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Abstract: Acute lymphoblastic leukemia (ALL) arises from immature B and T lymphoblasts.
An increasing array of cytogenetic and molecular markers have been identified in ALL, which
allows for increasingly sophisticated prognostication, as well as identification of potential new
targets for therapy. The treatment of ALL in children has shown astounding success in the last
50 years, with more than 90% of children now able to be cured of their ALL. In adults, these
success rates have not been duplicated. However, the use of pediatric-intensive regimens in
young adults has shown increasing success. The use of monoclonal antibodies conjugated to
drugs, immunotoxins, and cells also has shown early success and promises to enhance the
outcome of newly diagnosed patients. Blinatumomab, a bispecific T-cell engager antibody,
brings a malignant B cell in proximity to a T cell with redirected lysis. This antibody construct
has shown promising results in patients with relapsed and refractory disease and is entering
randomized clinical trials in newly diagnosed patients. The addition of monoclonal antibody
therapy to chemotherapy in adults promises to enhance outcomes while hopefully not increas-
ing toxicity. After many years of stagnation, it appears that the therapy of adults with ALL is
showing significant improvement.

Keywords: acute lymphoblastic leukemia, chemotherapy, monoclonal antibodies, CD19,
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Introduction

Acute lymphoblastic leukemia (ALL) arises from immature hematopoietic progenitors
that are destined to develop into lymphocytes but acquire somatic gene mutations,
which results in altered proliferation and arrest of differentiation. Although regula-
tion of growth and differentiation is altered in these cells, they retain many of the
features of their normal lymphoid counterparts. This includes rearrangement of their
immunoglobulin (Ig) and T-cell receptor (TCR) genes. Similarly, cell surface antigens
characteristic of normal B and T lymphocytes are expressed on the cell surface of the
malignant lymphoid blast, and the pattern of this antigen expression can help delineate
where in the maturation sequence the malignant transformation occurred. The clonal
nature of the malignant lymphoblasts has been established by the demonstration of
identical rearrangements of /g or TCR genes within the ALL cell population.'

ALL of B- or T-cell lineage can be further subcategorized immunophenotypically
by the point in maturation when their development is interrupted and they become
malignant. About 80% of ALL cases are of B-cell lineage. Most cases of B-cell ALL
have an immature immunophenotype and are designated as precursor lymphoid neo-
plasms or lymphoblastic leukemia/lymphoma. These cases can be identified by the cell
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surface expression of cluster of differentiation 19 (CD19) and
one other B-lineage-associated antigen, such as CD20, CD21,
CD22, CD24, or CD79. These lymphoid blasts express intra-
cytoplasmic IgM heavy chain proteins. Early B-cell blasts
lack this expression but are CD10-positive, whereas the most
immature subtype, pro-B, are CD10-negative. It is important
to note that although leukemic lymphoblasts express antigens
related to their stage of development, they may also have an
aberrant immunophenotype with asynchronous gene expres-
sion related to their malignant transformation.'?

Similarly, an ALL of T-cell origin can be classified on
the basis of the sequence of expression of T-cell-associated
cell surface antigens that evolve during normal thymocyte
development. The earliest T-cell precursors lack expression
of CD4 and CD8 and are referred to as double-negative
thymocytes. They progress through a series of stages of
differentiation characterized by rearrangement of the 7CR
genes, lose expression of CD34, and gain expression of
CDla.! An early T-cell precursor phenotype has been
identified that has a very high clinical risk and makes up
8%—15% of T-ALL in children and a higher percentage in
adults. This subtype has been shown to express activating
mutations of RAS, IL-7R, and FLT3, along with PTEN
deletions.?

ALL can also frequently express antigens associated with
cells of myeloid origin (eg, CD13, CD14, or CD33). These
reflect the aberrant malignant development of these leukemic
blasts. These patients were previously felt to have a poorer
prognosis, but this has not been borne out with the use of
chemotherapy regimens in the modern era.*

Genetic abnormalities

Genetic abnormalities play a key pathogenic role in the
origin and development of ALL. These were first identified
by conventional cytogenetics and can be found in up to 75%
of patients with ALL. Recurring abnormalities have been
identified, and the distribution of these abnormalities varies
significantly between patients with pediatric ALL compared
with those with adult ALL, with adult patients having a
higher frequency of adverse cytogenetic abnormalities. The
main adverse cytogenetic changes include the presence
of t(9;22) (BCR-ABLI or the Philadelphia chromosome),
t(4;11), a complex karyotype (five or more chromosomal
abnormalities), or low hypodiploidy/near triploidy. In
contrast, patients with a hyperdiploid karyotype or a t(12;21)
(TEL-AMLI) have a favorable prognosis and are much more
frequently seen in pediatric ALL, where these latter two
abnormalities make up more than 50% of cases.’

