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EMA
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FDA
HR
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Antibody

Adverse event

Acute lymphocytic leukemia

Acute myeloid leukemia
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Chimeric antigen receptor-T cells

Cluster of differentiation
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Complete response

Cytokine release syndrome

Common terminology criteria for adverse events
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ICIs Immune checkpoint inhibitors

Ig Immunoglobulin

IL Interleukin

v Intravenous

kDa Kilodalton

LAG-3 Lymphocyte-activation gene 3

MHC Major histocompatibility complex

MM Multiple myeloma

MRD Minimal residual disease

NK Natural killer

NSCLC Non-small cell lung cancer

ORR Objective response rate

oS Overall survival

PD Pharmacodynamic

PD-1/PD-L1 Programmed death-1/programmed death ligand-1

Ph+ R/R BCP-ALL

Philadelphia chromosome positive relapsed/recurrence B-
cell precursor acute lymphocytic leukemia

P13 Phosphoinositol-3

PK Pharmacokinetic

R/R MM Relapsed/recurrent multiple myeloma
R/R NHL Relapsed/recurrence non-Hodgkin lymphoma
scRvs Single-chain variable fragments
SNVs Single nucleotide variations

SOC Standard of care

TandAb Tandem diabody

TCR T-cell receptor

TEAEs Treatment emergent adverse events
TKIs Tyrosine kinase inhibitors

VH Heavy chain

VL Light chain

11.1 Introduction

Immune checkpoint inhibitors and chimeric antigen receptor T cells have been dis-
cussed in great depth in this volume. As shown, they form a class of T cell-based
cancer immunotherapies that focus on immunosuppressive factors and immunos-
timulatory pathways, respectively [1]. ICIs have demonstrated clinical efficacy
against solid tumors such as melanoma and NSCLC by releasing the blockade
of T cells from PD-1/PD-L1 and CTLA-4 immunosuppressive molecules in “hot”
tumors. CAR-T cells therapies, also discussed in this volume, are genetically engi-
neered T cells generated ex-vivo from patients for re-infusion to direct T cell
activity for tumor cell destruction.
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This chapter focuses on a third class of T cell-based cancer immunotherapy
known as bispecific antibodies, which are composed of two monoclonal antibodies
that link cell surface molecules on T cells to tumor-associated antigens to lead to
cancer cell lysis. This class of therapies has shown clinical efficacy in Hematologic
malignancies mainly and is discussed in this chapter.

11.2 The Construction of Bispecific Antibodies and Their
Cellular Properties

Bispecific antibodies comprise a therapeutic class of agents that are designed to
target tumor cells by directing T cells to the antigens on these tumor cells. They
recognize and bind to two distinct antigens. The majority of bispecific antibodies
fall into the category of bispecific T cell engagers or BiTEs. One of the first FDA-
approved agents is blinatumomab, a bispecific T cell engager with CD19 and CD3
epitopes. CD3 is invariably utilized as a surface epitope on the T cell receptor as
a target, and BsAbs are developed with CD3 targets, which are in turn categorized
as BsAbs with or without Fc domains. Bispecific antibodies are constructed to
bring two different antigens on different cells together and bring cytotoxic T cells
in contact with tumor cells, thus destroying them. More than 100 different BsAb
formats have been invented, making them much more complex than monoclonal
antibodies as a result of innovative advances in protein and gene engineering [2].
Based on the structure of the five classes of antibodies, IgG, IgM, IgA, IgD, and
IgE, these antibodies are composed of the antigen-binding fragments (Fab) and the
fragment crystallizable region (Fc). The Fc domain confers stability, high half-life,
and a relatively uncomplicated purification process, but can lead to non-specific
immune response from interaction of the Fc domain receptors with other cyto-
toxic immune cells such as natural killer cells, monocytes, and macrophages [1].
According to Huang, the various BsAb formats can be distinguished into two cat-
egories depending on the presence of an Fc domain. They can also be divided into
the Fc architecture and the Fc less architecture. The latter include BiTE, DART,
and TandAbm, which hold benefits of high yield and are more able to penetrate
tissues. However, they have short in vivo half-lives and decreased stability.

Tumor-associated antigens are presented by MHC molecules expressed on
tumor cells, allowing for T cells to be activated and destroy these cells. ICIs
restriction is due to MHC restriction impairment, inhibiting T cell presentation
to tumor cells. BiTE, on the other hand, can lead to interaction between cytotoxic
T cells and tumor cells independently of MHC restriction, which leads to immuno-
logical synapse and the secretion of perforins and granzymes. BiTE can overcome
the limitations of CAR T-cells, being produced in a simple and fast process. The
coupling of tumor-associated antigen with the CD3 complex of T cells leads to T
cell engagement with malignant cells and a T cell response. Tumor lysis results
since the BiTE design bypasses the MHC barrier, thus bypassing this “common
evasion mechanism” of tumor cells [3].
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11.3 Clinical Outcomes of BiTE in Hematologic Malignancies

Hematologic malignancies benefited from the development of BsAbs since many
of these cancers are amenable to treatment of BsAbs. In 2005, a clinical trial
established blinatumomab as an effective therapeutic agent for non-Hodgkin’s lym-
phoma [4]. BiTEs therapy depends on the identification of an antigen that is tumor
cell-specific; CD19 has abnormal expression on malignant cells of B cell lineage
and is selected as a target, being a glycoprotein that has stable expression on B
cell precursor cells, particularly malignant cells of B cell origin [3].

As of 2020, 123 BsAbs are being clinically evaluated, of which bispecific T cell
engagers or BiTEs, remain the largest category, which targets the two different sur-
faces of the immune cell and tumor cell and thereby engaging them toward tumor
cell destruction. Among B cell malignancies, acute lymphoblastic leukemia, mul-
tiple myeloma, chronic lymphocytic leukemia, non-Hodgkin lymphoma, BiTEs
are being evaluated for their treatment strategies for these malignancies. Stan-
dard of care approaches includes the anti-CD20 monoclonal Ab rituximab and the
Bruton tyrosine kinase ibrutinib, and autologous stem-cell transplantation, with
considerations for minimal residual disease for determining efficacy [4] (Fig. 11.1).

