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INTRODUCTION

Modern multiagent chemotherapy regimens have
increased the cure rate in acute lymphoblastic leuke-
mia (ALL). In pediatric ALL, refinements of doses
and schedules of chemotherapy combinations have
increased the cure rate from less than 40% in the
1960s to 80% in 2000 without the addition of any
novel chemotherapy drugs or targeted therapies.1-3

The pediatric regimens have included induction,
consolidation, maintenance, and CNS treatment
phases. Using similar strategies in adult ALL has
improved the cure rates from less than 20% to 35%
to 50%.4-6 The addition of asparaginase to pediatric
chemotherapy regimens further improved the cure
rates. Using similar regimens in adult ALL seems to
improve the cure rates but at the expense of signifi-
cant toxicity, particularly in patients age 45 years or
older.7Furtherintensificationofexistingchemother-
apy regimens is unlikely to increase the cure rate and
may significantly increase toxicities. Survivors of
childhood ALL are at risk of multiple late effects
related in part to the intensity of their therapy.8

Therefore, novel anti-ALL agents are needed to
overcome chemotherapy resistance and reduce
nonspecific toxicities.

Targeted therapy in ALL has shown promise
in both children and adults. In Philadelphia
chromosome–positive ALL, the discovery of the
activity of BCR-ABL tyrosine kinase inhibitors
and their addition to intensive chemotherapy has
increased survival rates from less than 10% to
approximately 50% in adults and from approxi-
mately 35% to 80% in children.9-12 Targeted ther-
apy using monoclonal antibodies against cell
surface markers of ALL cells has shown promising
results.13-15 Herein, we will review the results and
status of investigational monoclonal antibody–
based therapies in ALL.

SURFACE ANTIGEN EXPRESSION ON
LYMPHOBLASTS AND POTENTIAL TARGETED

MONOCLONAL ANTIBODIES

Several differentiation antigens expressed on the
surface of lymphoblasts are targetable with existing

monoclonal antibody–based reagents. One such an-
tigen is CD20, which functions as a calcium channel
that ultimately influences cell-cycle progression and
differentiation via downstream signaling pathways.
Expression of CD20 is noted in approximately 25%
to 50% of patients with precursor B-cell (pre-B) ALL
and almost all cases of mature or Burkitt-type ALL
(B-ALL).16-18 Recent studies reported that CD20 ex-
pression was upregulated in children with pre-B
ALL following exposure to corticosteroids.18-21 Ini-
tiation of induction therapy was associated with an
increase in the proportion of patients with CD20
expression from 45% to 81% and with increases in
the intensity of CD20 expression and the percentage
of blasts that express CD20.19 Lymphoblasts with
CD20 upregulation were sensitive to rituximab
when exposed in vitro. These observations could
broaden the application of rituximab therapy to pa-
tients with low or absent CD20 expression through a
sequential therapeutic approach such as using corti-
costeroids before delivering monoclonal antibody–
based therapies.

CD22 is a member of the sialoglycoprotein
family of adhesion molecules that regulates B-cell
activation and interaction of B cells with T cells and
antigen-presenting cells. Expression of CD22 has
been demonstrated in more than 90% of patients
with pre-B ALL and mature B-ALL.17,22 CD19 is a
type I transmembrane glycoprotein of the immuno-
globulin (Ig) superfamily, with expression restricted
to B cells. CD19 is involved in B-cell fate and differ-
entiation through the modulation of B-cell receptor
signaling at multiple stages of B-cell development.
CD19 is expressed in nearly all patients who have
pre-B ALL and mature B-ALL.18 The CD52 antigen
is a member of the glycosylphosphatidylinositol-
anchored membrane glycoproteins, which appears
to function in normal T-cell activation, release of
cytokines, and signal transduction. Expression of
CD52 is reported in 70% to 80% of patients with
T-cell ALL; its expression in pre-B ALL has been
reported in 70% of patients, but the true incidence is
likely to be lower because of differing cut points for
definitions of CD52 positivity.16