The molecular revolution has led to the ability to sequence
the genome of patients with ALL and identified numerous
recurring genetic mutations and other alterations in the
genome of patients with ALL. Some of the more common
genetic alterations have included mutations in the paired
box 5 (PAXS5) gene.® However, this has not been shown
to have any prognostic significance. Janus kinase (JAK)
I and 2 gene mutations are present in up to 35% of Down
syndrome-associated ALL and about 10% of BCR-ABLI
ALL. In adults, JAK mutations are more prevalent in T-cell
ALL and are associated with a poor prognosis. The Tkaros
family zinc finger protein 1 (IKZFI') has been associated with
high-risk ALL and poor outcomes. Mutations of /KZF'] are
common in BCR-ABLI-positive ALL and in the lymphoid
blast phase of chronic myeloid leukemia. The cyfokine
receptor-like factor 2 (CRLF2) has alterations in about
5% of adult ALL.” Abnormal expression of CRLF2 can be
detected by immunohistochemistry, and CRLF2 rearranged
ALL was associated with mutant J4K?2 in about 50% of cases.
In pediatric ALL, elevated CRLF?2 expression is an adverse
prognostic factor (Figure 1).

A new finding of great interest is the identification
of a gene expression profile in BCR-ABLI-negative ALL
that is similar to that seen in patients with the BCR-ABL1
translocation. This phenotype is known as the BCR-ABLI-
like ALL. These cases also commonly harbor mutations
of IKZFI and have a poor prognosis.®® This phenotype
is seen with increasing frequency in childhood ALL
patients (10%—14%, and up to 26% in young adults aged
21-39 years).!° In vitro studies suggest that these cells may
also be sensitive to tyrosine kinase inhibitors similar to their
BCR-ABLI-positive counterparts. This obviously could have
significant therapeutic implications. Intrachromosomal ampli-
fication of chromosome 21 (iAMP-21) is defined as a gain of
at least five copies of the RUNX1 region of chromosome 21. In
pediatrics, this abnormality has been associated with signifi-
cantly inferior survival.'" Increasing identification of genetic
abnormalities in ALL brings the hope that these abnormalities
can translate into new therapeutic targets.'?

Current treatment options

and patient outcomes

ALL represents a remarkable odyssey of success in the era of
cancer treatment. From the first report by Sidney Farber" of
temporary remissions induced by aminopterin in five chil-
dren with ALL, there have been remarkable improvements in
the treatment of this deadly leukemia. This was followed by
reports in the 1960s of combination chemotherapy, including
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mercaptopurine and methotrexate, leading to 2-year survival
rates of 20%.'* This led to the concept of using combination
chemotherapy to treat malignancy. A recognition that ALL also
could frequently involve the central nervous system (CNS) led
to the recognition of a need for CNS-directed therapy, including
cranial radiation and intrathecal methotrexate. This ultimately
led to the concept of “total therapy”, which was pioneered by
Donald Pinkel and colleagues at St Jude’s Research Hospital
in Memphis, Tennessee. Their “total therapy” encompassed
different phases of treatment, including remission induc-
tion, CNS-directed therapy, intensification (also referred to
as consolidation) therapy, and continuation (or maintenance)
treatment.'> Remarkably, these components of therapy remain
the foundation of modern ALL therapy in both children and
adults. As new chemotherapy agents were found to have activity
in ALL, including anthracyclines, cytarabine, and asparaginase,
they were incorporated into the treatment regimens. During this
same time, it became apparent that radiation-induced compli-
cations could be severe and led to the use of triple intrathecal
therapy with methotrexate, cytarabine, and hydrocortisone,
along with higher doses of intravenous methotrexate to effec-
tively prophylax the CNS and replace prophylactic cranial
irradiation. Many of the advances in the treatment of childhood
ALL during the 1980s and 1990s were related to optimizing
the doses and schedules of existing agents, rather than simply
the introduction of more new agents.'* These efforts led to
remarkable improvement in survival for children with ALL,

such that by the middle of the previous decade, 10-year survival
estimates are at 91% (Figure 2)."

