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Translation and Clinical Development of
Bispecific T-cell Engaging Antibodies for

Cancer Treatment

T Yuraszeck’, S Kasichayanula' and JE Benjamin®

Bispecific T-cell Engagers (BiTE®) antibody constructs enable a polyclonal T-cell response to cell-surface tumor-associated
antigens, bypassing the narrow specificities of T-cell receptors and the need for antigen presentation through the major
histocompatibility complex pathways. Blinatumomab, a CD19xCD3 BiTE® antibody construct, received accelerated approv-
al for the treatment of relapsed/refractory Philadelphia chromosome negative acute lymphoblastic leukemia. Herein we
review the pharmacology, safety, and efficacy observed in studies of blinatumomab and other BiTE® antibody constructs.
Quantitative systems pharmacology is envisioned as a means to optimize dosing decisions for trials in which BiTE® antibody
constructs are administered as monotherapy or in combination with other immunotherapies.

The biological mechanisms that permit cancer-cell escape from
immune-mediated elimination has been given increasingly
intense attention over the last 20 years (Figure 1). Recently, ther-
apeutic modulation of some these mechanisms has yielded nota-
ble clinical successes, particularly in cancers that are less sensitive
to standard chemotherapeutic approaches. As with standard che-
motherapy, new immunotherapeutic agents are evaluated first as
monotherapy and then in combination. Combination immuno-
therapy has been heralded as the next wave of cancer treatment
strategies.l’2 It is hoped that combination approaches will provide
the possibility of cure in both early- and late-stage cancer.

The intentional deployment of the immune system to treat cancer
was pioneered by William Coley in the late 19th century. Coley, a
surgeon, observed regression of sarcoma in a patient who had
developed erysipelas and then developed a “toxin” derived from the
causative agent, Streptococcus pyogenes (Figure 1).>* In the early 20th
century, Paul Ehrlich suggested that the immune system distin-
guished between self and nonself. Ehrlich also proposed that the
immune system could guard against the spontaneous development of
cancer.” An immune surveillance theory was expanded by Burnet
and Thomas.®” Several decades later, data from animals and humans
emerged linking cellular immune deficiency syndromes, either inborn
or acquired, with increased rates of cancers.® More recently, Schreiber
and colleagues have conceptualized the bidirectional interactions

between neoplasia and the immune system as “immunoediting” and
consists of three phases, elimination, equilibrium, and escape.9

A key carly event in this process is the attraction of immune
cells into the tumor microenvironment. Presence of tumor-
infiltrating-lymphocytes (TIL) has frequently been linked to
prognosis, but given the functional heterogeneity of lymphocytes,
the correlation is rarely straightforward.10 However, it is impor-
tant to highlight three seminal observations. First, infiltrating T
cells may have specificity for tumor antigens.11 Second, specificity
may be limited to private (ic., nonshared) antigens resulting
from novel mutations.'> Third, the functional competence of
infiltrating lymphocytes may be compromised.”’13 The latter
two observations have strongly influenced recent advances in
immunotherapy.

MECHANISMS AND OUTCOMES FOR DRUGS THAT
HARNESS T CELLS IN THE IMMUNE SYSTEM TO FIGHT
CANCER

Cancer is characterized by the accumulation of a variable number
of mutations that lead to the loss of normal cellular regulatory
processes. Some mutations result in the expression of neoantigens
that can be seen by the immune system as nonself, with the result-
ing generation of a T-cell response. For CD8-positive (usually
cytotoxic) T cells, this response typically involves the recognition
of distinct peptides bound to major histocompatibility class I
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Figure 1 From Coley Toxins to the Approval of Bispecific T-Cell Engaging Antibody Constructs for Cancer Immunotherapy.

(MHC I) molecules on the cell surface. In order for the immune
response to lead to effective killing of cancer cells, a series of step-
wise events must be initiated and allowed to proceed and expand
iteratively. This process is called the cancer-immunity cycle and
was elegantly described by Chen and Mellman.® Another feature
of cancer cells is maturational arrest, resulting in a conserved phe-
notype marked by expression of normal (i.e., nonmutated, or self)
proteins. Typically, these type of lineage or stage-specific antigens
will not be recognized by the immune system.

Immunotherapies may be classified according to their depen-
dence on antigen specificities within the preexisting T-cell receptor
repertoire or whether they introduce new specificities. The former
include the anti-CTLA4 (cytotoxic T-lymphocyte-associated pro-
tein 4) and anti-PD1 (programmed cell death protein 1) check-
point inhibitors (ipilimumab, nivolumab, and pembrolizumab),
each of which interferes with physiologic attenuation of T-cell
activation. Tumor vaccines attempt to amplify existing specificities
by mimicking an infectious process. In contrast, other immuno-
therapies introduce new specificities. As currently practiced, the
new specificities target lineage-specific antigens expressed with near
uniformity by the cancer of interest. These new specificities may
be introduced by stable genetic modification, such as occurs with
chimeric antigen receptor (CAR)-T cells. Alternatively, new specif-
icities may be conferred transiently, such as occurs with bispecific
T-cell engaging (BiTE®) antibody constructs, a particular form of
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bispecific antibody, many of which are in development for cancer
treatment (Table 1).