The frequency and intensity of antigen expres-
sion varies with biologic subtype and patient age.
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Variations in the reports of expression of different surface antigens
may be related to techniques and to what is considered as positive on
the basis of density and intensity of expression. Traditionally, signifi-
cant expression referred to the presence of a surface antigen on at least
20% of ALL blasts. However, it is critical to the efficacy of monoclonal
antibody–based therapeutic approaches that all blasts in a given pa-
tient express the antigen target. CD20 expression is often variably
expressed across blasts, whereas CD19 and CD22 expressions are
usually uniform. The degree of antigen expression and internalization
rates are additional factors that might influence response to therapy.
For example, in pre-B ALL, the average density of CD22 is about 4,000
sites per cell,22 but the surface density of CD19 may be 5- to 10-fold
higher. Notably, CD19 internalization rates seem to be slower in
comparison to those of CD22.23

MONOCLONAL ANTIBODY–BASED REAGENTS AND
MECHANISM OF ACTION

Several monoclonal antibody–based reagents have potential applica-
tion in the treatment of ALL. These include unconjugated monoclonal
antibodies; monoclonal antibodies (or fragments) conjugated to cy-
totoxic agents (antibody drug conjugates); monoclonal antibodies
conjugated to toxins (immunotoxins); and bispecific single-chain an-

tibodies that redirect cytotoxic T lymphocytes (via CD3 expression) to
preselected surface antigens on ALL cells (eg, CD19), bispecific T-cell
engagers, and radionuclide conjugates.24,25

Monoclonal antibody–based reagents can kill leukemia blasts by
direct and/or indirect mechanisms that vary with the antigen and the
reagent (Figs 1 and 2). Binding by unconjugated monoclonal antibod-
ies can, in some cases, directly induce cytotoxicity through inhibition
of proliferation or triggering of cell death pathways. Indirect killing
may occur via antibody-dependent cell-mediated cytotoxicity and/or
complement-dependent cytotoxicity. Importantly, such immune-
mediated cytotoxicity requires functional effector mechanisms, which
may be deficient in patients with ALL.26 The cytotoxicity of monoclo-
nal antibodies can increase by linkage to toxic moieties, including
chemotherapy agents, toxins, and radioisotopes. Notably, such re-
agents armed with potent cytotoxic compounds do not require active
immune response mechanisms for activity and can be effective even in
profoundly immunocompromised patients.

Unconjugated monoclonal antibodies include CD20 monoclo-
nal antibodies such as rituximab, and the presumed more potent
antibodies ofatumumab and GA-101. Monoclonal antibodies conju-
gated to cytotoxic agents include inotuzumab ozogamicin (CD22
monoclonal antibody conjugated to calicheamcin), SAR3419 (CD19
monoclonal antibody conjugated to maytansin, a potent antimitotic
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Fig 1. Mechanisms of action of monoclonal antibodies. Monoclonal antibodies consist of two heavy chains and two light chains. The amino acid sequence of the
variable (v) ends of each of the four chains determines the specificity of antigen binding. The other end of the molecule (Fc; crystallizable or complement fixing fragment)
activates complement and engages immune effector cells through Fc-receptor (FcR) binding. Antibody-dependent cell-mediated cytotoxicity (ADCC): Immune effector
cells lyse target cells coated with antibodies. Binding of the Fc portion of immunoglobulin (Ig) molecules by FcRs on effector cells leads to activation of effector cell
functions and cytotoxicity. Anti-idiotype antibodies directed against unique regions of the Ig variable domains expressed on blasts can also activate ADCC.
Complement-dependent cytotoxicity (CDC): IgM and IgG antibodies bind the first component of complement (C1q) initiating the complement cascade, which
terminates in the generation of the membrane attack complex (MAC) and cell lysis. Intermediate components of the complement cascade function as opsonins
facilitating CDC and ADCC. The third component of complement (C3b) binds directly to C3b receptors (C3bR) on effector cells, which leads to complement-dependent
cell-mediated cytoxicity. Bispecific antibodies: Monoclonal antibody constructs with dual specificity can facilitate direct cell-mediated cytotoxicity through linkage of
immune effector cells and leukemic blasts. Direct effects of unconjgated monoclonal antibodies: Monoclonal antibodies that bind surface receptors can inhibit cell
proliferation or induce apoptosis through effects on intracellular signaling pathways. ALL, acute lymphoblastic leukemia; CD3, cluster designation 3; Fab, antigen binding
fragment; Fv, variable fragment.
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cytotoxic drug), as well as several other CD19 and CD22 monoclonal
antibodies conjugated with auristatin (also an inhibitor of mitosis).
Monoclonal antibodies have also been conjugated with toxins such as
Pseudomonas and diphtheria toxins. Finally, blinatumomab is an ex-
ample of a bispecific monoclonal antibody directing cytotoxic T cells
to surface antigens on ALL cells. The reasons behind the efficacy of
particular monoclonal antibodies may be related to density of expres-
sion of surface antigens and their internalization, efficacy of particular
toxins, achievable dose levels and pharmacokinetics, and frequency of
administration. For example, CD20 and CD52 are not internalized
after antibody binding, whereas CD19 is, albeit relatively slowly in
comparison to CD22.23