Paralleling these advances in treatment were advances in
the understanding of the biology of ALL, as outlined in the
previous section. These advances led to the ability to risk-
stratify patients and alter treatment intensity on the basis
of prognosis. The identification of these cytogenetic and
genetic markers has also begun to result in the development
of new agents effective in the treatment of ALL, including the
development of tyrosine kinase inhibitors such as imatinib,
which in combination with chemotherapy, has significantly
improved the outcome of children and adults with BCR-ABL1
ALL (Philadelphia chromosome-positive).'®!

Unfortunately, results of treatment in adults with ALL
have not paralleled the success seen with children. These
poorer results can be attributed to multiple factors including
the inability of older adults to tolerate the intensive chemo-
therapy given to pediatric patients; the relative rarity of ALL
in adults compared with children, which makes it more chal-
lenging for adult oncologists to follow the complex treatment
regimens developed for adult patients; and most important,
the different biology of the disease in adults compared with in
children.!® In particular, adults with ALL more frequently har-
bor adverse cytogenetic abnormalities, including the t(9;22)
(Philadelphia chromosome), t(4;11), a complex karyotype
(five or more chromosomal abnormalities), or low hypo-
diploidy/near triploidy, and less frequently have favorable
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Figure 2 A 50-year journey to cure childhood ALL.

Notes: Roman numerals refer to successive trials carried out at St Judes Childrens Hospital. Reprinted from Seminars in Hematology, Vol 50, Pui CH, Evans WE, A 50-year
journey to cure childhood acute lymphoblastic leukemia, Pages 185—196,'* Copyright © 2013, with permission from Elsevier.

Abbreviation: ALL, acute lymphoblastic leukemia.

cytogenetic abnormalities such as the t(12;21) (TEL-AMLI)
or hyperdiploidy.’ Thus, adults have increased rates of death
from complications and more risk of relapse than children.
Survival rates in adults at 3 years are, therefore, only in the
range of 30%-40%."®

However, in the last 10 years, it has been increasingly recog-
nized that adolescents and young adults (AYA) fare differently
if they are treated with a pediatric as opposed to an adult ALL
chemotherapy regimen. This was first reported by Stock et al'® in
aretrospective comparison of outcome in 321 AYA (age, 1620
years) who were treated on consecutive trials on either the Chil-
dren’s Cancer Group or the Cancer and Leukemia Group B from
1988-2001. Although complete remission rates were identical
in the two cohorts of patients, the Children’s Cancer Group AYA
had a 67% overall survival at 7 years in contrast to the Cancer
and Leukemia Group B AYA, for whom overall survival was
46% (P<<0.001)." Multiple subsequent similar comparisons
from other countries comparing AYA treated on adult versus
pediatric regimens showed similar results.® The reasons for
these differences in outcome are likely multiple, but an important
factor is that pediatric regimens include much higher doses of
nonmyelosuppressive chemotherapy drugs including corticos-
teroids, vincristine, and asparaginase.

Several studies have now prospectively assessed the use of
pediatric-intensive regimens in adults. This was first reported
by Huguet et al,*' for the French Group for Research on Adult
Acute Lymphoblastic Leukemia, who gave a pediatric intensive