MECHANISM OF ACTION AND KEY CHARACTERISTICS

OF BITE® ANTIBODY CONSTRUCTS

BiTE® antibody constructs are relatively small fusion proteins
with a molecular weight of 50-60 kDa that flexibly link two sin-
gle chain antibody variable fragments (scFv), simultaneously
binding the invariant CD3€e component of T-cell receptors and
any highly expressed structure on the surface of target cells, such
as the CDI19 receptor that is expressed on all B-cell lineage-
derived leukemias and most lymphomas, including non-Hodgkin
lymphoma (NHL) (Figure 2). Forcing T cells and target cells
into proximity results in T-cell activation, proliferation, and T-
cell-induced target cell lysis. Because these effects are accom-
plished without the need to engage typical immune system
activation mechanisms that depend on the presentation of spe-
cific peptide antigens by MHC I molecules expressed on target
cells and recognition of those antigens by their corresponding
T-cell receptors, BITE® antibody constructs engage any and all T
cells.””

Common methods employed by cancer cells to evade detection
and elimination by cytotoxic T cells include loss of MHC I mole-
cules, impairment of cytotoxic activity of specific T-cell clones,
resistance to cytotoxicity, or creation of an immune suppressive
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Figure 2 BiTE® antibody constructs promote T-cell mediated target killing without the need for standard T-cell recognition mechanisms.

microenvironment. As already stated, BiTE® antibody constructs
bypass MHC I, but could be susceptible to other immune-evasive
strategies. Therefore, BiTE® activity was tested against cell lines
engineered to overexpress proteins known to contribute to tumor
cell evasion: PD-L1, indoleamine-2,3-deoxygenase type 1, Bcl-2,
serpin PI-9, TGF-B, IL-10, or adenosine. Subtle decreases in
redirected target cell lysis were observed, but increasing BiTE®
antibody construct concentrations mitigated those effects, and
even when tested in combination complete resistance to BiTE®
therapy was not observed.*® These properties make BiTE® anti-
body constructs appealing modalities for cancer treatment, and
indeed, blinatumomab gained accelerated approved by the US
Food and Drug Administration (FDA) in 2014 for the treatment
of relapsed and/or refractory (R/R) Philadelphia chromosome

negative acute lymphoblastic leukemia (ALL).>!

Preclinical pharmacokinetics

In preclinical species, these relatively small (blinatumomab is 55
kDa) fusion proteins have a terminal phase half-life of only a few
hours.>>%? Full-length monoclonal antibodies typically have a
21-day half-life, owing to neonatal Fc receptor (FcR,)-mediated
recycling. Fe- and albumin-fusion proteins bind FcR,, are inter-
nalized, and then recycled back to the cell membrane, whereas
similarly internalized non-FcR,, bound proteins are degraded. As

636

BiTE® antibody constructs lack the Fc portion responsible for
FcR,, binding, they are not expected to undergo FcR, recycling
and this likely contributes to the very short half-lives associated
with these molecules.

Preclinical pharmacology

The preclinical properties of blinatumomab, the first and only
approved BiTE® antibody construct, have been well characterized
and are representative of the general characteristics of BiTE®
antibody constructs. Blinatumomab targets CD3€ on T cells and
the cell surface receptor CD19, which is expressed on B cells at
all stages of development, both normal and cancerous, and is a
reliable B-cell biomarker.>**> The affinity of blinatumomab for
CD3 and CD19 is low; Ky values for each arm are in the range
of 1077 M and 10~° M, respectively.’**” Blinatumomab recep-
tor occupancy on T cells is also relatively low, mimicking the
low-affinity interactions between naturally occurring T-cell recep-
tors and peptides presented by MHC I molecules and providing
optimal conditions for T-cell cytotoxicity. Indeed, blinatumomab
is a highly potent molecule with cytotoxic effects observed at
exposures as low as 10 pg/ml (1.8 X 107 "*M).*® These effects
were achieved with previously unstimulated peripheral blood
lymphocytes (PBLs) and without the need for costimulation.
Video-assisted microscopy demonstrated that T cells could
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engage in serial target cell lysis in the presence of blinatumomab,
rapidly binding and killing multiple target cells.” Cytotoxicity
was specific to CD19™ cells, mediated by both CD4™ T cells and
CD8" T cells, and observed at effector to target cell ratios as low
as 2:1.°° This was markedly different than the experience with
previous CD3xCD19 bispecific molecules, where costimulation,
high effector to target cell ratios, and exposures nearly 10,000
times higher were required.40 Blinatumomab-enabled engagement
between T cells and target cells also results in T-cell activation,
proliferation, and the transient increase in the levels of the cyto-
kines IL-6, IFN-y, TNF-a, IL-2, IL-4, and IL-10. Each of these
phenomenon are strictly target-dependent and only occur in the
presence of blinatumomab.®”

Blinatumomab also demonstrated activity in xenograft mouse
models, inhibiting tumor growth and prolonging survival in a
dose-dependent fashion. Because blinatumomab is not crossreac-
tive with murine CD3, human T cells were administered as effec-
tor cells for redirected target cell lysis, but costimulatory agents
were not required.* Several other BITE® antibody constructs are
in various stages of clinical development, including AMG 211/
MEDI-565, AMG 212, AMG 420, and AMG 330. AMG 110
was previously developed for epithelial tumors. They share blina-
tumomab’s characteristics, i.c., high potency, T-cell activation
and proliferation as a result of target engagement, target cell lysis,
and BiTE®-induced cytokine release.*! Of these, AMG 330 and
AMG 420 target myeloid and plasma cell antigens. AMG 211/
MEDI-565 is a BiTE® molecule with dual specificity for CD3
and carcinoembryonic antigen (CEA), and is being tested in
patients with gastrointestinal adenocarcinoma. For solid tumor
indications such as these, eradication of cancer cells requires T-
cell infiltration and BiTE® antibody construct distribution into
the tumors, with potentially more difficult pharmacodynamic
assessments. AMG 110/MT 110, among the first BiTE® mole-
cules developed, targets EpCAM (epithelial cell adhesion mole-
cule), a protein widely expressed on adenocarcinoma.** Mice
were inoculated subcutancously with various tumor cell lines and
then injected intravenously with **Zr-AMG 110 and imaged
with positron emission tomography (PET). These studies showed
significant tumor uptake that was sustained for several days
despite the short plasma half-life, and correlated with EpCAM
expression levels on the cell lines, although EpCAM receptors are
highly expressed and were not saturable even at doses up to