“The agent blinatumomab is considered the “CD19-CD3” canonical BiTE
construct” with a clinical efficacy for ALL [1].
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Fig.11.1 The schematic representation of structure and mechanism of action of canonical bis-
pecific T-cell engager (BiTE). mAb: Monoclonal antibody; CH: heavy chain variable region; VL:
light chain variable region; TAA: tumor-associated antigen. Adapted from Zhou (2021)
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11.4 Development of Blinatumomab

Blinatumomab was first evaluated in R/R NHL and CLL patients and intravenously
administered in phase I studies. Dosage was 0.5-90.0181 ug/m?/day to accom-
modate its short half-life (2 h). CRS and neurological sequelae were observed.
BCP-ALL patients were also among the first to be evaluated as well and achieved
complete remission with minimal residual disease. Orphan drug designation in
2008 and Breakthrough Therapy (2014) and Priority Review (2014) designations
soon followed in the US. Marketing authorization was initially given for Ph-R/R
BCP-ALL as a result of two phase II studies that were open-label, single-arm,
and multicenter. In turn, the drug received accelerated approval pathway (2014)
followed by regular FDA approval granted for patients as a result of the clini-
cal benefit demonstrated as a result of the TOWER study, as discussed below.
The ALCANTRA trial, also discussed below, provided the clinical data for full
FDA approval for both Ph- and Ph+ R/R BCP-ALL. According to Stein et al.,
as of 2017, the agent was approved in 53 countries in R/R patients, and as of
2018, BCP-ALL pediatric patients were included for blinatumomab treatment in
the phase II BLAST study who are in remission but have MRD [5, 6].

11.5 Acute Lymphoblastic Leukemia
11.5.1 Administration and Dosing Schedules

Blinatumomab dosing is dependent on the type of malignancy and evidence of
tumor burden. Short-term infusion scheduled 2—4 h for 1-3 times/week demon-
strates no clinical response as measured by B cell depletion as observed in ALL.
Recommendations include two induction cycles followed by maintenance and con-
solidation cycles with hospitalization for 9 days in the first cycle and first 2 days
of the second cycle for R/R ALL patients. An induction cycle of 28 days is fol-
lowed by a 14-day treatment-free interval and accompanied by hematologic CR
and MRD. To minimize CRS, patients are premedicated with dexamethasone or a
similar corticosteroid, especially in R/R cases with a dosing regimen consisting of
step-up blinatumomab in R/R disease >25% blasts in the bone marrow especially
for NHL. A phase 2 study showed that a stepwise dosing schedule was tolerated to
also avoid adverse neurological side effects. After a period of four treatment-free
weeks, patients experiencing CR, PR, or stable disease were administered further
consolidation cycle; efficacy was monitored during these weeks as progression
occurs rapidly [7-9]. Some disadvantages of IV perfusion are lack of convenience
for patients and costs. BsAbs such as blinatumomab are known for their short
half-lives that lead to the need for more frequent infusion. The BsAbs with longer
half-lives could have the potential for greater toxicity, which is being corroborated
by ongoing clinical trials [10—-12].



292 P. Hays

11.5.1.1 Clinical Efficacy of Blinatumomab in B-ALL

Blinatumomab, the anti-CD19-CD3 bispecific T cell engager, was approved by
the FDA in 2014 and the EMA in December 2015 for the treatment of relapsed
refractory B cell precursor ALL [13-15]. Katarajan et al. showed in a multi-
institutional phase 3 trial that blinatumomab had better outcomes when compared
with chemotherapy. Out of 405 evaluable patients, 271 received blinatumomab
while 134 received chemotherapy. OS was the primary endpoint and blinatu-
momab OS was 7.7 months, compared to 4.0 months for chemotherapy (HR: 0.71).
Grade 3 or higher adverse events were 87% versus 92% for blinatumomab and
chemotherapy, respectively [16]. In a phase 2 single-group trial, Foa et al. eval-
uated dasatinib, a tyrosine kinase inhibitor, with glucocorticoids followed by two
cycles of blinatumomab in 63 patients with (Ph)-positive ALL with no upper age
limit. Sustained molecular response was the primary endpoint. At day 85, 29%
had a molecular response and this percentage increased to 60% after two cycles of
blinatumomab at median follow-up of 18 months; OS was 95% and disease-free
survival was 88% (Table 11.1) [17].

11.5.2 BCP-ALL in CR with MRD and R/R BCP-ALL [3]

A series of trials established the clinical utility of blinatumomab for BCP-ALL.
The phase 2 BLAST study evaluated adults with BCP-ALL in hematologic CR
with MRD. Median OS was 38.9 months versus 12.5 months (P = 0.002) in
patients who did or did not have complete MRD response within one cycle of treat-
ment, respectively [18]. However, cure was eventually achieved by these patients
after five years, as median OS was not reached for patients who experienced MRD
in cycle 1 [19]. Since BLAST was a single-arm study, control data was provided
through a historical comparator that led to an analysis of Hematologic relapse-free
survival [20] and eventual approval in this patient population.

The phase III TOWER study examined a randomized Ph- R/R BCP-ALL
patient population that compared blinatumomab (n = 271) with standard treat-
ment chemotherapy (n = 134) [21], and was considered requisite since the drug
received accelerated approval by the FDA. These patients were heavily pretreated
with intensive combination therapy for initial or subsequent salvage treatment [22].
Deep, durable outcomes were achieved by the blinatumomab cohort compared to
chemotherapy to the point that the trial was halted due to robust OS benefits [21].
OS served as the primary endpoint with CR with complete Hematologic recovery
as secondary endpoints. The blinatumomab cohort was found to have superior OS
relative to SOC, with median OS at 8 and 4 months, respectively. [HR 0.71 (95%
CI 0.55-0.93); p = 0.01]. According to Stein et al., “[r]emission within 12 weeks
following initiation of treatment was also significantly higher in the blinatumomab
group versus the SOC group: CR with full hematologic recovery (34% vs 16%, p
< 0.001) and CR with full, partial, or incomplete hematologic recovery (44% vs.
25%; p < 0.001)” [5]. In terms of salvage therapy, blinatumomab was effective,
especially in first salvage, and led to doubling of the median survival compared to



1

Clinical Development and Therapeutic Applications of Bispecific ...