Experience With Rituximab (unconjugated CD20

monoclonal antibody)

The original experience with rituximab (Rituxan; Genentech,
South San Francisco, CA) in lymphoproliferative disorders demon-
strated encouraging activity, particularly in indolent lymphomas.

Subsequent studies that combined chemotherapy with rituximab
showed significant improvements in survival in aggressive lympho-
mas by using chemoimmunotherapy with cyclophosphamide,
doxorubicin, vincristine, and prednisone (CHOP) and rituximab.27

Studies in chronic lymphocytic leukemia (CLL) combining fludara-
bine with or without cyclophosphamide and rituximab demonstrated
survival benefit with the addition of rituximab.28,29 The experience
was particularly impressive in CLL since single-agent rituximab has
minimal anti-CLL activity.

Encouraged by these findings, investigators combined rituximab
with chemotherapy in ALL subsets that exhibited CD20 cell surface
expression. Mature B-ALL and Burkitt leukemia exhibit strong CD20
expression on the leukemic cells. Hyper-CVAD [fractionated cyclo-
phosphamide, vincristine, doxorubicin, and dexamethasone] chemo-
therapy was combined with rituximab and was administered as two
doses with each of the first four cycles of hyper-CVAD, for a total of
eight doses. In an update of 51 patients treated with the combination,
the complete remission (CR) rate was 95%. Compared with prior
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Fig 2. Mechanisms of action of monoclo-
nal antibody (Ab) conjugates. Monoclonal
antibodies and their fragments can be
conjugated or linked to cytotoxic agents.
Chemotherapy and toxin conjugates must
be internalized via receptor-mediated en-
docytosis, whereas internalization is not
required for radioisotope conjugates. After
internalization, the active cytotoxic compo-
nent is released and mediates cell death.
Ricin-based immunotoxins depurinate ribo-
somal RNA and inhibit protein synthesis.
Pseudomonas (PE)- and diphtheria (DT)
-derived immunotoxins ADP ribosylate elon-
gation factor-2 and inhibit protein synthesis.
Antibody drug conjugates mediate cytotox-
icity by drug-specific actions (eg, targeting
tubulin by maytansin and auristatin, and
induction of DNA breaks by calicheamicin).
dgRTA, deglycosylated ricin A chain.
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experience with hyper-CVAD without rituximab (n � 44), the
addition of rituximab resulted in a 4-year survival rate of 77% versus
50% (P � .03). The 4-year survival was slightly but not significantly
improved in patients younger than age 60 years (78% v 70%) but
was significantly improved among older patients (75% v 19%;
P � .01).13,15 In a study of mature B-ALL, Burkitt lymphoma, and
diffuse large B-cell lymphoma (Multicentre Study to Optimize Ther-
apy of B-ALL and High-grade Non-Hodgkin’s Lymphoma in Adults
[GMALL-B-ALL/NHL 2002], 18,30 the German study group also com-
bined chemotherapy with rituximab (total of eight doses). Among 146
patients treated, the CR rate was 90%; the 3-year survival rate among
patients younger than age 55 years was 91%, and among patients age
55 years or older, it was 84%. In the subset of patients with mature
B-ALL (n�84), the CR rate was 83%; the 3-year survival rate was 79%
among younger patients and 39% among older patients. Rizzieri et
al31 updated the Cancer and Leukemia Group B (CALGB) group
experience with chemoimmunotherapy in Burkitt leukemia, compar-
ing the addition of four doses of rituximab (Rituximab, Chemother-
apy, and Filgrastim in Treating Patients With Burkitt’s Lymphoma or
Burkitt’s Leukemia [CALGB 10002]) to their historical experience
with chemotherapy alone (Combination Chemotherapy in Treating
Patients With Non-Hodgkin’s Lymphoma or Acute Lymphocytic
Leukemia [CALGB 9251]). In the historical experience, the cure rate
was approximately 50%. With the addition of rituximab, the 5-year
survival rate was 90% in the low-risk group (n � 56), 70% in the
intermediate-risk group (n � 29), and 50% in the high-risk group
(n � 20).31 These experiences suggest that the combination of chem-
otherapy and rituximab is the new standard of care in mature B-ALL
and Burkitt lymphoma.

