blasts both in vitro and in NSG mice. Notably,
the antibody had no effect on normal human CD34" hemato-
poietic stem and progenitor cells in both colony-forming as-
says or in NSG repopulating experiments [34].

Hepatotoxicity and in particular sinusoidal obstruction syn-
drome in patients undergoing allogeneic hematopoietic cell
transplant have been observed with CD33 antibody-drug con-
jugates gemtuzumab ozogamicin (Mylotarg) and
vadastuximab talirine (SGN-CD33A). As CD33 is expressed
on liver Kupffer cells and sinusoidal endothelial cells, this has
raised concern that the hepatotoxicity may be result of an on-
target effect to CD33 [40—42]. However, it is known that the
CD22 antibody drug conjugate, inotuzumab, has had similar
concerns with sinusoidal obstructive syndrome [43] indicating
that this may be more specific to the drug conjugate,
calicheamicin, suggesting a potential advantage to the
bispecific antibody format.

Recently, it has been reported that a single nucleotide poly-
morphism (SNP) in the CD33 splice enhancer region regulates
the expression of a splicing variant of CD33 which lacks IgV
domain. This domain serves as the antibody binding site for
both gemtuzumab ozogamicin and CD33 diagnostic
immunophenotyping panels. Approximately 50% of patients
treated on a Children’s Oncology Group study carried this
SNP which was associated with a lack of benefit to
gemtuzumab [44]. The CD33-binding scFv of AMG 330
has similarly been mapped to the IgV domain of CD33
[36°¢]. Although a similar influence of this SNP on
AMG330 activity might be predicted, preclinical studies of
AMG 330-induced cytotoxicity using sublines of cells trans-
duced with mutant forms of the CD33 SNPs did not detect any
difference in the activity of AMG 330 [37].

CD123 Targeted Bispecific Antibodies

CD123 (interleukin-3 receptor alpha chain) is the low affinity
binding subunit of the IL3 receptor. CD123 is expressed on
myeloid progenitors, plasmacytoid dendritic cells, monocytes,
and basophils [45]. Binding of IL-3 triggers CD123 hetero-
dimerization with the (3-subunit shared by the granulocyte
macrophage-colony-stimulating factor and IL5 receptor com-
plex inducing hematopoietic progenitor cell differentiation
and proliferation by phosphorylation of Janus kinase, activa-
tion of PI3 kinase, and upregulation of anti-apoptotic proteins
[46, 47]. CDI123 was initially described as a putative marker
of leukemic stem cells with increased expression in the
CD34*/CD38 primitive leukemic blasts which contained
the NSG repopulating activity of AML samples [48].
Elevated expression of CD123 on AML blasts is associated
with higher blast counts and poorer prognosis with lower CR
rates [49]. Early studies with anti-CD123 antibodies showed
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that inhibiting CD123 led to prolonged survival of AML
xenografted mice [50]. Clinical trials are in process of evalu-
ating anti-CD123 monoclonal antibodies, antibody-drug con-
jugates, and bispecific antibodies.

Flotetuzumab (MGD-006, Macrogenics) is a CD3xCD123
DART that was shown to recognize CD123" leukemia cells
and induce T cell activation with resulting cytotoxic effect.
MGDO006 induced a dose-dependent killing of AML cell lines
and primary AML blasts in vitro and in NOD SCIDy mice
injected with human AML [51¢¢]. Animal models in cynomol-
gus macaques showed that MGDO006 caused marked depletion
of circulating CD123™ cells and was generally well tolerated,
paving the way to human trials [52, 53]. A first-in-human
phase I dose escalation trial in patients with AML and high-
risk MDS is currently recruiting (NCT02152956). The study
enrolls patients with relapsed or refractory AML or
hypomethylating agent refractory MDS with > 10% marrow
blasts. Preliminary results showed that of 14 patients treated at
the maximum tolerated dose of >500 ng/kg/day, anti-
leukemic activity was observed in 57% of the patients with
28% of the patients achieving CR. Anti-leukemic activity was
seen even in high-risk patients with duration of response rang-
ing 1-5.8 months. Immunohistochemistry studies showed an
increase in the density of T cells in the bone marrow of AML
patients treated with flotetuzumab. The most common side
effects being infusion-related reactions and cytokine release
syndrome, as well as fever and nausea. Only 15.8% of the
patients had grade >3 toxicity [54¢]. Cytokine release syn-
drome was felt to be manageable using a step-up dose escala-
tion scheme in which two-step lead in dose of 30 ng/kg/day
for 3 days followed by 100 ng/kg/day for 4 days in cycle one
prior to receiving the 500 mg/kg/day phase II dose.
Enrollment to the phase II portion of the study is ongoing.