293

Table 11.1 Blinatumomab for Acute Lymphoblastic Leukemia (Kantarjian 2017; NEJM) (Dasa-
tinib study Foa NEJM 2020)

Trial

Comparator

Patient
population

Primary
endpoint

Clinical
outcomes

Adverse
events

Multi-institutional
phase 3 trial
(Kantarjian 2017,
NEJM)

Blinatumomab
versus
chemotherapy;
2:1 ratio

405 patients:
271
blinatumomab;
134
chemotherapy

Overall
survival

7.7 months
versus

4.0 months.
HR: 0.71; 95%
CI (0.55-0.93;

87%
Versus
92%;
Grade 3
or higher

P = 0.01); full
hematologic
recovery (34%
vs. 16%): 34%
in each
treatment
group
allogeneic
stem-cell
transplantation

At the end of
dasatinib
induction
therapy (day
85) 29% had a
molecular
response and
this percentage
increased to
60% after two
cycles of
blinatumomab;
at median
follow-up of
18 months, OS
was 95% and
DFS was 88%

Sustained
molecular
response in
bone
marrow
after
treatment

Phase 2
single-group trial

63 patients
with
(Ph)-positive
ALL with no
upper age limit

Dasatinib plus
glucocorticoids
followed by
two cycles of
blinatumomab

standard of care chemotherapy. Salvage status was the driving factor for survival
in these responders independent of subsequent allogeneic stem-cell transplanta-
tion. Additionally, blinatumomab also led to significant quality of life that was
health-related [23-25]. Adverse events included pyrexia, CRS, and infusion site
reactions at a greater than 5% incidence, and serious neurotoxicity was associated
in the blinatumomab arm. After adjusting treatment exposure, however, the over-
all incidence of these events in the blinatumomab was significantly lower (349
vs. 642 events per 100 patient-years of exposure) [22]. After adjusting for time
on treatment, Grade > exposure adjusted event rates were less for blinatumomab
compared with the SOC arm (11 vs. 45 events per patient-year; p < 0.001). “For
specific Grade > 3 events of clinical interest, the exposure adjusted event rates for
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blinatumomab versus SOC were lower for infections (2 vs. 6 events per patient-
year; p < 0.001), cytopenias (4 vs. 20 events per patient-year; p < 0.001), and
neurologic events (0.4 vs. 1 event per patient-year; p = 0.008), and higher for
CRS (0.2 vs. 0 events per patient-year; p = 0.038)” [5].

Ph+ positive with ALL is associated with poor prognosis. TKIs in combina-
tion with chemotherapy is considered the standard frontline treatment for Ph+
BCP-ALL in adults. The phase 2 ALCANTRA study was a single-arm trial that
evaluated blinatumomab therapy in Ph+ BCP-ALL patients that were unresponsive
to second-generation TKIs or imatinib [26, 27]. The results were that CR or CR
with partial hematologic recovery was achieved in 16/45 of 36% of patients. Addi-
tionally, blinatumomab treatment was seen to be highly effective in leading to the
elimination of detectable MRD in 12/14 or 86% of responders that had complete
MRD response [27].

11.5.3 Predictive Indicators for Blinatumomab Treatment in R/R
B-ALL

Blinatumomab has been the most intensively studied example of BiTE with sub-
stantial clinical outcomes demonstrated, especially for high tumor burden disease
as represented by >50% bone marrow blasts R/R B-ALL. As of 2020, it is the only
FDA and EMA-approved BiTE therapy [28-31]. Tumor burden or percentage of
bone marrow blasts is predictive of CD19 BiTE therapy. In Ph-BCP-ALL patients
from previous trials underwent subgroup analysis and those populations with
<50% bone marrow blasts were observed to have the greatest OS and remission
rates when treated with blinatumomab [21].

According to one phase 3 study that showed statistical significance, CR for
these patients in terms of exhibiting full or partial hematologic recovery with
the percentage of bone marrow blasts served as a predictive indicator: 65.5%
for less than 50% and 34.4% for >50%. (P = 0.039) [28, 31]. As mentioned
earlier, dexamethasone has a cytoreductive effect for blinatumomab therapy [32].
Extramedullary disease or EMD can serve as a “surrogate for disease burden”,
being indicative of progressive disease. A retrospective historical study evaluated
baseline and treatment measures of EMD and demonstrated lower CR rates asso-
ciated with EMD (P = 0.005 and P = 0.05, respectively). MRD has a similar role
and one study showed at the day 15, bone marrow MRD in children receiving
blinatumomab could predict “complete MRD response” with significant accuracy
(up to 95% for the first two treatment cycles) [33]. At day 15, 59 patients were
evaluated for complete MRD response: “among 46 MRD positive patients, 44/46
patients had no complete MRD response with an accuracy of 96%, meanwhile,
12/13 patients achieved complete MRD response with an accuracy of 92% for 13
MRD negative patients.” [33].

Wei et al. examined prognostic and predictive biomarkers associated with bli-
natumomab or chemotherapy in adults with Ph-negative R/R ALL. Patients were
randomized 2:1 and administered blinatumomab or chemotherapy. After evaluat-
ing baseline blood samples, platelets, tumor burden, and T cell percentage were
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found to be prognostic markers: platelets were associated with improved 6-month
survival, decreased tumor burden was prognostic for remission, and CD3+ T cell
percentage was prognostic for minimal residual disease. CD45+, CD3+, and CD8+
T cells were found to be associated with Hematologic remission after receiving
blinatumomab [34].

11.5.4 Adverse Events Associated with Blinatumomab in ALL

Blinatumomab treatment is associated with AEs, and the most concerning are CRS
and neurotoxicity, which have been observed as Grade >3, which range from 0
to 6% for B cell malignancies, can occur within the first several days and are
dose-limiting. Higher tumor burden and disease are associated with higher inci-
dence of CRS [28, 29, 35-39]. CRS in particular can range from mild symptoms
resembling the flu to fatal multi-organ failure. The mechanism of CRS is not
completely understood and is mainly thought of as a product of distinct immune
signatures such as T lymphocytes, monocyte and macrophage activation, leading to
the massive release of inflammatory cytokines such as IL-6 and Interferon-gamma
that is initiated by T cell activation [39]. The systemic production of these toxic
cytokines is massive that is facilitated by monocyte and macrophage activation.
T cell interferon-gamma, IL-6, IL-10, and tumor necrosis factor-alpha facilitate
this cytokine production [40]. Symptomology presents as fever, fatigue, chills,
headache, and more serious events such as hypotension, tachycardia, and other car-
diovascular events such as vascular leaks and circulatory collapse and during and
post-administration of the medication that appears mainly in the first cycle whose
severity does not impact response. CRS is generally managed by steroids and IL-
6 blockade, and more complicated management strategy involves disassociating
tumor cell lysis from cytokine release based on the “two distinct thresholds for T
cell activation based on the number of TCR peptide MHC complexes formed:” [4,
41, 42]