500 pg*

Dexamethasone
Glucocorticoids are used in clinical oncology to treat lymphoid
malignancies and to manage the side effects associated with che-
motherapy and radiation in other cancer types.** The impact of
glucocorticoids on side effects such as nausea, vomiting, and bone
pain is mainly a result of its antiinflammatory properties, which
were first recognized in the 1940s.*> The mechanism of action by
which glucocorticoids alleviate side effects associated with inflam-
mation is through their immunosuppressive properties, including
a decrease in cytokine levels.

Since cytokine release associated with engagement of T cells
and target cells by BiTE® antibody constructs presents a safety
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concern, premedication with glucocorticoids such as dexametha-
sone was considered for clinical application of BiTE® antibody
constructs. Iz vitro experiments were conducted to determine the
impact of dexamethasone pretreatment on cytokine secretion,
cytotoxicity, and proliferation. In fact, dexamethasone at clinical-
ly relevant concentrations could blunt the increase in cytokine
levels with minimal impact on proliferation or killing of ALL
cells.* This provided a rationale for coadministering blinatumo-
mab with dexamethasone in clinical trials, a practice that has con-
tinued with other BiTE® antibody constructs.”*® However, it is
not clear if the differential sensitivity of effector functions to
dexamethasone can be generalized across the BiTE® platform.

First-in-human (FIH) dose selection

In March 2006, the superagonistic anti-CD28 antibody
TGN1412 caused massive cytokine storm and multiorgan failure
in six healthy human volunteers in an FIH study, events that
were not predicted by preclinical safety testing and which
occurred despite the application of an additional 16-fold safety
factor to the maximum recommended starting dose based on the
No Adverse Effect Level (NOAEL). The cause of this transla-
tional disconnect was likely species differences in the expression
of CD28 on CD4™ T cells®; the lack of CD28 expression in the
toxicology species invalidated the toxicology results that were the
basis for the starting dose selection. Following this incident, the
European Medicines Agency (EMA) issued a guideline that
emphasized the consideration of all available pharmacological
data, including iz vivo, ex vivo, and in vitro data to determine the
Minimal Anticipated Biological Effect Level (MABEL), which
should be the basis for the starting dose for so-called high-risk
medicinal products.50

Because BiTE® antibody constructs stimulate cytokine release,
are active at low concentrations iz vivo and in vitro, and have
steep dose—response curves, MABEL approaches have been used
for starting dose selection for all BiTE® antibody constructs,
including blinatumomab, AMG 211/MEDI-565, and AMG 330.
In the case of AMG 211, there was no pharmacologically relevant
animal species in which to conduct toxicology studies, as
rodents do not express CEA and AMG 211 does not bind CD3
in cynomolgus monkeys. Tumor lysis was the most sensitive
marker of AMG 211 activity; the ECyq value associated with this
experiment was used to select a starting dose of 52 pg/d.

For AMG 330, the de novo expression of T-cell activation
marker CDG69 on T cells was defined to be the most sensitive
marker of activity; PKPD modeling calculated a starting dose
designed to provide exposures equivalent to the ECsg value from
this experiment, the MABEL concentration, assuming that the
in vitro pharmacodynamic data, generated in acute myeloid
leukemia (AML) cell lines, was directly translatable to humans.
This resulted in a starting dose of 0.5 pg/d, significantly lower
than the maximum recommended starting dose of 30 pg/d. The
ECs, value was used as the basis for the MABEL because of a
combined consideration of the iz vitro, in vivo, and ex vivo data,
including the toxicology results. Recognizing that safety is the pri-
mary concern for starting dose selection, it is also desirable to
minimize the number of patients subjected to less than
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Figure 3 Overview of clinical studies conducted to support blinatumomab approval.

efficacious doses, and to proceed rapidly to efficacious doses from
which the patients might benefit.

CLINICAL EXPERIENCE WITH BLINATUMOMAB
The initial phase I clinical trials of blinatumomab, launched in
2001, enrolled subjects with R/R indolent NHL and chronic
lymphocytic leukemia (CLL), all CD19 expressing malignancies
of mature B cells.>! Short intravenous infusions of blinatumomab
were administered in doses ranging from 0.75-13 pg/ m?, over 2—
4 hours, 1-3 times per week. These initial studies were terminat-
ed carly due to toxicity, particularly neurotoxicity. The
pathophysiology of neurologic events remains unestablished, but
is observed with other CD19-targeting immunotoxins and CAR-
T cells consistent with on-target toxicity.sz’53 Evidence of activity
was observed in some subjects, including upregulation of T-cell
activation markers, release of cytokines, and transient reduction
in peripheral blood B cells. These studies confirmed the short ter-
minal half-life of the molecule, ~2 h, as observed in preclinical
investigation.51

Continuous intravenous infusion (cIV) was tested in a subse-
quent phase 1 trial (MT103-104), again among subjects with
indolent NHL (Figure 3, Table 2),54’55 to mitigate toxicity and
maintain exposures needed to sustain responses; it was hypothe-
sized that intermittent dosing led to high C,,,, and that the
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drug-free period potentiated T-cell cytokine release. The dose—
exposure relationship was linear from 5-90 pg/ m?/d, stable plas-
ma blinatumomab levels were achieved rapidly with continuous
infusion, and rapid clearance consistent with previous observa-
tions was observed.”® The major dose-limiting toxicity (DLT)
was neurologic, as described above, with 73% of patients experi-
encing a neurologic event and 21% experiencing a Grade 3 neuro-
logic event. Discontinuation of the infusion, along with
corticosteroid treatment, resulted in resolution of the neurologic
abnormalities. The maximum tolerated dose (MTD) was 60 g/
m?/d (d). The infusion duration ranged from 4-8 weeks.