regimen to 225 adults with a median age of 31 years but a
range of 15-60 years. The overall complete remission rate
was 93.5%. It was 95% in patients aged 1545 years and 87%
in patients aged 46—60 years. The overall complete response
rate of 93.5% was superior to a previous trial (Leucémies
Aigués Lymphoblastiques de I’ Adulte-94 [LALA-94]), which
used a traditional adult regimen and had a complete response
rate of 88% (P=0.02). The overall survival rate was 66% in
patients younger than 45 years, which compared favorably with
the LALA-94 trial, in which the overall survival rate was 44%
at 42 months of follow-up. Patients older than 45 years did
not tolerate this pediatric-intensive regimen as well as patients
younger than 45 years, as there was a higher cumulative
incidence of chemotherapy-related deaths (23% versus 5%,
respectively; P<<0.001) and deaths in first complete remission
(22% versus 5%, respectively; P<<0.01).2! A recently published
meta-analysis of trials with adult-intensive regimens has sug-
gested that incorporation of allogeneic stem cell transplantation
(SCT) into the treatment of adults with ALL in first remission
results in superior outcomes compared with chemotherapy or
autologous SCT.? Thus, the question has arisen as to whether
a younger adult with ALL should be treated with a pediatric
intensive regimen or directed to allogeneic transplant once
they achieve first remission. Many investigators feel that young
adults without other high-risk features can be managed with
a pediatric intensive chemotherapy regimen alone and only
considered for transplant if they relapse.?
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However, the therapy of older adults with ALL remains
particularly challenging. They do not tolerate pediatric
intensive regimens as well as younger adults but also do not
tolerate intensive therapies such as allogeneic SCT either.
Another option that is gaining increasing interest is the use
of reduced-intensity conditioning allogenic SCT. Recent stud-
ies have suggested that the outcomes with reduced-intensity
conditioning allogeneic SCT may be comparable to myeloab-
lative conditioning allogeneic SCT, even though the patients
who received reduced-intensity conditioning were older and
likely had more comorbidities.?** The management of older
adults with ALL has recently been summarized.?

Immunotherapy of cancer

The identification of the graft versus leukemia reaction
after SCT and the acknowledgment that it plays a key
role in the cure of hematologic malignancies led to the
recognition that the immune system could play a key role
in the treatment of malignancy.”’ This led to the increasing
study of appropriate targets for immunotherapy, including
tumor-specific and/or tumor-associated antigens. These
can be attacked by different cellular components of the
immune system, including T-cells, natural killer cells, and
dendritic cells. The advent of the development of increasing
sophisticated monoclonal antibodies has led to the approval

SP: signal peptide
C2: Ig-like C2 domain
TM: transmembrane domain
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Figure 3 CD19 molecular structure.
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of an ever-increasing number of such antibodies for the
treatment of hematologic malignancies and solid tumors.?®
Conjugation of monoclonal antibodies with immunotoxins
and chemotherapy drugs has also shown promise, as has the
production of bispecific T-cell engaging antibodies. There
is increasing interest in engineering cells that combine
components of monoclonal antibodies with the T-cell to
promote target-killing. Examples include chimeric antigen
receptors, modified T-cells that have shown recent promise
in the treatment of ALL.*-¥

CDI19 in immunology
During the course of B-cell ontogeny, multiple cell surface
antigens are expressed, and several of them have become
attractive targets for monoclonal antibody-directed therapy.
These include CD20 and CD22, although these two antigens
are expressed somewhat later in B-cell development.
CD19 has become one of the most attractive tar-
gets in the treatment of B-lineage ALL, as its surface
expression on the cell begins around the time of Ig gene
rearrangement. Its expression also increases with increas-
ing B-cell maturity. The human CD19 antigen is a member
of the Ig superfamily and is a 95 kDa transmembrane
glycoprotein. The gene for CD19 is located on the short
arm of chromosome 16, contains 15 exons, and produces

SP

Cc2

c2
Extracellular

Cytoplasmic
Y391
.-"_/ Vav
|y PLC
Y482
\fﬁﬂ .:
s PI3K
Lyn
Y513
."_:‘—”/-’J“
COOH

Notes: CDI9 is a type | one-pass transmembrane protein. The two extracellular C2 immunoglobulin-like domains are separated by a small helical nonimmunoglobulin
domain with possible disulfide links. The highly conserved, 242 amino acid cytoplasmic domain includes multiple tyrosine residues. Three key tyrosine residues are shown
with their associated signaling kinases and molecules. Reprinted from Wang K, Wei G, Liu D. CD19: a biomarker for B cell development, lymphoma diagnosis and therapy.
Exp Hematol Oncol. 2012;1(1):36.>' Copyright © 2012 Wang et al; licensee BioMed Central Ltd.
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a protein composed of 556 amino acids. The CD19 protein
contains an extracellular N-terminus, a single transmem-
brane domain, and a cytoplasmic C-terminus. It is catego-
rized as a type 1 transmembrane protein without significant
homology with any other known proteins (Figure 3).%!
CD19 serves a vital function in establishing an effective
immune response, as it takes part in antigen-independent
development as well as in immunoglobulin-induced
activation of B-cells. Intracellular downstream targets of
CD19 activation include protein kinase members of the
Src family, the Ras family, Abl, Btk, and PI3K, among
others. Importantly, it functions as an adaptor protein
by recruiting cytoplasmic signaling proteins to the cell
membrane.’!