An alternative way to avoid CRS-related problems is to dissociate tumor cell destruction
and cytokine release. There are two distinct thresholds for T cell activation based on the
number of TCR- peptide-MHC (pMHC) complexes formed. The formation of two TCR-
pMHC complexes is sufficient between a T cell and an Ag-presenting cell, to trigger T
cell-mediated cell lysis. On the other hand, 10 TCR-pMHC complexes are required for the
formation of a complete immune synapse and cytokine secretion. Thus, adjusting the bind-
ing characteristics for the CD3-binding arm, a BsAb could more closely mimic the natural
TCR-pMHC induced T cell activation. Consequently, new CD3-binding Abs have been gen-
erated that bind to multiple epitopes on CD3 with a wide range of affinities and agonist
activities. Functional studies were realized with BsAbs that integrated the different CD3-
binding domains. A BsAb with a new T cell-engaging domain could be created that elicited
strong in vivo tumor cell killing and low levels of cytokine release [4].

The second most common event associated with BsAbs is neurotoxicity, for which
symptomology ranges from personality changes, tremors, confusion, and focal
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neurological episodes. More serious episodes such as ataxia, encephalopathy, con-
vulsions, and delirium may also result. As in CRS, these neurotoxicity episodes
may be precipitated by inflammatory cytokines. 10-20% of patients treated with
blinatumomab experience Grade 3 or higher adverse events, which are considered
reversible after stopping the perfusion and corticosteroid initiation. Additionally,
these events may be avoided by implementing a progressive dosing regimen and
prophylactic administration of dexamethasone, but this constitutes a double-edged
sword as the application of steroids could potentially lead to mitigated immune
response. However, no inhibition of the cytotoxic capabilities of T cells was
observed when reduced levels of inflammatory cytokines were produced as a result
of dexamethasone-treated T cells, indicating that dexamethasone does not interfere
with therapeutic efficacy of BsAbs [43].

Neurotoxicity can also lead to death. Both are usually managed with corticos-
teroids and supportive therapy and in severe cases of CRS, the interleukin (IL)-6
receptor inhibitor tocilizumab. More milder cases are treated with dexamethasone
as prophylaxis “combined with stepwise administration of blinatumomab is use-
ful to decrease the risk of severe CRS” [1]. Other adverse events are neutropenia,
elevated liver enzymes, and infection [28, 35, 44-46].

Immune-effector cell-associated neurotoxicity syndrome, or ICANS, is also
associated with T cell engaging therapies. Grade >3 events range from 5.5 to 24%
for blinatumomab [28, 29, 35, 36, 38, 47-50]. Neurotoxicity, in general, occurs in
treatment cycle 1 and its risk is increased when higher dosage of blinatumomab
administration. Most common symptoms manifest as dizziness, tremor, confusion,
and encephalopathy [45]. Administration of blinatumomab has also led to other
adverse effects, such as tumor lysis syndrome, cytopenias, pyrexia, and anemia
[51]. CTCAE or Common Terminology Criteria for Adverse Events apply to bli-
natumomab as well and approximately 5% of R/R BCP-ALL or MRD-positive
BCP-ALL experienced a serious CRS event with (CTCAE Grade >3) [52, 53].
During phase 2 studies, BCP-ALL patients receiving blinatumomab, close to 53%
experienced neurological events of any Grade, and up to 13% had Grade >3/4,
with no associated deaths [18, 54]. However, these events are manageable as a
result of blinatumomab’s pharmacokinetics (high clearance rate) and interruption
of treatment is sufficient [55].

The pathogenic mechanisms behind neurotoxicity remain unclear and are char-
acterized as “complex and incompletely understood” [55]. An analysis of five
clinical trials showed that selected patients exhibited adhesion of T cells to
endothelial cells, leading to neurotoxicity, which was supported by in vitro experi-
ments and preclinical evidence [56]. According to Zhou et al., blinatumomab led to
peripheral T cell recruitment to the brain through this process: T cells attached to
the cerebral microvascular endothelium, endothelial cells were activated leading to
an increased level of Ang-2 (a marker of endothelial cell activation), T cells trans-
migrated across the blood-brain barrier into the brain that in turn led to the release
of cytokines and severe immunological response and neurotoxicity as a result of
these T cells destroying resident B cells [56]. Perhaps then agents that inhibit
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this adhesion between T cells and blood vessel endothelium could potentially be
developed to mitigate neurotoxicity.

Other avenues are being pursued in clinical trials to reduce risk of the systemic
toxicity of CRS such as developing novel routes of administration for B-ALL,
such as subcutaneous administration which could improve convenience and com-
pliance and reduce overall costs versus intravenous infusion [57, 58]. Management
strategies include pretreatment with steroids and dose adjustments [53, 58].

Other adverse events, such as medication errors, elevated liver enzymes, and
infections have been reported, especially in clinical trial settings. Medication errors
usually result from incorrect setting of the infusion rate and malfunction of the flow
rate in the pump leading to accidental increase of dose, and usually occurred at
Grade 1 or 2 in severity. Additionally in this immunocompromised patient pop-
ulation, treatment-related infections occurred, such as sepsis and pneumonia and
opportunistic infections. As a result of B cell depletion and associated decrease
in serum immunoglobulins, risk for infection is higher. In the MT103-211 phase
2 study 32% or 60/189 had serious infections including sepsis, pneumonia, and
catheter site infections with 9% or 17/189 leading to death [58]. In the TOWER
study, transient elevation of liver enzymes during cycle 1 was observed in both
cohorts, with 22% in the blinatumomab, arm and 25% in the chemotherapy arm;
Grade >3 TEAEs were reported for 13% and 15%, respectively. Three serious
elevated liver enzyme events and one treatment discontinuation were reported in
the blinatumomab arm. No fatal events due to elevation of liver enzymes were
reported during this trial [5].