The study was expanded to examine dosing strategies that
would minimize adverse events and permit a greater proportion
of subjects to reach MTD. Step dosing of blinatumomab was
implemented with patients receiving 1) a flat dose of 60 pg/m*/d,
2) 5 pg/m*/d from Day 1 to Day 7, then 60 pg/m*/d, or 3) 5 pg/
m”/d from Day 1 to Day 7, 15 pg/m”/d from Day 8 to Day 14,
then 60 pg/m*/d (Table 2). This expansion also tested various
schedules of corticosteroids as prophylaxis for neurologic. Patients
received either a corticosteroid chosen by the investigator with
the dose and duration of treatment also determined by the inves-
tigator, or treatment with oral dexamethasone starting before
treatment with blinatumomab and continuing for 3 days, and

repeated for 3 days after each escalation of the dose. Although the
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sample size was small, these strategies reduced neurologic adverse
events (AEs).”> Pharmacodynamic evidence of T-cell activation
and CD197 cell depletion were observed in multiple subjects,
and serum cytokine levels were elevated in a majority of subjects,
although in various combinations.>* Complete peripheral blood
B-cell clearance was observed in all subjects treated at doses
>5 ng/mz/d, but clinical responses were not observed below
doses of 15 ng/ m?/d, with efficacy increasing with dose.

Subjects with R/R diffuse large B-cell lymphoma (DLBCL)
were treated in the expansion cohort of the phase I trial
(MT103-104). The response rates (36% CR/Cru) and duration
of response among subjects with DLBCL compared favorably
with other monotherapies currently approved or undergoing eval-
uation for this indication.””>® Therefore, a phase II successor tri-
al restricted to R/R DLBCL was initiated and the results have
recently been reported.” One objective of the study was to fur-
ther compare step vs. flat dosing as a means to reach the target
dose; step dosing was more effective at mitigating adverse events.
Additionally, body surface area (BSA)-based dosing was aban-
doned for fixed dosing because fixed dosing has practical advan-
tages such as better compliance and reduced risk of medical
errors and the data from previous trials supported this decision;
steady-state concentrations of blinatumomab were not affected
by body weight nor BSA and interindividual variability in steady-
state concentrations was not reduced after normalizing for BSA.
Population pharmacokinetic modeling subsequently confirmed
these analyses.”® Clinical development of blinatumomab in
DLBCL is ongoing,

Blinatumomab has also been tested in precursor-B cell acute
lymphoblastic leukemia (B-ALL), an aggressive disease of imma-
ture B cells and with universal CD19 expression at diagnosis
(Figure 3, Table 2).34 The adjusted incidence of B-ALL is 17.3
per 1,000,000 person—years.60 In the US, the annual incidence is
~6,600, with 60% of incident cases occurring in children. Treat-
ment of pediatric ALL is widely regarded as a success story in
hematology, with high response rates to frontline multiagent che-
motherapy, prolonged consolidation and maintenance phases,
resulting in 10-year survival around 90%.°" The sequelae of thera-
py are substantial, and new protocols are focused on reducing
toxicity by risk-adapted deintensification. In adults with ALL,
frontline chemotherapy results in complete response (CR) rates
of 80-90%. However, ~50% of adult patients rc:laps<°..62’63
Response to salvage therapies are poor.é4

The strongest predictor of relapse following frontline therapy
(typically after three cycles of chemotherapy) is the presence of
minimal residual disease (MRD). MRD may be detected by
quantitative real-time polymerase chain reaction (Q-PCR) of
clonotypic antigen receptor rearrangements, next-generation
sequencing, or multiparametric flow cytometry. The prognosis of
MRD™" ALL is widely accepted to be poor without additional
treatment.>%® MRD that persists after multiagent, frontline che-
motherapy implies the persistence of leukemic cells resistant to
standard cytotoxic agents. MRD levels appear to predict time to
relapse.67

Response rates to salvage chemotherapy are ~40%, 21%, and
11% for patients in first, second, or later relapse, respectively.so

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 101 NUMBER 5 | MAY 2017

STATE @ART
-

Among patients in first relapse, a longer duration of remission is
associated with a higher probability of x‘(asponse..67_69 Allogeneic
hematopoietic stem cell transplantation (HSCT) is the best-
established treatment following relapse, with efficacy attributed
to both conditioning regimens and immunologically mediated
graft vs. leukemia effect. However, the outcome of HSCT is poor
for patients not in remission at the time of transplant, and thus
is typically only offered to patients achieving remission to last-
administered therapy. Since a minority of patients with relapsed
ALL respond, and those who respond may not stay in remission
long enough to reach HSCT, there is a need to move HSCT ear-
lier in the treatment course. Persistent or relapsed MRD for
patients in CR1 (first complete remission) is widely seen as an
indication for HSCT, although HSCT outcomes are inferior
compared to MRD-negative CRI1.