The addition of rituximab to chemotherapy was then investi-
gated in patients with CD20� pre-B ALL (non-Burkitt). Thomas et
al32 investigated chemoimmunotherapy with hyper-CVAD and ritux-
imab in 173 patients, 97 with CD20� ALL. They compared that expe-
rience to the use of hyper-CVAD chemotherapy alone in 109 patients,
53 with CD20� ALL. The overall CR rate was 95% with chemoimmu-
notherapy, and the 3-year rates of CR duration and survival were 60%
and 50%, respectively. Among younger patients (age � 60 years) with
CD20� ALL, chemoimmunotherapy was associated with significantly
higher rates of CR duration (70% v 38%; P � .01) and survival (75% v
47%; P� .003).32 No benefit was noted among patients age 60 years or
older with CD20� ALL, in part because of deaths in CR from infec-
tious complications in the setting of a high rate of negativity in this
group for minimal residual disease (MRD) by multiparameter flow
cytometry. The German study group also reported similar experiences
in the German Multicenter Trial for Treatment of Newly Diagnosed
Acute Lymphoblastic Leukemia in Adults (GMALL 07/2003).33 In
their study, rituximab was administered for a total of eight doses with
chemotherapy in standard-risk ALL and for a total of three doses
before allogeneic stem-cell transplantation in high-risk ALL. Among
patients younger than age 55 years, the addition of rituximab was
associated with a 5-year remission duration rate of 80% versus 47%
without rituximab, and with a 5-year survival rate of 71% versus 51%
without rituximab.33

These studies suggest that the addition of rituximab to chemo-
therapy has improved outcome in CD20� pre-B ALL, particularly
among younger adults. Future studies should address the role of
extended rituximab therapy (beyond eight doses) and rituximab with
attenuated chemotherapy (to reduce risk of infectious complications)

in older patients. Whether it is useful to give rituximab to patients with
low expression of CD20� (less than 20%) or following upregulation of
CD20 expression (eg, with corticosteroid pretreatment) needs to be
further explored.

Data are limited on the use of rituximab in pediatric ALL. Clinical
trials completed to date have used rituximab in combination with
chemotherapy in the setting of mature B-ALL and Burkitt lym-
phoma.34,35 Anecdotal reports of single-agent activity include a CR in
a child with mature B-ALL and clearance of MRD in a child with pre-B
ALL with rituximab alone.36,37

Ofatumumab (HuMax-CD20; GlaxoSmithKline, Collegeville,
PA and Genmab, Copenhagen, Denmark) is a second-generation fully
human anti-CD20 IgG1 monoclonal antibody. This is directed at a
unique small-loop epitope of CD20 (different binding site than that
for rituximab) with a longer release time from the target site and a
superior complement-dependent cellular cytotoxicity effect com-
pared with rituximab. Ofatumumab has shown activity in patients
with fludarabine-refractory and rituximab-refractory CLL.38,39 Stud-
ies combining anti-ALL chemotherapy regimens with ofatumumab
or with other more potent CD20 monoclonal antibodies such as
GA-101 are warranted.