11.5.5 Resistance to Blinatumomab and BITEs

Non-responders form a significant portion of patients receiving BiTEs that impli-
cate loss of CD19 antigen and immunosuppressive factors. The PD-1/PD-L1 axis
plays a role in the suppression of anti-tumor activity, as their blockade through
antibodies led to significant clinical outcomes. One case study demonstrated posi-
tivity to this action in a patient receiving blinatumomab, leading to less tumor cell
destruction accompanied by lower levels of interferon-gamma [59]. As a result, ICI
administration has been proposed as a way of overcoming this resistance [60]. The
immune environment with Tregs also contributes to non-response, since increased
levels of Tregs have been observed in R/R ALL [61, 62]. As CR was observed in
blinatumomab this also accompanied by relapse, approximately 8—50% experience
CD19-negative relapse as a result of antigen loss, which can be “interpreted as the
loss of antigen expression and the loss of antigen-binding to targeted antibodies or
cells, the presence of either situation or both can lead to the CD19-negative relapse.
A study analyzed data from four B-ALL patients who had been treated with blina-
tumomab and experienced CD19-negative relapse and found that CD19 trafficking
from the intracellular space to the membrane of B cells was prevented with the
lack of CD&81 that provided docking sites for CD19 signal transduction, resulting
in absent CD19 expression” [31, 63, 64]. This is as a result of CD19 mutations
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such as in-frame deletions, SNVs, and nonsense mutation, which were observed
in R/R ALL patients with CD19-negative relapse. Other mechanisms are respon-
sive for loss of CD19 expressions such as CD19 mutant allele-specific expression
and low CD19 expression of mRNA [32]. Alternative splicing led to CD19 release
“which caused antigen escape by changing CD19 epitopes and ultimately disrupt-
ing the binding of blinatumomab to CD19 molecule rather than reducing CD19
expression” [1].

These mutations and alternative splicing were observed to occur in parallel
leading to antigen loss. Lineage transformation has also been observed where B
lymphocytes turn into cells of myeloid lineage, as myeloid marker levels “upreg-
ulate”, including CD33 [65, 66]. This lineage switch was thought to be associated
with the existence of subclones that had significant selective advantage that did
not express CD19 and were shown to have KMT2A/AFF1 and ZNF384 gene rear-
rangements, generating the need for multitargeted therapies to overcome antigen
loss such as one drug that can concomitantly target multiple tumor antigens or in
combination with other immunotherapies [67, 68].

11.6 Resistance Mechanisms
11.6.1 T Cell Exhaustion/Dysfunction

Other causes of resistance may occur such as T cell exhaustion or dysfunction
as a result of persistent antigen exposure. Their proliferation and cytotoxicity are
impacted, and inhibitor receptors such as PD-1, CTLA-4, and LAG-3 (discussed
in this volume) become overexpressed in tumor cells, the most central on being
the PD-1/PD-L1 axis. This inhibitory pathway is targeted for blocking immunosup-
pressive signals and leads to more enduring T cell activation. T cells do not become
completely inactive, but are not as effective in promoting cell lysis [69-71].

The mechanism of T cell activation and proliferation requires antigen recogni-
tion by the T cell receptor, co-stimulation, and consequent release of cytokines
by the T cells, and then followed by T cell expansion. BsAb meets the first
requirement, but the development of BiTEs may be enhanced to trigger “effective
immunological synapse” obviating the need for co-stimulation. [72]. Additionally,
CD28 or 4-1BB could lead to co-activation and further affect T cell activation as
a result of the bispecific T cell engager [73, 74]. Other BsAbs have been con-
structed to include the IL-15 cytokine [75]. Further, blocking the PD-1/PD-L1
axis can reactivate T cells, but sustainable responses have not been observed in
patients for this therapy since other inhibitory pathways are present. A balance
must be achieved between enabling sufficient BsAb targeting activities and mit-
igating lethal autoimmune adverse events, as resistance and evasion mechanisms
that sustain dysfunction among T cells are a major concern, but must still be con-
sidered in the development and clinical utility of BiTEs [76]. Since by design
BsAbs lead to T cell activation, ancillary T cells may also be activated, such as
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regulatory T lymphocytes or Tregs, which is predictive of treatment resistance and
preventing of tumor cell lysis. T cell depletion pre-therapy is suggested [77].

11.6.1.1 CD20 BsAbs

A number of CD20-based BsAbs are in development including REGN1979,
Mosunetuzumab, and RG6026. REGN1979 is a fully-humanized IgG4 Ab that
since it is has a similarity with natural human Abs is conferred with stability
and stable pharmacokinetics and low immunogenicity. In a phase I trial on R/R
NHL patients, a 100% overall response was observed in follicular lymphoma and
demonstrated CR in CAR-T nonresponders [78]. Mosunetuzumab also has sim-
ilarities with native B structure being a full-length humanized IgG molecule. In
aggressive NHL, an ORR of 37.1% with a CR rate of 19.4% was observed, which
was even higher in indolent NHL, with an ORR of 62.7% and CR of 43.3% [79].
RG6026 is unique in that it was constructed in a 2:1 format, providing better
TAA binding affinity. A short flexible linker ties the CD3 binding arm with the
CD20 binding arm. An extended half-life is conferred through its modified het-
erodimeric Fc region that prevents binding to FcgRs, which leads to an extended
circulatory half-life. Substantive clinical activity was shown in in vitro and in vivo
models, even on cells that have low CD20 expression. It has the further advan-
tage of bypassing rituximab resistance since it remains active in the presence of
competing for anti-CD20 monoclonal antibodies. Its safety profile is also signifi-
cant with low cytotoxicity activity. Each of these compounds is undergoing initial
clinical investigation to evaluate efficacy [80, 81].