MT103-202 was a phase II trial testing blinatumomab for
adult subjects with ALL with either persistent or relapsed MRD
(Figure 3, Table 2). Blinatumomab was administered at a dose
of 15 pg/m?/d to 21 subjects for 1-4 cycles. Each cycle consisted
of 4 weeks of infusion followed by a 2-week treatment-free inter-
val. The treatment period of 4 weeks was selected based on T-cell
kinetics after blinatumomab administration in the phase I stud-
ies. T cells responding to infection expand, then contract; recov-
ery after contraction was the basis for the selection of the dosing
holiday.”® The primary endpoint, MRD-negativity, was achieved
in 16 of 20 (80%) evaluable subjects (one subject experienced a
Grade 3 seizure and was not evaluable).”" At a median follow-up
of 33 months, hematologic relapse-free survival was 60%.”* Of
note, 11 subjects on this trial did not receive subsequent allogene-
ic HSCT and six subjects remain alive in continuous remission.
Four subjects relapsed, including two subjects with blasts that
lacked CD19 expression and two with extramedullary relapse. Six
subjects remain alive in continued remission. A larger phase II tri-
al of blinatumomab for MRD-positive ALL has recently been
presented in abstract form and showed a complete molecular
remission rate of 80%.”>

Based on the encouraging results in NHL and MRD-positive
ALL, blinatumomab was tested in two single-arm phase II trials
(MT103-206 and MT103-211) in patients with R/R Philadel-
phia chromosome-negative ALL (Table 2).797475 Three dosing
regimens were tested in the first 18 subjects enrolled into
MT103-206: a flat dose of 15 pig/m*/d, step dosing from S pg/
m2/d X 7d to 15 ug/mz/d, and step dosing from 5-15-30 pg/
m?/d, all for a total infusion duration of 28 days. Dose selection
was based on results from previous studies with blinatumomab
(MT103-104 and MT103-202) with step dosing implemented to
mitigate adverse events. The 5-15 pg/m°/d schedule had the
lowest incidence of AEs and serious AEs (SAEs) and was chosen
for an 18-subject expansion cohort. The combined CR and CRh
(complete response with partial hematopoietic recovery) rate
among all 36 subjects rate was 69%, including 100% response
rates in those in first relapse. Among responders, the MRD-
negativity (< 10~ %) rate was 88%. The median relapse-free surviv-
al was 7.6 months. Relapses occurred in 10 subjects, including
three who lost expression of CD19 and four who were
extramedullary.
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A confirmatory phase II study, MT103-211, enrolled 189 sub-
jects with R/R precursor B-ALL. Patients with late first relapse
(>12m) were excluded, due to a relatively high response rate to
salvage cytotoxic chemotherapy (Figure 3, Table 2).>” Subjects
received dexamethasone premedication within 1 h of blinatumo-
mab initiation and at each step-dose escalation. A prephase of
dexamethasone was required of subjects with greater than 50%
marrow blasts or greater than 15,000/l circulating blasts. Blina-
tumomab was administered at a dose of 9 pg/d for the first week
of the first cycle and then 28 ng/d for the remainder of the 28-
day infusion period and for subsequent cycles. The dose selection
was based on safety and efficacy results from MT103-104,
MT103-202, and MT103-206. Fixed dosing was used in this
study, although BSA-based dosing was used in previous studies,
because fixed dosing is more convenient and the previously men-
tioned analysis of data from those studies suggested that blinatu-
momab concentrations were unrelated to body weight or BSA. A
treatment-free interval of 2 weeks completed the 6-week cycle.
The primary endpoint was the rate of CR/CRh. Subjects achiev-
ing CR/CRh/CRi (complete response with incomplete recovery
of peripheral blood counts) could receive an additional three
cycles of blinatumomab.

The rates of CR and CRh were 33 and 10%, respectively, in
MT103-211. Prespecified analyses did not show statistically
meaningful differences in response rates according to baseline fea-
tures such as age, number of prior therapies, or prior allogeneic
HSCT. However, baseline bone marrow blast percentage was
predictive of response. Blast percentage >50% was associated
with a CR/CRh rate of 29%, vs. 73% for blasts <50%. An ad hoc
analysis did not show an impact of prephase dexamethasone on
response. Among responders, the MRD-negative rate (<1074)
was 82% and was associated with median recurrence-free survival
(RES) of 6.9 months. Responders who remained MRD-positive
experienced median 2.3m RFS.

Blinatumomab was granted an accelerated approval for R/R
Philadelphia chromosome-negative ALL. As a condition for an
accelerated approval, the FDA requested a confirmatory, random-
ized control trial of blinatumomab in R/R ALL. The primary
endpoint of the randomized trial, 00103311 (Figure 3), was
overall survival (OS). Findings from the initial analysis have
recently been reported after a Data Monitoring Committee
closed the trial early, with an OS advantage for subjects random-
ized to blinatumomab vs. standard of care chemotherapy.”®

Blinatumomab has also received regulatory approval for use in
pediatric patients with Philadelphia chromosome-negative R/R
B-cell precursor acute lymphoblastic leukemia based on the
results of a two-part phase I / phase II study; the first part
(phase I) was designed to be a dose-finding study and the second
part (phase II) was a single-arm study to assess safety and efficacy
of the recommended dose of blinatumomab in pediatric patients
(Figure 3, Table 2). The MT103-205 trial enrolled 49 pediatric
patients from <2 years to 17 years including eight infants in
phase I of the study. Four BSA-based dose regimens were tested
on the basis of results in adults: S, 15, 30, and 15-30 pg/mz/d.
Stepwise dosing of 5 pg/m>/d for 7 days, then 15 pg/m>/d for
weeks 2—4 of cycle 1, and 15 pg/ m?/d for subsequent cycles, was
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selected for phase II because of the positive efficacy signal and
favorable safety profile; there were no incidences of cytokine
release syndrome or Grade 3 central nervous system (CNS)-relat-
ed events for this dosing regimen in the phase I/II study.77 A
total of 44 pediatric patients from <2-17 years, including two
infants, were enrolled in phase II of the study. The safety profile
was consistent with other blinacumomab studies, and 39% of
subjects achieved CR within two cycles of blinatumomab. The
relapse-free survival time was 4.4 months, and median overall sur-
vival was 7.5 months.