Experience With Alemtuzumab (unconjugated CD52

monoclonal antibody)

Alemtuzumab, a CD52 monoclonal antibody, has demonstrated
efficacy in a range of benign and malignant tumors, in particular CLL,
resulting in approval by the US Food and Drug Administration of
alemtuzumab as salvage and first-line therapy for CLL.40,41 In a pilot
study, Stock et al42 treated 24 patients with newly diagnosed CD52�

ALL who were in CR following intensive chemotherapy with alemtu-
zumab administered at 30 mg subcutaneously three times a week for 4
weeks (total 12 doses). Cytomegalovirus infection was noted in two
patients. There was a median 1-log decrease of MRD during alemtu-
zumab therapy. After a median follow-up of 51 months, the median
disease-free survival was 53 months and the median survival was 55
months. Previously, pilot experience with single-agent alemtuzumab
in six adults with refractory CD52� ALL was negative.43 A phase II
study of alemtuzumab in children with relapsed T-cell ALL and pre-B
ALL was closed prematurely because of poor accrual.44 One (8%) of 13
patients treated with single-agent alemtuzumab on that trial achieved
a CR. Additional rare CRs with CD52� pre-B ALL have been reported
with single-agent alemtuzumab.45

Alemtuzumab has been reported to target the CD52 upregula-
tion induced as a mechanism of resistance to rituximab. Studies of
chemotherapy regimens incorporating alemtuzumab with or without
rituximab will clarify the potential benefit and toxicity profiles of this
chemoimmunotherapy approach.

Experience With Epratuzumab (unconjugated CD22

monoclonal antibody)

Epratuzumab, a humanized monoclonal antibody targeting
CD22, has recently been studied in pediatric patients with first relapse
of pre-B ALL. Therapy consisted of single-agent epratuzumab 360
mg/m2 intravenously (IV) for four doses in an initial cohort, followed
by weekly doses of epratuzumab for 4 weeks in combination with
standard four-drug re-induction therapy. Among the initial cohort of
15 patients treated, one patient achieved a partial response with single-
agent therapy.46 Dose-limiting toxicities were seizures in one patient
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and liver function test abnormalities in one patient. The addition of
epratuzumab to re-induction chemotherapy was well tolerated, with
no apparent significant increase in toxicity. Although epratuzumab
did not improve the second remission rates, among patients who
attained CR, postinduction MRD-negative rates were higher in com-
parison with those of historical controls treated with chemotherapy
alone (42% v 25%).47

Experience With Blinatumomab (CD3�CD19�

Bispecific Monoclonal Antibody)

Blinatumomab belongs to a novel class of bispecific single-chain
antibodies that engages T cells with its anti-CD3 arm and redirects
them via its anti-CD19 arm to CD19-expressing lymphoblasts. Within
minutes after these cells make contact, the T cells become activated
and induce perforin-mediated death of the targeted ALL cells. Past
experiences indicate poor prognosis for patients with ALL in first CR
with persistent MRD unless they promptly undergo allogeneic stem-
cell transplantation.48 Topp et al49 treated 21 adults with ALL in first
CR but with persistent MRD (� 10�4 by polymerase chain reaction at
16 weeks from the start of induction-consolidation chemotherapy).
Blinatumomab was administered at a dose of 15 �g/m2 by continuous
infusion over 24 hours daily for 4 weeks with that regimen being
potentially repeated after a 2-week hiatus. Sixteen of 21 patients be-
came MRD negative, 12 of whom were molecularly refractory to prior
chemotherapy. With a median follow-up of 15 months, the 1-year
probability of relapse-free survival was 78% overall and 60% in pa-
tients who did not undergo allogeneic stem-cell transplantation.49

More recently, blinatumomab was investigated in adults with active
refractory/relapsed ALL. An early analysis reported marrow CRs in 12
of 18 treated patients, with all of them achieving MRD negativity.50

CRs have also been reported in three children with relapsed pre-B ALL
after stem-cell transplantation.51 Blinatumomab is currently under-
going pivotal trials in ALL in first CR and in refractory/relapsed ALL
with the aim of potential approval of this treatment as single-agent
therapy for these conditions.