INJ-63709178 (Janssen Pharmaceuticals) is a CD3xCD123
bispecific IgG1 antibody generated using a process called con-
trolled Fab-arm exchange also known as Genmab DuoBody®
technology. The method involves the separate expression of two
parental IgG1 monoclonal antibodies that each contains a single
matched point mutation at the CH3-CH3 domain interface.
During controlled reduction of disulfide bonds in which the pa-
rental antibodies separate into half molecules, the matched CH3
mutation drives the reassembly of heterozygous binding arms
producing the bispecific IgG1 antibody [15]. In contrast to
BiTEs and DARTs, these IgG-like bispecific antibodies retain
their Fc region and its associated effector functions and in vivo
stability. The antibody was shown to recruit T cells to CD123
expressing tumor cells inducing cytolytic effect in vitro. In AML
murine xenograft models, the compound was able to suppress
tumor growth and induce tumor regression in the presence of
human peripheral blood T cells [55]. A phase I clinical trial in
relapsed and refractory AML patients was initiated but placed on
hold in March 2016 due to grade 3 events (NCT02715011). No
further clinical information has been released by the sponsor.

Other CD123 bispecifics include XmAb14045 (Xencor
Inc.). This antibody possesses a unique Fc domain and spon-
taneously forms stable heterodimers to facilitate manufactur-
ing of the antibody. The Fc domain was also engineered to
abolish binding to FcyR to reduce the potential for nonselec-
tive T cell activation but preserve binding to human FcRn and
maintain long serum half-life. In contrast to non-Fc domain-
containing bispecific formats, XmAb14045 had a prolonged
serum half-life in mice of 6.2 days. In vitro, XmAb14045
stimulated T cell-mediated killing of CD123* KG-1a and
TF-1 AML cell lines with an EC50 <1 ng/ml (8 pM). In
cynomolgus monkeys, XmAb14045 strongly activated T cells
and stimulated depletion of over 99% of circulating CD123*
cells including basophils and plasmacytoid dendritic cells
within 1 h of administration [56]. XmAb14045 entered a
phase I clinical trial in June 2016 (NCT02730312).

Concerns of hematologic toxicity with T cell redirecting
therapy against CD123 have been raised during development
of CART cells directed against CD123. CD123 CART cells
could eradicate AML in NSG mice, but also were found to
eradicate normal human myelopoiesis in cord blood-derived
CD34* engrafted NSG mice [57]. For these reasons, CART
cell approaches with CD123 are being utilized as a bridge to
hematopoietic cell transplant. In contrast, trials with anti-
CD123 monoclonal and bispecific antibody-based therapies
conducted thus far have not encountered similar issues with
hematopoietic toxicity.