Mice that are deficient in CD19 have defects in the later
stages of B-cell growth and maturation. This deficiency does
not affect the number of B-cell precursors in the marrow,
but CDI97~ mice have marked reductions in the frequency
and number of splenic and peripheral blood B cells. B-cell
proliferation is also significantly reduced in response to
mitogens.

Humans have been described who have homozygous
frame shift mutations of the CD/9 gene, which produces
truncation of three key cytoplasmic tyrosine residues. These
individuals have normal numbers of precursor and total B
cells but decreased numbers of CD5 B cells and CD27 mem-
ory B cells. The patients develop hypogammaglobulinemia
and have poor antibody responses to rabies vaccination, and
they are more prone to infection.*

Table | CD19 immunotherapy programs in development

CD19 as an immunotherapeutic
target

As noted, CD19 is an attractive target for immunotherapy
because of its restricted expression on B-lineage lympho-
mas and leukemias, as well as normal B cells, but not on
other hematopoietic cells or normal tissues. It has a broader
expression profile through B-cell development compared
with other antigens, such as CD20, and is more efficiently
internalized.* Despite these attractive features, conventional
antibodies alone targeted against CD19 had limited activity
in preclinical models, although these models had high CD19
expression and were able to internalize antibodies.** Thus,
multiple different antibody constructs and conjugations have
been developed with CD19 as the target. These are summa-
rized in Table 1 and include CD19 antibodies conjugated to a
maytansine derivative; engineered anti-CD19 antibodies that
enhance antibody-dependent cell-mediated cytotoxicity; anti-
body conjugation to diphtheria toxin; antibody conjugation
to auristatin anti-CD19; the chimeric antigen receptor T-cells
described earlier; dual-affinity retargeting antibodies, which
are encoded by two different polypeptide chains that contain
a variable heavy chain domain fused to a variable light chain
domain; and a bispecific T-cell engager that comprises two
single-chain antibodies (scFvs) that bind CD3 and CD19,
respectively. Blinatumomab is the prototype of this last
approach. These various CD19 immunotherapy approaches
were recently summarized in a review.*> Blinatumomab’s
name is derived from the fact that it is a B-lineage-specific
antitumor mouse monoclonal antibody. It was previously

Sponsor Program Class MOA Phase Indications

Amgen Blinatumomab Bispecific scFv-CD19xCD3 (BiTE) ~ T-cell recruitment 2 ALL, DLBCL

Sanofi-Aventis SAR3419 Antibody-drug conjugate Delivery of toxic payload 2 DLBCL, ALL

Medimmune (AstraZeneca) MEDI-551 Glyco-engineered antibody Enhanced ADCC 2 DLBCL, CLL, MS

Montefiore Medical Center Combotox scFv immunotoxins (CD19, CD22)  Delivery of toxic payload | ALL

NCI DT2219ARL Bispecific immunotoxin- CD19/CD22 Delivery of toxic payload | B-cell
malignancies

Morphosys/Xencor MOR-208/Xmab5574 Fc engineered antibody Enhanced ADCC | CLL

Xencor/Amgen XmAb-587 | Fc engineered antibody B-cell inhibition via CD32B | RA, SLE

Bristol-Myers Squibb MDX-1342 Glyco-engineered antibody Enhanced ADCC | (on hold) CLL, RA

NCI CDI9-CAR Chimeric antigen receptor (CAR) Engineered T-cells (CD28) | NHL, CLL

University of Pennsylvania  CARTI9 Chimeric antigen receptor (CAR) Engineered T-cells (4-1BB) | CLL

Seattle Genetics SGN-19A Antibody-drug conjugate Delivery of toxic payload  Preclinical

Affimed AFMI | Tetravalent bispecific antibody- T-cell recruitment Preclinical

CDI9xCD3
Glenmark GBR401 Naked antibody ADCC Preclinical
Macrogenics CDI19xCD3 DART  Bispecific scFv- CD19xCD3 (DART)  T-cell recruitment Preclinical

Notes: MAbs, Landes Bioscience, 2012. Copyright and all rights reserved. Material from this publication has been used with the permission of Landes Bioscience. Hammer O.
CDI9 as an attractive target for antibody-based therapy. MAbs. 2012;4(5):57 1-577.3 Copyright © 2012, Landes Bioscience.