Experience With Inotuzumab (CD22 monoclonal

antibody conjugated to calicheamcin)

Inotuzumab ozogamicin is a CD22 monoclonal antibody bound
to calicheamcin. Calicheamcin is a natural product of Micromonospora
echinospora and is significantly more toxic than chemotherapy.52,53 It
binds to the minor DNA groove and causes double-strand DNA
breaks resulting in cell apoptosis. Inotuzumab binds CD22 with sub-
nanomolar affinity, is rapidly internalized, and delivers the conjugated
calicheamcin intracellularly. Phase I/II studies showed encouraging
activity in lymphomas.54,55 Response rates ranged from 60% to 80%
and were durable. The phase II proposed dose schedule was 1.8 mg/m2

IV once every 3 to 4 weeks. Dose-limiting toxicities were myelosup-
pression and reversible liver function abnormalities. In a phase II
study of inotuzumab 1.3 to 1.8 mg/m2 IV once every 3 to 4 weeks in 49
patients with refractory/relapsed ALL, 65% were experiencing their
second or beyond salvage treatment regimen, and 30% had Philadel-
phia chromosome–positive ALL or translocation (4;11). Overall, nine
(18%) achieved CR, 14 (29%) had marrow CR without recovery of
platelet counts, and five (10%) had marrow CR without recovery of
neutrophil or platelet counts.56 The overall response rate was 57%.
The treatment was well tolerated, with only two patients (4%) dying
within 4 weeks of start of therapy from non–drug-related complica-

tions. Among the 28 patients achieving response, 18 had chromo-
somal abnormalities at the start of therapy and 16 (89%; 43% of all
patients) achieved a complete cytogenetic response. Multiparam-
eter flow cytometry for MRD was performed in 27 patients achiev-
ing marrow CR; reversal to MRD-negative status was observed in
17 patients (63%). The median survival of all patients was 4.5
months. Among the nine patients achieving CR, the estimated
9-month survival was 78%; among the other 19 patients achieving
marrow CR, the median survival was 6.7 months. Twenty-two of
the 49 patients were able to proceed to subsequent allogeneic
stem-cell transplantation. Adverse effects included liver function
abnormalities that were severe in 31% of the patients but were
reversible. Five patients undergoing allogeneic stem-cell transplan-
tation developed veno-occlusive disease; this was thought to be
possibly related to the preparative regimens, which included
N,N�N�-triethylenethiophosphoramide (thioTEPA) and clofara-
bine. Changing the preparative regimens in subsequent patients
resulted in no further instances of veno-occlusive disease. This
experience indicated that inotuzumab is a highly active single agent
for the treatment of refractory/relapsed ALL. Although responses
were short-lasting, this might be because of the refractory nature of
the study group. Subsequent studies will evaluate inotuzumab in
earlier salvage therapy, in combination with chemotherapy for
first-line ALL therapy, for treatment for MRD, and as part of
combined monoclonal antibody therapy regimens.

Other Monoclonal Antibodies Conjugated to

Cytotoxic Agents

SAR3419 is a humanized IgG1 CD19 monoclonal antibody con-
jugated to maytansin, a highly potent tubulin inhibitor.57 Studies of
SAR3419 in lymphoma showed a response rate of 30% to 40%.58-60

Corneal toxicity was the dose-limiting toxicity but was reversible. A
phase II study of SAR3419 administered at a dose of 55 to 70 mg/m2 IV
once per week for 4 weeks and then once every other week over a
period of 8 weeks is ongoing in adults with refractory/relapsed ALL.
CD19 and CD22 monoclonal antibodies conjugated with auristatin,
another cytotoxic spindle tubulin inhibitor, are available and would be
of interest.

The anti-CD33 conjugate gemtuzumab ozogamicin (Mylotarg;
Pfizer) has been used occasionally to treat patients who have ALL with
CD33 expression, with anecdotal reports of successful remission in-
duction in that setting.61

Experience With Monoclonal Antibodies Conjugated

to Immunotoxins

Immunotoxins are proteins that consist of two primary compo-
nents: a targeting moiety for cell binding and a bacterial or plant toxin
that is internalized and causes cell death. BL22 (CAT-3888) is an
anti-CD22 immuotoxin composed of a variable fragment (Fv) derived
from a monoclonal antibody directed toward CD22 and fused to a
38-kDa fragment of Pseudomonas aeruginosa exotoxin A (RFB4
[dsFv]-PE38).62 Following preclinical studies demonstrating the cyto-
toxic effect of BL22 against CD22� cell lines and leukemic cells from
patient samples, BL22 was also found to be highly active in phase I/II
human studies in hairy cell leukemia.63 Wayne et al22 evaluated BL22
in a phase I study in childhood ALL. BL22 was administered at doses of
10 to 40 �g/kg every other day for three or six doses every 3 to 4 weeks.
No dose-limiting toxicities were noted. Among 23 patients treated, 16
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(70%) showed reductions of leukemic blasts; four patients had more
than 2-log reductions of circulating blasts, and four patients had
normalizations of peripheral blast counts. No objective CRs or partial
responses were noted.22