11.7 Acute Myeloid Leukemia

The development of bispecific antibodies for the treatment of AML has been
limited due to the lack of tumor-associated antigens on leukemic cells for tar-
geting, (that would be selectively expressed on leukemic cells but spare healthy
hematopoietic cells, similar to blinatumomab for B cell destruction) [82]. CD33
and CD123 have been implicated in acute myeloid leukemia, being a mediator of
myeloid cell proliferation and differentiation. CD33 is also known as sialic acid-
binding Ig-like lectin 3 and is a 7-kDa transmembrane cell surface glycoprotein
with expression on leukemic cells [83, 84]. In the initial stages of development of
BsAbs for AML, four agents were under investigation one being AMG330 human
BiTE tandem single-chain antibody with the N-terminal specific for human CD33
and C-terminal directed toward CD3 [85]. This agent showed anti-leukemic activ-
ity in in vitro and in clinical models. Once daily IV infusion was conducted in a
phase I study for R/R AML. GEM333 is a CD3 x CD33 BsAb in a phase I study
for R/R AML. GEM333 is a humanized antibody with a single-chain bispecific
antibody with variable light and heavy chains targeting both CD3 and CD33 that
is linked in unique fashion through a tandem format arrangement [86]. In preclin-
ical models, the GEM333 construct efficiently redirected cytotoxic T cells toward
CD33+ AML blasts and led to the destruction of AML cell lines and AML blasts
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in patients. Of interest is that this agent spared normal human CD34+ hematopoi-
etic and progenitor stem cells in vitro [87]. A CD33 x CD3 bispecific antibody
was constructed and evaluated in AML patients. 55 patients were dosed at 0.5—
720 pg/d continuously through infusion; among 42 evaluable patients, 3 CR and
4 CRis (incomplete Hematologic recovery) were observed the dose of >120 pg/d
[88, 89]. Grade 3 or higher CRS at a rate of 13% was also observed [88].

CD123 BsAb targets have also been developed for AML. CD123, also known
as IL-3 receptor alpha chain, is considered the low-affinity binding subunit of the
IL3 receptor. Its mechanism of action is that it “triggers CD123 heterodimerization
with the granulocyte-macrophage stimulating factor and IL5 receptor complex”
leading to PI3 kinase activity and anti-apoptotic protein upregulation [90, 91].
CD123 expression on AML blasts is associated with lower CR rates and poor
prognosis concurrent with higher blast counts. JNJ-63709178 is a CD3 x CD123
construct that contains a bispecific IgG1 antibody created through Genmab Duo-
Body technology which employs a process termed Fab-arm exchange [82]. Since
they retain the Fc region, their effector functions and in vivo stability are enhanced.
In murine models, the compound exerted anti-tumor effects and led to tumor
regression in a human peripheral blood T cell environment [92]. This compound
is undergoing phase I trials for relapsed and refractory patients. XmAb14045
is another CD123 BsAb that also possesses a unique Fc region and undergoes
spontaneous formation of stable heterodimers facilitating its manufacturing. In
a preclinical monkey model, this agent strongly activated T cells to stimulate
CD123+ cell destruction [93]. Other BsAbs for AML are undergoing evaluation.
MCLA-117 is a human full-length IgG1 BsAb that targets CLEC12A, a myeloid
antigen expressed on AML cells [82]. CLEC12A has selective expression, being
expressed on leukemic stem cells but sparing normal hematopoietic cells [56, 57].
In an HL-60 cell line, MCLA-117 led to efficient CLEC12A antigen-dependent T
cell activity and targeted tumor cell lysis. The agent also induced “T cell-mediated
lysis of AML blasts in an ex vivo culture system and is currently being investi-
gated in a phase I clinical study” to assess safety, tolerability, and efficacy in AML
adult patients [82]. These compounds have associated adverse events as a result of
their T cell redirecting therapy, which is similar to blinatumomab, including CRS,
with high levels of inflammatory cytokines such as IL-6 and IL-2, and associated
with flu-like symptoms and quite possibly elevated fever, end-organ dysfunction,
or even more threatening complications such as renal failure, hepatic failure and
cardiac dysfunction [94]. Neurotoxicity may also result including mild confusion,
headaches, to even severe encephalopathy, aphasia, seizures, and delirium [95-97].

11.8 Multiple Myeloma

B cell maturation antigen or BCMA is likewise expressed on multiple myeloma
tumor cells, with very little expression on normal cells, leading to development of
anti-BCMA bispecific antibodies [1]. BCMA is a membrane antigen that has selec-
tive expression on malignant cells but it is not expressed in naive B cells nor other
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normal tissue cells. It is considered a crucial target of study for the development
of a BsAb for multiple myeloma. It is prognostic of poor clinical outcomes and is
highly expressed on multiple myeloma cells. According to Lejeune et al., “a rapid
re-emergence of B cell immunity after the end of the anti-BCMA treatment would
be possible since this [antigen] is not expressed early in B cell development”
and “the lack of BCMA expression in other bone marrow populations prevents
off-tumor toxicities.” [4].

One such example, AMG420 showed in a clinical study favorable efficacy and
safety profiles in R/R MM patients. In this trial, 42 R/R MM patients with more
than two lines of prior therapies “were enrolled and received 6-week cycles of
AMG 420 at the dose of 0.2-800 wg/d.” [1]. Objective response rate was robust,
being 70% with 5 CR (MRD-negative), 1 very good PR, and 1 PR. Infections con-
stituted the most common adverse events, with a rate of 33%. CNS toxicity was
not observed; Grade >3 CRS was 2%, leading to FDA consideration for approval
[98]. AMG420 and 701 are BCMA-CD3 BiTEs that have short-life and IV infu-
sion administration like blinatumomab, being administered for 4 weeks followed
by 2 weeks treatment-free. AMG420 targets BCMA-positive MM selectively while
avoiding BCMA-negative MM cells in both in vitro and in vivo models. In clinical
trials evaluating 42 refractory MM patients, a 70% response rate was observed with
70% MRD-negativity; adverse events included infections and neuropathy [99].
AMG701 has single-chain variable fragments of AMG420 with a half-life exten-
sion and is undergoing evaluation for toxicity and response through once-weekly
dosing.

11.8.1 Clinical Development for MM (CD38-CD3)

A number of tumor-associated antigen BsAbs have been studied for MM. BsAbs
that target CD38, such as humanized anti-CD38/CD3 XmAbs with differing affini-
ties for CD38 and CD3. AGM424 has been studied in in vitro and in vivo models
and led to significant tumor cell destruction in the presence of soluble CD38. It
has lower affinity for CD3 and is associated with uncontrolled CRS. It is currently
in phase I studies to evaluate safety and tolerability, and PK, PD and efficacy in
R/R MM [100]. GBR 1342 is another anti-CD38/CD3 BsAb that has a complete
Fc domain and was shown in preclinical models to have superiority to the anti-
CD38 monoclonal antibody daratumumab. T cells and CD38+ T cell depletion
were induced in both blood and bone marrow. A phase 1 study began to evaluate
its tolerability.