Abbreviations: CD, cluster of differentiation; BiTE, bispecific T-cell engager; ALL, acute lymphoblastic leukemia; DLBCL, diffuse large B-cell lymphoma; ADCC, antibody-
dependent cell-mediated cytotoxicity; CLL, chronic lymphocytic leukemia; MS, multiple sclerosis; NCI, National Cancer Institute; RA, rheumatoid arthritis; SLE, systemic
lupus erythematosus; CAR, chimeric antigen receptors; NHL, non-Hodgkin lymphoma; DART, dual-affinity re-targeting; MOA, mode of action.
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a-CD19 mAb

Linker

Figure 4 Generation and structure of blinatumomab.

Blinatumomab

o-CD3 mAb

Single-chain
antibody

Notes: Variable domains (variable heavy chain [V ] and variable light chain [V ]) of a CDI9-specific monoclonal antibody and a CD3-specific mAb were converted into
single-chain antibodies (circle) recombinantly joined by nonimmunogenic linker sequences. Reprinted from Pharmacology and Therapeutics, Vol 136, Nagorsen D, Kufer P,
Baeuerle PA, Bargou R. Blinatumomab: a historical perspective, Pages 334-342,%¢ Copyright © 2012, with permission from Elsevier.

Abbreviations: CD, cluster of differentiation; mAb, monoclonal antibody.

referred to as bscCD19xCD3 or MT103, and now AMG103.
The basic characteristics of blinatumomab, including its
structure, specificity, purification, and cytotoxicity, were first
reported in 2000.*

Blinatumomab is a construct of scFvs that forms a 55
kDa fusion protein (Figure 4). Recombinant DNA technology
is used and takes the respective cDNAs, which encode the
four variable domains, and three linker sequences. The scFv
antibodies are generated from two longer linker sequences.
A 5 amino acid linker sequence that is nonimmunogenic is
used to recombinantly link the two scFvs in tandem. This is
thought to give the two scFvs a significant degree of rotational
ability to enhance binding of epitopes on separate cells.*

Blinatumomab is produced in Chinese hamster ovary cells
in a both a monomeric and dimeric form. Although both these

forms are biologically active, only the monomeric form is
purified for clinical use.*

In vitro, blinatumomab was found to be extremely
potent, with a half-maximal concentration for redirected
lysis of CD19-positive target cells by B cells in the range of
10-100 pg/mL with T cells from healthy donors.*” All T-cell
populations except naive T cells showed high-level redirected
lysis. This effect was seen with resting T cells that were not
previously activated and was associated with upregulation
of T-cell antigen expression, including CD69, CD25, and
CD2, along with transient release of multiple inflammatory
cytokines including interleukins 2, 6, and 10; tumor necrosis
factor o, and interferon vy.*®

The first clinical trials in humans began in 2001
(Table 2). Phase I studies in patients with relapsed or

Table 2 List of all completed and ongoing clinical trials with blinatumomab monotherapy

Trial (Phase) Indications Maintenance

Treatment Patients, N Reference

*MT103-1/01-2001
*MT103-1/01-2002
*MT103-1/01-2003 (Phase I)

r/r NHL, CLL Up to 13 pg/m?

Short-term infusion 22 Nagorsen et al*
for 2—4 hours; once,

twice, or thrice weekly

*MT103-104 (Phase I) r/r NHL (mainly FL,  0.5-90 pg/m? per day; with extension 4 or 8 weeks 76 Goebeler et al,**

MCL, DLBCL) cohorts at 60 pig/m? per day Viardot et al®
*MT103-202 (Phase II) r/r/adult ALL (MRD) |5 ug/m? per day Several cycles of 21 Topp et al*'#

4 weeks on/2 weeks off

MT103-206 (Phase Il) r/r adult ALL I5 ug/m? per day >25 Topp et al®
MT103-203 BLAST r/r adult ALL (MRD) |5 pg/m? per day >100 Ongoing
(pivotal European Union)
MT103-211 (global Phase Il)  r/r adult ALL 15 pg/m? per day >60 Ongoing
MT103-205 (global Phase I/ll)  Pediatric and To be defined >80 Ongoing

adolescent r/r ALL

Note: *Enrollment concluded.

Abbreviations: MT, Micromet; NHL, non-Hodgkin lymphoma; CLL, chronic lymphocytic leukemia; FL, follicular; MCL, mantle cell lymphoma; DLBCL, diffuse large B-cell
lymphoma; r/r, relapsed/refractory; ALL, acute lymphoblastic leukemia; MRD, minimal residual disease.