Optimization of the monoclonal antibody structure and more
continuous exposure schedules are ongoing efforts and may improve
the efficacy of this approach. BL22 has moderate affinity for CD22
(kDa 85 nmol/L). Mutagenesis studies selected an Fv with higher
binding affinity (kDa 6 nmol/L) and improved in vitro cytotoxicity
against CD22-expressing hematologic malignancies, including
ALL.64,65 The new higher-affinity version of BL22 was named HA22
(high-affinity BL22) and later CAT-8015 or moxetumomab pasudo-
tox. Studies with moxetumomab in hairy cell leukemia showed an
objective response rate of 84% with 44% CRs.24 Significantly, among
19 evaluable patients with heavily pretreated childhood ALL treated
with HA22 5 to 40 �g/kg IV once every other day over 12 days, four
patients achieved CRs, one had a partial response, and eight patients
had hematologic improvement, for an objective response rate of 26%
and an overall clinical activity rate of 68%.66

Other additional monoclonal antibodies directed toward CD19
and CD22 and bound to diphtheria immunotoxin are under investi-
gation in early phase I/II studies. Combotox, which is a combination
of anti-CD19 and anti-CD22 deglycosylated ricin A chain immuno-
toxins, was tested in children with pre-B ALL. Seventeen patients were
treated, and a maximum-tolerated dose of 5 mg/m2 was established.
Three CRs (18%) were seen, and hematologic activity was noted in
other patients.67

Experience With Monoclonal Antibodies Conjugated

to Radionuclides

In ALL, radioimmunoconjugates are concentrated in the bone
marrow and consequently are associated with severe myelosup-
pression. Thus, the application of radioimmunotherapy has been
limited to myeloablative conditioning before allogeneic stem-
cell transplantation.68

FUTURE PROSPECTS

Future studies will establish the role of these monoclonal antibody–
based therapies and their toxicity profile not only in the salvage setting
but also in first-line therapy for high-risk adult ALL. In standard-risk
ALL, the persistence of MRD at 16 weeks from the start of first-line
therapy has been associated with a poor outcome with a median time
to subsequent relapse of 2 to 6 months and estimated 3-year survival
rates of only 10% to 20%.69 Although allogeneic stem-cell transplan-
tation may overcome this adverse outcome in select patients, mono-
clonal antibody therapies, as has been observed with blinatumomab,
offer a less toxic and highly effective alternative approach to eradicate
the MRD and prolong relapse-free survival. Older patients with de

novo ALL have poor tolerance to current first-line chemotherapy
regimens. Despite respectable CR rates of 60% to 80% with modern
ALL regimens, the failure rate in these patients is high, with up to 30%
of patients dying in CR from complications related to intensive chem-
otherapy. Investigating low-intensity chemotherapy concurrently
with monoclonal antibodies or combinations of monoclonal antibod-
ies with minimal or no chemotherapy in such patients is worthwhile.
Similarly, it is a desirable goal to reduce chemotherapy-related toxici-
ties in the pediatric setting. Adding monoclonal antibodies to chemo-
therapy in first-line treatment of ALL may increase cure rates and
obviate the need to further intensify cytotoxic regimens. In this con-
text, measuring response to combinations of monoclonal antibodies
with or without chemotherapy in ALL (as was the case with tyrosine
kinase inhibitors in chronic myeloid leukemia) may require the assess-
ment of deeper levels of response than are measured by simple mor-
phology and assessment of percentage of blasts. Response evaluation
may rely on more precise and quantitative estimations of persistent
MRD as measured by multiparameter flow cytometry studies and/or
quantification of molecular residual disease. Finally, it is hoped that
combinations of monoclonal antibody–based therapies with or with-
out chemotherapy could be a potential future strategy that is curative
in ALL, similar to the strategy of nonchemotherapy approaches with
the use of all transretinoic acid and arsenic trioxide in acute promy-
elocytic leukemia.
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