Blinatumomab has demonstrated efficacy in relapsed and
MRD-positive, pediatric and adult, ALL. Responses are typically
MRD-negative. The greatest efficacy is in situations with lower
leukemic burden. Other pretreatment factors do not appear pre-
dictive of response. The limitation by tumor bulk suggests most
obviously sensitivity to effector: target ratio, although other
mechanisms are plausible. The relationship between leukemic
burden and T-effector functions, including exhaustion, has not
been clarified. Conversely, even in the lowest ranges of MRD,
~20% of patients do not respond. The mechanisms for this resis-
tance are unknown but may reflect leukemia and/or T-cell-
specific factors.

CLINICAL PHARMACOLOGY OF BLINATUMOMAB
The pharmacokinetic properties of BITE® antibody constructs
share many characteristics with small molecules, including a short
half-life and linear pharmacokinetics (PK); blinatumomab was
linear over a dose range from 5-90 pg/ m?/d.>® Unlike most ther-
apeutic proteins, but like many small molecules, BITE® antibody
constructs do not undergo target-mediated disposition. The
major route of elimination for BiTE® antibody constructs such
as blinatumomab is via rapid catabolism into simple amino acids;
without the Fc domain these constructs lack the protection
against catabolism and intracellular degradation by mediating
recycling to the cell surface.”® Without FcRn-mediated recycling
to prevent rapid clearance, the mean elimination half-life of bli-
natumomab was predictably short, at 2.11 h, and was consistent
with the short half-lives observed for AMG 211 and AMG 110.
The lack of an Fc region may also contribute to the <1% inci-
dence of neutralizing antibodies observed in clinical studies with
blinatumomab, although it is expected that B-cell depletion is the
major reason. The mean volume of distribution was similar to
plasma volume (4.52 L) and mean clearance was 2.72 L/hr. The
variability in PK was high, with average steady-state concentra-
tions fluctuating as much as 100% between individuals.>®

The drug-drug interaction (DDI) potential for BiTE® anti-
body constructs such as blinatumomab is low. BITE® antibody
constructs are unlikely to be victims of DDI as they do not
undergo CYP-mediated clearance, although they may perpetrate
DDI indirectly. Although BiTE® antibody constructs do not
directly affect CYP enzyme activities, transient cytokine eleva-
tion, especially of IL-6, has been observed in clinical trials with
blinatumomab and in preclinical studies with blinatumomab and
other BiTE® antibody constructs, and the suppression of CYP
enzymes in response to cytokine elevation has been well docu-
mented.”” A dedicated DDI study in this population would be
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Table 1 Selected bispecific antibodies in clinical development as anticancer agents
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Format Molecule Targets Phase Indication

BiTE® Blinatumomab (Blincyto) CD19 x CD3 Approved ALL

BiTE® AMG 211/MT 211 CEA X CD3 Phl Gastrointestinal cancer

BiTE® AMG 110/MT 110 EPCAM x CD3 NA Solid tumors

BITE® MEDI-565/MT 111 CEAx CD3 Phl Gastrointestinal adenocarcinoma

BIiTE® AMG 330 CD33xCD3 Phl AML

BITE AMG 420 BCMA x CD3 Phl Multiple myeloma

BiTE® AMG-212/BAY-2010112/ PSMA (FOLH1)/CD3 Phl Prostate cancer

MT-112

TrioMab Catumaxomab (Removab) EPCAM x CD3 Approved Malignant ascites

TrioMab Ertumuxomab HER2 x CD3 Phll Breast cancer

DART PF-06671008 P-cadherin x CD3 Phl Advanced solid tumors

DART MGDOO06 CD123 x CD3 Phl r/r AML; MDS

DART MGDOO7 gpA33 x CD3 Phi r/r metastatic colorectal carcinoma

DART MGDO09 B7-H3 x CD3 Phl B7-H3-expressing solid tumors

DART MGDO011/ JNJ-64052781 CD19xCD3 Phl B-cell malignancies

CrossMab RG7892/R06958688 CEAx CD3 Phl Locally advanced or metastatic
solid tumors

CrossMab RG7221/R05520985 Anti-ANG2/anti-VEGFA Phl Advanced solid tumors

BsAb REGN1979 CD20 x CD3 Phl B-cell malignancies

BsAb BTCT4465A/ RG7828 CD20 x CD3 Phl NHL and CLL

BsAb MEHD7945a EGFR x HER3 Phll Head and neck cancers; mCRC

DVD-Ig OMP-305B83 DLL x VEGF Phl Advanced solid tumors

orthoFab-IgG LY3164530 MET x EGFR Phl Advanced or metastatic cancer

Tetravalent BsAb RG7386 FAP x DR5 Phl Solid tumors

Tetravalent BsAb MM-141 IGF-IR and ErbB3 Phll Metastatic pancreatic cancer

TandAb AFM13 CD30x CD16a Phl Hodgkin’s lymphoma

TandAb AFM11 CD19 x CD3 Phl NHL*

BiTE®, bispecific T-cell engaging antibody; DART, dual-affinity retargeting; BsAb, bispecific antibody; TandAb, tetravalent bispecific tandem diabody; mCRC, metastatic
colorectal cancer; NHL, non-Hodgkin’s Lymphoma; AML, acute myeloid leukemia; MDS, myelodysplastic syndrome ; CLL, chronic lymphocytic leukemia; r/r, relapsed/

refractory.