ImmunoTargets and Therapy 2014:3

submit your manuscript 85

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Litzow

Dove

refractory non-Hodgkin lymphoma were carried out using
doses ranging from 0.75—13 pg/m? administered once, twice,
or three times weekly as 2- or 4-hour intravenous infusions.
Adverse events included fever, rigors, and fatigue. Significant
neurologic events included aphasia, ataxia, disorientation,
and seizures and led to discontinuation of therapy in 6 of
22 patients. Cytokine release syndrome and infections were
also observed.*

Given the toxicity profile with shorter infusions, a con-
tinuous intravenous infusion over a period of 4-8 weeks
was carried out in non-Hodgkin lymphoma patients. Serum
levels were maintained at predictable levels during the entire
infusion period. Corticosteroids were given at the start of
treatment to minimize cytokine release. After an initial
observation period from 3-7 days, the blinatumomab infu-
sion could be continued as an outpatient. All trials since this
initial phase I study have administered blinatumomab as a
continuous infusion for 4 weeks.*

The initial clinical experience with this infusion sched-
ule was in patients with low-grade lymphoma and mantle
cell lymphoma. Dose escalation started as low as 0.5 pg/m?
per day but was escalated up to 90 pug/m? per day. The trial
was later amended to include patients with aggressive dif-
fuse large B-cell lymphoma. The most recent update on
70 patients, of whom 93% had had prior rituximab-based
regimens, showed that most patients had mild adverse events
of a constitutional nature, generally of grade 1 or 2. Most
of these occurred during the first few days of treatment.
A transient release of inflammatory cytokines was noted in
the first few days, along with a rapid decline in peripheral
blood B cells. Even with the continuous infusion, CNS
events were noted, again primarily during the first 3 days
of treatment, and included encephalopathy, aphasia, tremor,
disorientation, and convulsions. These occurred in 3%—8% of
patients. The etiology of the CNS events is not entirely clear
but may be related to activated T-cells that release neurotoxic
cytokines into the CNS. Fortunately, these CNS events have
been reversible with discontinuation of treatment.*

The maximum tolerated dose in this study was 60 [Lg/m?
per day. A step-wise approach to blinatumomab administra-
tion with lower doses given in the first week or 2, followed
by escalation to the full dose, has lessened the incidence of
neurologic toxicity.*

Complete remissions were noted with dose levels as low
as 15 pg/m? per day, and it was noted that five of six patients
at this dose had clearance of lymphomatous involvement
of the marrow. The overall response rate at the 60 pug/m?
per day dose was 76% (16/21 patients), with seven patients

having a complete remission or unconfirmed complete
remission.%%

There is still some uncertainty related to the long-term
effects of depletion of normal CD19-positive B-cells. Patients
do develop hypogammaglobulinemia as expected, but long-
term infectious complications have not been prominent.

In diffuse large B-cell non-Hodgkin lymphoma, experi-
ence is more limited, but of a group of 13 patients treated,
eleven were evaluable, with a total of six responses and two
patients with stable disease. Of the six responders, four
achieved a complete remission. Patients with extranodal
disease and those with prior autologous transplant also
responded; these responses overall appeared to be durable.
In three of six responders, allogeneic transplant was able to
be performed.*

Given the activity seen in non-Hodgkin lymphoma in
clearing lymphomatous cells from the marrow, it was felt
that blinatumomab might be efficacious in B-lineage ALL.
Because patients who are in hematologic remission, but have
persistent minimal residual disease (MRD) by molecular
or immunophenotypic evidence, have a poor prognosis, it
was decided that a pilot study in patients in hematologic
remission who were MRD-positive or who had experienced
an MRD relapse would be initially carried out. MRD was
measured by polymerase chain reaction for rearrangements
of immunoglobulin heavy chain disease. The dose chosen was
15 pg/m? per day by 4-week continuous intravenous infusion,
as marrow clearing had been seen in lymphoma patients at
this dose. Of 21 patients treated, 20 were evaluable and 16
(80%) became MRD-negative during the first 4-week cycle
of therapy. The most frequent grade 3 or 4 adverse event
was lymphopenia. Two patients had reversible CNS adverse
events that led to discontinuation of the drug. No deaths were
noted.*! Longer-term follow-up from this study has been
recently reported. After a median follow-up of 33 months,
the relapse-free survival was 61%. Nine patients were able
to proceed to allogeneic SCT and had a relapse-free survival
of 65%. Of six patients with BCR-4ABL 1 ALL who responded
and had no further therapy after blinatumomab, four remain
in ongoing hematologic and molecular remission.** These
encouraging results have led to a larger trial in patients
who are MRD-positive across several countries in Europe,
which was initiated in the fall of 2010. Results are eagerly
awaited.