Alternative Bispecific Antibody Approaches

MCLA-117 is a human full-length IgG1 bispecific antibody
targeting CLEC12A (also known as CLL-1) and CD3.
CLECI2A is a myeloid differentiation antigen expressed on
~90% of newly diagnosed and relapsed AML. CLEC12A is
selectively expressed on leukemic stem cells, but not on nor-
mal early hematopoietic progenitors including hematopoietic
stem cells [58, 59]. The antibody was designed with a low
affinity anti-CD3 Fab arm for controlled T cell activation, as
well as high affinity anti-CLEC12A arm for efficient tumor
targeting. It also encompasses a silenced Fc region to prevent
binding to FcyR+ cells while retaining a long half-life.
Analysis of normal bone marrow demonstrated that MCLA-
117 binds to the granulocyte-macrophage progenitor, however
not to the CD34*CD38™ compartment that includes hemato-
poietic stem cells. In vitro studies showed efficient CLEC12A
antigen-dependent T cell activation and tumor target cell lysis
in HL-60 cell line, as well as normal monocytes. MCLA-117
was able to induce T cell-mediated lysis of AML blasts in an
ex vivo culture system, despite low effective effector-to-target
(E:T) ratios [60]. MCL-117 is currently being investigated in a
phase I clinical study (NCT03038230) to evaluate the safety,
tolerability, and preliminary efficacy in adult AML patients.
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In addition to cytotoxic T cells, there in an established role
for NK cells in the exertion of graft versus leukemia effect.
Clinical data show that alloreactive NK cell from mismatched
stem cell grafts are associated with a potent GVL effect [61].
Haploidentical NK cell infusions have been shown to improve
outcomes in patients with refractory AML [62]. CD16 is a
potent NK cell activating receptor that showed promising re-
sults as an effector target for the treatment of lymphoid tumors
[63, 64]. A new anti-CD33xCD16 bispecific killer cell
engager (BiKE) was created. This BiKE was shown to induce
NK cell activation and degranulation in response to CD33*
HL60 cells. It also induced target cell death as measured by
chromium release assay in all E:T ratios. The BiKE induced
NK cell activation against AML blasts from a patient with de
novo AML [65]. Addition of IL-15 cross-linker to promote
NK cell activation and proliferation, termed a trispecific killer
engager (TriKE), improves NK function against AML cell
lines [66]. NCT03214666 is a single-center phase I/II clinical
trial of CD16/IL-15/CD33 tri-specific killer cell engager
(TriKE) for treatment of CD33-expressing high-risk MDS,
relapsed/refractory AML, and systemic mastocytosis, estimat-
ed to open to accrual in November 2018.

An alternative approach for bispecific antibodies is to target
antiphagocytic markers expressed by leukemic cells. CD47 is
an integrin-associated protein which is commonly
overexpressed on cancer cells including AML blasts. CD47
functions as a “don’t eat me” signal by serving as the ligand to
signal regulatory protein alpha (SIRPx) on macrophages and
inhibiting phagocytosis [67]. Blocking monoclonal antibodies
to CDA47 enables the engagement of phagocytic effector im-
mune cells and elimination of primary human AML speci-
mens engrafted in immunodeficient mice [68]. Since CD47
is ubiquitously expressed on normal cells, it may function as
an antigen sink preventing effective targeting of CD47 with
monoclonal antibodies in humans. To overcome this chal-
lenge, bispecific antibodies which target CD47 blockade to
tumor cells are being developed [69]. A bispecific
CD47xCD33 IgG-like antibody, HMBD004 (Hummingbird
Bioscience), has been demonstrated to decrease AML tumor
burden in immunodeficient mice with human studies in AML
currently being planned [70].

Finally, ongoing studies are exploring novel approaches to
enhance the activity of bispecific antibodies. In preclinical
studies, AMG330 showed significantly higher cytotoxicity
in specimens from patients with newly diagnosed AML than
those with relapsed/refractory disease, despite similar levels of
CD33 on the myeloblasts [71]. A potential mechanism for this
finding was obtained using AML cell lines engineered to over-
express individual T cell ligands. Expression of inhibitory
ligands such as PD-L1 and PD-L2 reduced the cytolytic ac-
tivity of AMG330, whereas expression of activating ligands
such as CD80 and CD86 augmented the cytotoxic activity
[72]. PD-L1 was not constitutively expressed on AML cells
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at the time of primary diagnosis; however, it was upregulated
on primary AML cells upon addition of AMG330 to ex vivo
cultures conferring resistance to AMG330 activity.
Furthermore, it was shown that inflammatory cytokines alone,
such as [IFN-y and TNF-«, can induce upregulation of PD-L1
expression on AML cells, suggesting that the inflammatory
milieu itself may be causing the upregulation of PD-L1 on
AML blasts. Antibody-mediated blockade of the PD-1/PD-
L1 interaction led to AMG330-mediated cytolysis [73].
These findings support the future evaluation of checkpoint
inhibitors in conjunction with bispecific antibodies to enhance
their activity in AML.

Conclusions

Immunotherapy of cancer has become a rapidly progressing
field over the past years, becoming standard of care in many
solid tumor and hematologic malignancies. The development
of novel immunotherapeutic agents for treatment of AML has
been delayed due to difficulties in findings leukemia-specific
target molecules that will decrease on-target off-tumor toxic-
ities. Despite these difficulties, many new bispecific antibod-
ies are currently being developed clinically with encouraging
preliminary results. Future trials may test the combination of
bispecific antibodies with other forms of immunotherapy such
as co-stimulation of signal pathways and targeting of immune
evasion mechanisms to further increase the efficacy and clin-
ical benefit of these treatments.
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