impractical, however, so a physiologically based pharmacokinetic
(PBPK) model was developed to evaluate the impact of IL-6 ele-
vation on CYP suppression after blinatumomab administra-
tion.*” The predicted suppression of hepatic CYP450 activities
was <30%, and IL-6-mediated changes in exposure to sensitive
substrates of CYP3A4, CYP1A2, and CYP2C9 were <2-fold
and lasted <1 week.>°

Renal impairment studies are not typically conducted for large
molecules, but renal excretion of blinatumomab was assessed
because its molecular weight is below the renal filtration cutoff of
69 kDa.*" Although clinically meaningful renal elimination is less
likely to be observed for proteins with a molecular weight of
69 kDa, since the process of glomerular filtration is dependent on
other physicochemical characteristics such as molecular charge,
vulnerability to renal enzymes, and aggregation, urinary excretion
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of blinatumomab was evaluated and only 0.2% was excreted
unchanged, supporting a limited role for the kidneys in the clear-
ance of blinatumomab.’® Creatinine clearance was a significant
covariate in the population PK model and a ~21% decrease in
blinatumomab clearance was observed in patients with mild renal
impairment, but clearance values in patients with mild and mod-
erate renal impairment were within the range of patients with
normal renal function, and these differences were not considered
clinically meaningful with respect to efficacy or safety; as a result,
no dose adjustment is recommended for these patients.’® Blinatu-
momab was not studied in patients with severe renal impairment.

The approved dose and schedule of blinatumomab in R/R
ALL, ie., a 4 week on / 2 week off schedule and stepwise dosing
in cycle 1 with 9 pg/d cIV for 1 week followed by 28 pg/d IV
for 3 weeks and 28 pg/d cIV for 4 weeks in subsequent cycles,
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Table 2 Overview of blinatumomab clinical studies

Study Ph Indication/objectives Dose tested Key results
MT103-104°%5° I Adults with relapsed NHL Flat dosing: 0.5, 1.5, 5, 15, 30, 60 OR: 69%; CR: 37%
(n=76) MTD, PK, PD, and 90 ug/m2/d clV over 4-8 weeks PK was linear with clV infusion up
anti-tumor activity Step dosing: 5/60 and 5/15/ to 90 ug/m?/d
60 ug/m?/day DLT: neurotoxicity
Different steroid doses tested at MTD: 60 ug/m?/d
15 ug/m?/d
MT103-2028¢ I Adults with MRD+ ALL Flat dosing: 15 pg/m?/d?, clV; 4 MRD response: 80%
(n=21) Efficacy (MRD response weeks on, 2 weeks off; 1-4 cycles Hematologic RFS (33 mo): 60%
rate), safety, PK, and PD Css increased dose-dependently
and remained stable over time
MT103-2038788 I Adults with MRD+ ALL 5/15/30 ug/m?/d° cIV for 4 weeks MRD response: 78%
(n=116) PK/QTc, efficacy, safety followed by 2 weeks off drug per cycle 0S: 36.5 mo
RFS: 19.9 mo
MT103-206"° Il Adults with R/R ALL Flat dosing: 15 ug/m2/d; 4 wk on, CR and CRh: 69%
(n = 36) PK/QTc, efficacy, safety 2 wk off MRD- rate among responders: 88%
Step dosing: 5-15 ug/mz/d, 5-15- Median RFS: 7.6 months
30 ug/m?/d, 4 wk on, 2 wk off 5-15 ug/m?/d schedule had the
lowest incidence of AEs and SAEs
MT103-2117475 I Adults with r/r ALL Step dosing: 9 - 28 ug/d for 4 weeks CR: 33%; CRh: 10%
(n = 225) PK/PD, efficacy, safety per cycle MRD- negative rate: 82%
Median RFS: 6.9 months.
MT103-2085° Il Adults with r/r NHL; Flat dosing: 112 ug/d clV for 4 weeks ORR: 43%
(n = 25) Adults with DLBCL per cycle CR: 19%
PK/PD, efficacy, safety Step dosing: 9-28-112 ug/d for
4 weeks per cycle
MT103-205"7 171 Pediatric patients Phase I: MTD: 15 ug/mz/d
(n = 36) with R/R ALL Flat dosing: 5, 15, 30 PK linear across dosage levels and

15/30 ug/m?/d clV
Step dosing: 15/30 ug/m?/d clV
Phase II: 5/15 ug/m?/d clV

consistent among age groups.
Recommended blinatumomab dosage
for children with R/R ALL was 5 -

15ug/m?/d
CR: 39%; MRD response: 52%

OR, overall response; DLT, dose limiting toxicity; MTD, maximum tolerated dose; ORR, overall response rate; CR, complete response; CRh, complete response with partial
hematopoietic recovery; RFS, relapse free survival; Css, steady-state concentration; AE, adverse event; SAE, serious adverse event; R/R, relapsed and/or refractory.
3ntrapatient dose escalation to 30 pug/m?/d was permitted for patients with stable disease who had not responded after 1 cycle at 15 pg/m?2/d.