IgG2a-based BCMA-CD3 (PF-06863135) is also a humanized BsAb that has
an IgG2a backbone with mutations in the Fc region that lead to heavy chain het-
erodimer formation which reduces FcG receptor binding [48]. This compound is
undergoing a phase I study for safety but has shown anti-myeloma activity in
in vivo models [101].
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11.8.2 Clinical Development for MM (FcRL5-CD3
and GPRC5D-CD3)

These anti-myeloma compounds comprise two new targets developed as part of
MM-related target: Fc Receptor-Like 5 (FcRL5) and G-protein coupled receptor
family C group 5 member D (GPRC5D). FcRHS5 contains an exclusive surface
marker from B cell lineage but is detected starting from early pre-B cell stage
development [102]. It remains unique among other B cell-specific surface proteins
in that FcRLS5 is preserved in both normal and tumor B cells, which enables further
activity in other B cell tumors, such as CLL, DLBCL, and follicular lymphoma
[102, 103].

GPRCS5D on the other hand is “expressed on the surface of malignant cells
involved in multiple myeloma without being expressed at appreciable levels by
normal hematopoietic cells, such as T cells, NK cells, monocytes, granulocytes
and bone marrow progenitors, including hematopoietic stem cells” [104]. Addi-
tionally, mRNA expression of the marker was only expressed in MM patients
with low expression in normal tissues, which was associated with poor outcomes
[105]. This profile lends itself as a suitable target for MM patients. Two BsAbs
are in development against these targets and are currently in phase I clinical stud-
ies: RG6160 which targets FCRLS and the DuoBody JNJ-64407564. Both target
GPRC5D, and led to encouraging results from in vitro and in vivo models that
demonstrated B cell depletion and tumor growth suppression in myeloma models
[104, 106].

Teclistamab, a B cell maturation antigen x CD3 bispecific antibody showed
clinical efficacy in R/R MM patients in an open-label phase 1 multicenter trial.
Teclistamab was initially considered an investigational bispecific T cell engager
that has structural differences from AMG 420 with “promising efficacy” (Table
11.2).

Table 11.2 Teclistamab and multiple myeloma

Trial Patient Primary Clinical results Adverse events
population endpoint
Open-label, R/R MM (n = | Dosing in part | 58% achieved a Cytokine release

single-arm phase
1

157) patients
intolerant to
established
therapies

1/safety and
tolerability in
part 2

very good partial
response or better
22 (n = 85%) of
26 responders
were alive and
continuing
treatment after

7.1 months median
follow-up

syndrome in 28
and neutropenia
in 26 patients
(Grade 3 or 4)

Source Usmani [118]
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Table 11.3 Blinatumomab in R/R diffuse large B cell lymphoma [107]

Trial Patient Comparator Primary | Clinical results Adverse events
population endpoint
Phase 2 | 21 patients 21 patients with | Overall ORR: 43% after 1 | Tremor (48%);
study with a median | a median of response | blinatumomab pyrexia (44%);
of three prior | three prior lines | rate; cycle; CR 9% fatigue (26%);
lines of of therapy with | complete edema (21%);
therapy with stepwise dosing | response Grade 3
stepwise neurologic
dosing events
encephalopathy
and aphasia
(each 9%);
mostly resolved

11.9 Non-Hodgkin Lymphoma

Blinatumomab has demonstrated clinical efficacy for R/R DLBCL, as shown in
Table 11.3. Other bispecific antibodies are being studied for determining safety
and tolerability in DLBCL and NHL.

Pharmacokinetic and pharmacodynamic analysis revealed B cell depletion rates
for NHL patients receiving blinatumomab. B cell depletion took place within 48 h
after continuous IVD infusion doses of greater than 5 ug/m?/day that took place
in first-order kinetics. A 50% reduction in tumor size was a result of dosage of
47 ug/m?/day for 28 days. The authors concluded that B-lymphocyte depletion
was dependent on exposure while adverse cytokine elevation was transient but
also increased with dose. Overall a PK/PD relationship was established in this
medication dose selection [108].

11.10 Dual Affinity BsAbs and Tandem Diabodies

Dual affinity bispecific antibodies and tandem diabodies, other types of BsAb con-
structs have been discussed earlier, but are worth specifying further here. MGDO11
(duvortuxizumab) is a CD19 x CD3 DART with a silenced, human IgGl Fc
domain that confers it with a relatively long circulating half-life (approximately
14.3-20.6 days), which is similar to conventional mAbs that allow for a every
2-weeks administration. The benefit of this DART is that its humanized Ab arms
have a much greater affinity for CD19 than for CD3 which lends itself to prefer-
ential binding to targets. However, due to high neurotoxicity in phase I studies for
B cell malignancies such as NHL and CLL, its clinical development was stopped
[109].

“AFM11 is a tetravalent bispecific TandAb with two binding sites for CD3 and
two for CD19”. With its increased binding affinity, its high potential for treat-
ment efficacy was anticipated but phase I studies for ALL and R/R NHL was
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suspended as it was further revealed that AFM11 potency was not correlated with
the CD19 density on target cell surfaces and additionally severe neurotoxicity with
one fatality occurred [110].

AMV564 is a tetravalent anti-CD33-anti-CD3 tandem diabody construct that
forms a homodimer from two VH and VL chains that are composed of antigen-
binding single-chain variable fragments (scFvs). Two binding sites for each epitope
are created, thus increasing the avidity of the antibody to its targets. It also has
a longer half-life compared to BiTEs owing to its molecular weight of 106 kDa
[111]. This tandem diabody is being studied in a first-in-human phase I trial in
R/R AML patients at a 14-day continuous infusion every 28 days and may hold
potential over the two constructs discussed above since preliminary evidence has
shown evidence of T cell activation by increased cytokine levels. 13-38% reduc-
tion in bone marrow blasts was evidence of biological activity in 10/16 patients.
Safety profiles were also favorable with no Grade 3—4 toxicities present. A Grade
2 CRS at the 50 ug/day dose in a single patient was observed [112].

Table 11.4 is a summary of bispecific antibodies for Hematologic malignancies.