These results have also led to a trial in patients with
hematologic relapse or refractory B-lineage ALL. Three
dosing regimens were explored, including initiation of
therapy at 15 pg/m? per day, and continued at that dose for
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the entire 4-week cycle versus an initial dose of 5 pg/m?
per day for the first week and then escalation to 15 pg/m?
per day for the subsequent 3 weeks. A third group initiated
therapy at 5 g/m? per day for the first week and then went
to 15 pg/m? per day for the second week and to 30 pg/m? per
day for the third and fourth weeks. The most recent update
included 36 patients who had been treated.** On the basis of
the lowest incidence of adverse effects, the schedule selected
for treatment of 18 of the 36 patients in a final cohort was
the dose of 5 pg/m? per day for the first week, followed by
15 pg/m? per day for the subsequent 3 weeks. Of the entire
cohort of patients, 26 of 36 achieved a complete remission
or complete remission without hematologic recovery (72%).
Of these 26 patients, 24 (92%) achieved MRD negativity
within the first two cycles. Twenty of 21 (95%) patients in first
relapse responded, whereas only 6 (40%) of 15 of the remain-
ing patients achieved a hematologic complete remission or
complete remission without hematologic recovery. Thirteen
patients were able to proceed to allogeneic transplant. One
of these patients had a relapse that was CD19-negative after
their allogeneic transplant. Of the 13 patients not going to
allogeneic SCT, eight have relapsed. Two of these relapses
were CD19-negative, three were CD19-positive, and three
were unknown. The median overall survival for all 36 treated
patients is 9 months, with a median follow-up time for overall
survival of 10.7 months. For patients achieving a complete
remission or complete remission without hematologic recov-
ery, the median survival is 14.1 months, whereas for patients
who failed blinatumomab, the median survival is 6.6 months.
As noted previously, cytokine release syndrome and CNS
events were the most significant toxicities. Cytokine release
syndrome could be prevented or treated by a dexametha-
sone regimen. The CNS events were fully reversible and
were observed in six patients. Three patients had seizures,
and three patients had encephalopathy.*® An international
phase II trial of this regimen is currently ongoing. Further
studies have also confirmed that body surface arca-based
dosing is not essential, as pharmacokinetic studies have not
shown a significant difference in levels with weight-based
versus flat dosing. Therefore, flat dosing with an initial dose
of 9 ug/day for the first week followed by 28 pg/day is cur-
rently being used.

The exciting results achieved with blinatumomab in
both the hematologic relapsed/refractory setting and in
the MRD setting have led to the development of a US
National Intergroup Trial, which will randomize patients
with B-lineage ALL between the ages of 35 and 70 years to
induction chemotherapy to achieve remission followed by

four cycles of blinatumomab versus chemotherapy alone.
Patients may proceed to transplant as indicated. This trial
will be an intergroup trial led by the Eastern Cooperative
Oncology Group.

Conclusion

ALL is a disorder of malignant immature B and T
lymphoblasts. Approximately 80% of patients with ALL
express a B lineage. Although more than 90% of children
can now be cured of their ALL, these results have not been
duplicated in adults. The use of pediatric intensive regimens
has improved the outcome of young adults with ALL, but
further progress is needed. In older adults, the limits of
conventional chemotherapy have been reached, and new
approaches are needed.

The CD19 antigen is nearly universally expressed on
B-lineage ALL and is an attractive target for therapy. Multiple
immunotherapeutic approaches using modified monoclonal
antibodies have been developed as outlined in this review.
One antibody construct, blinatumomab, a bispecific T-cell
engager antibody, is in advanced stages of development and
shows significant promise in improving outcomes of patients
with B-lineage ALL. A large intergroup trial in the United
States will test the efficacy of blinatumomab in newly diag-
nosed middle-aged and older adults with B-lineage ALL.
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