was based on the PKPD relationships and an assessment of the
observed efficacy and safety data. Blinatumomab and other
BiTE® antibody constructs in clinical development are adminis-
tered to patients by cIV infusion because of the short plasma
half-life; although short intravenous infusions of blinatumomab
were effective in preclinical species, this approach was abandoned
after initially unsuccessful clinical trials in patients. Although PK
interindividual variability was high and increasing concentrations
of blinatumomab were associated with increased redistribution of
T cells upon initiation of dosing or clevation of the dose,
increased initial B-cell depletion rate, and peak cytokine levels,
the data suggest that increasing the dose in R/R ALL patients
beyond the marketed dose of 28 pg/d would not be an effective
treatment for nonresponders, for whom other cellular resistance
mechanisms may be responsible for failure to respond to blinatu-
momab treatment.* The average steady-state concentration
ranged from ~500-700 pg/ml after blinatumomab at a cIV dose
of 28 ng/d, concentrations that exceed the iz vitro ICyq value of
470 pg/ml for B-cell suppression in NALM-6 CD19 human
B-cell precursor leukemia cell line incubated with healthy donor
T cells and treated with blinatumomab (data on file, Amgen,
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Thousand Oaks, CA). There was a 1-2 log range in potency that
is likely due to variability in the activity of T cells from different
donors, but blinatumomab exposures still exceeded the in vitro
ECs value for even the least sensitive patients (500 pg/ml).36
The interindividual variability in the pharmacodynamic data
from the clinical trials was also high, and other factors such as
baseline T-cell counts, disease burden, baseline B-cell counts, and
other patient disease characteristics (e.g., length of first remission,
number of prior relapses), may have an important influence on
the variability in these measures and, more important, clinical
outcomes. A quantitative systems pharmacology model developed
to describe the action of blinatumomab in patients with ALL
supports this hypothesis; the model indicated that the dose-
response for nonresponders may be relatively flat.**** Moreover,
this dose and schedule was considered appropriate from a safety
perspective; although PK was highly variable the safety profile
was manageable with the implementation of stepwise dosing and
initiation of treatment with a lower dose before escalation to the
target dose reduced the magnitude of cytokine elevation. The
2-week drug-free period was considered appropriate because con-
tinuous B-cell suppression was maintained and clinically
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meaningful benefits to R/R ALL patients were demonstrated
with this regimen, and the safety and tolerability profile of this
regimen was favorable. The PK of blinatumomab was not affect-
ed by demographic characteristics (body weight, body surface
area, sex, age), disease type (ALL, NHL), or baseline disease char-
acteristics (Eastern Cooperative Oncology Group (ECOG) per-
formance status, T-cell count, B-cell count). These observations
coupled with analyses that showed similar exposures after fixed-
dose and BSA-based dosing regimens for blinatumomab sup-
ported fixed dosing in adults.”®

The totality of the pharmacokinetic, pharmacodynamic, and
safety and efficacy data supported the selected dose and schedule
in R/R ALL patients. It should be noted that the dosing regimen
for NHL is different from that of ALL,” as effective dose levels
were determined based on ECyg ranges and drug concentrations
at the sites of action (i.e, in blood, lymph nodes, or tumor
tissues) and on safety profiles.

FUTURE PERSPECTIVES

Unlike many cancer immunotherapies, BiTE® antibody con-
structs do not require endogenous T-cell receptor (TCR) specific-
ity for a cancer-specific MHC peptide complex, an advantage
over other modalities, given the analytical challenges associated
with characterizing the polymorphisms of TCR and the MHC.
BiTE® antibody constructs can redirect the specificity of any T-
cell via engagement of the invariant CD3e chain that is expressed
on all T cells. Individual T cells can engage in serial lysis of tar-
gets. Blinatumomab, which targets the B-cell antigen CD19, is
the first BITE® antibody construct to gain regulatory approval,
based on a response rate of 42.9% in subjects with R/R ALL
patients. There is a great need to understand the mechanisms of
nonresponse. Unfavorable effector: target ratios appear to be one
predictor of primary resistance and may be amenable to debulk-
ing with cytotoxic chemotherapy. High antigen load may also
contribute to T-cell exhaustion, justifying investigations into con-
current PD-1 or PD-L1/2 blockade.*** Dose and schedule of
combinations will be challenging to determine empirically, but
may be aided by quantitative systems pharmacology models that
capture the pathophysiology of the disease and the mechanisms
of action of each agent. Likewise, PB/PK modeling will continue
to be a useful tool to address the potential for cytokine-mediated
drug-drug interactions that may be more apparent when BiTE®
antibody constructs are administered in combination regimens
and particularly with small molecule anticancer agents.

For solid tumor malignancies, efficacy of BiTE® antibody con-
structs will require penetration of the tumor by the BiTE® anti-
body construct and by the T cells. Preclinical models have
demonstrated the distribution of BITE® antibody constructs into
the tumor, as was expected based on the small size of BiTE® anti-
body constructs relative to full-length antibody. However, as has
been discussed, the density and type of T cells in the tumor tissue
are less predictable. Additionally, preexisting T cells in the tumor
may exhibit signs of exhaustion. Whether BITE® antibody con-
structs are sufficient to enhance trafficking of additional func-
tional T cells to a tumor is of great interest and may mitigate one
potential mechanism of nonresponse in solid tumor indications.
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The theory of cancer immune surveillance provided a concep-
tual framework for observations and experimentation that now
have resulted in new therapies and new hope for cancer patients.
Immunotherapeutic agents must also be viewed as tools to fur-
ther probe the intricacies of tumor cell clearance and escape.
Careful observation of patient responses, including robust collec-
tion of biomarker data, must be fed back into the conceptual
models that inform immunology research, as well as into the
pharmacologic models that guide dosing decisions. These iterative
processes will lead to rational and potent combinations of agents
that hopefully will meet the needs of cancer patients.
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