11.11 Combination and Sequential Therapies [3]

PD-1 expression has been associated with resistance to blinatumomab [113] since
T cell exhaustion is observed when PD-1 is overexpressed. This association led to
studies combining blinatumomab with immune checkpoint inhibitors, case in point
being a 12-year patient with refractory ALL achieved remission was administered
pembrolizumab and blinatumomab since pembrolizumab enhanced T cell func-
tion [113]. Table 11.5 from Lejeuene et al. shows the clinical studies as of 2019
combining BsAbs with immune checkpoint inhibitors. These studies have been
extrapolated to design BsAbs that concomitantly target two immune checkpoints
such as the dual blockade of PD-1 and LAG-3 (also discussed in this volume).
MGDO13 is an anti-PD-1/anti-LAG-3 DART that binds specifically to both PD-1
and LAG-3 (142) and enhances T cell pathways. However, these positive outcomes
have been deterred to some extent by increases in adverse events due to over-
activation of the immune system, which investigators are studying to overcome. A
new approach was developed that “consists in the deletion of the PD-1 pathway
via high-affinity PD-1 binding while inhibiting CTLA-4 with a low-affinity bind-
ing arm. This construct inhibits CTLA-4 in double-positive T cells while reducing
the binding to peripheral T lymphocytes expressing CTLA-4, resulting in better
tolerability” [114].

In R/R BCP-ALL patients, blinatumomab is combined with PD-1 and CTLA-
4 inhibitors to determine efficacy and tolerability. Preliminary findings from a
study evaluating nivolumab and blinatumomab have demonstrated feasibility with
acceptable toxicity. Heavily pretreated patients showed a 80% MRD complete
response rate [115]. Deep and durable remissions are also anticipated from a
study combining pembrolizumab with blinatumomab in a phase 1/2 study in R/R
BCP-ALL patients with a high percentage of bone marrow blasts as a result
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Table 11.5 Clinical trials for combination therapies for blinatumomab

Name (sponsors) Targets Diseases indication | Phase (NCT#)
Combinations with immune modulators

Combination of binatumomab CD3 x CD19 x |B-ALL Phase 1

and nivolumab (anti-PD-1 PD-1 (x CTLA4) (NCTO02879695)
mAb) % Ipilimumab

(anti-CTLA4 mAb) [National

Cancer Institute (NCI)]

Combination of binatumomab CD3 x CD19 x |B-ALL Phase I/IT

and pembrolizumab (anti-PD-1 | PD-1 (NCT03160079)
mAb) (Merck Sharp & Dohme

Corp., Amgen)

Combination of binatumomab CD3 x CD19 x |NHL Phase 1

and pembrolizumab (anti-PD-1 | PD-1 (NCTO03340766)
mAb) (Amgen)

Combination of binatumomab CD3 x CD19 x | ALL Phase 1/11

and pembrolizumab (anti-PD-1 | PD-1 (NCTO03512405)
mAb) (Merck Sharp & Dohme

Corp., Amgen)

Combination of Binatumomab |CD3 x CD19 x | B-cell lymphoma Phase 1

and Pembrolizumab (anti-PD-1 | PD-1 and leukemia (NCT03605589)
mADb) (Children’s Hospital

Medical Center, Cincinnati)

Combination of BTCT4465A CD3 x CD20 x |CLL, NHL Phase 1

and atezolimumab (anti-PD-L1 | PD-LI (NCT02500407)
mADb) (Genentech)

Combination of REGN1979 and | CD3 x CD20 x | Lymphoma Phase 1
REGN2810 (anti-PD-L1 mAb) |PD-1 (NCT02651662)
(Genentech)

Combination of REGN1979 and | CD3 x CD20 x | NHL Phase 1
REGN2810 (anti-PD-L1 mAb) | PD-L1 (NCT03533283)
(Hoffmann-La Roche)

Combination with mAb

Combination of CD3 x BCMA or | MM Phase 1
JNJ-64407564/IJNJ-64007957 GPRC5D x (NCT04108195)
and daratumumab (Janssen) CD38

(continued)

of resistance to blinatumomab [116]. Limited data are also arriving from stud-
ies combining TKIs such as ponatinib, dasatinib, and bosatinib, achieving 50%
hematologic response rates [117].

Bispecific antibodies have made enormous progress in the treatment of Hema-
tologic malignancies, the most prominent being the bispecific T cell engager
blinatumomab for acute lymphoblastic leukemia. Acute myeloid leukemia and
multiple myeloma are also benefiting from BsAb treatment. They have proved to
be a formidable alternative to immune checkpoint inhibitors and adoptive cellular
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Table 11.5 (continued)

Name (sponsors) Targets Diseases indication | Phase (NCT#)
Combination with ADC

Combination of BTCT4465A CD3 x CD20 x | B-cell NHL Phase 1

and polatuzumab vedotin ADC (NCT03671018)

(anti-CD79b x MMAE)
(Hoffmann-La Roche)

Adapted from Lejeune et al. [4]

Data available as of November 05, 2019. Molecules are classified based on target antigens

ADC: Antibody-drug conjugate; BCMA: B-cell maturation antigen; CTLA4: cytotoxic T-
lymphocyte-associated protein 4; GPRCS5D: G protein-coupled receptor family C group 5 member
D; mAb: monoclonal antibody; MMAE: monomethyl auristatin E; PD-1: programmed cell death
1; PD-L1: programmed cell death 1 ligand

therapies, and are vying with each for clinical and commercial viability. They are
most often compared with chimeric antigen receptor therapies in terms of clinical
efficacy and response, toxicity and manufacture, and several studies are underway
for combining both of them for more deep and durable responses. Other types of
bispecific antibodies other than the canonical CD3 T cell construct are in devel-
opment, such as those for directing natural killer cells to leukemic and myeloid
targets through their cell surface antigens and mitigating tumor escape as tumor
cells lose their antigens. Others are being developed with longer half-lives so that
the intravenous administration of these compounds is more facile and there is less
possibility of medication errors happening. Also, one of the major advances of bis-
pecific antibody-drug development is that their clinical effectivity runs the gamut
for all patient populations: pediatric, adult, and elderly. As regulatory bodies are
continuously receiving data for the hundreds of bispecific antibodies, particularly
bispecific T cell engagers, under study and ongoing development, the landscape
for the treatment of hematologic malignancies by these agents will expand most
certainly.
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