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Abstract
The outcome for patients with refractory or relapsed acute lymphoblastic leukemia (ALL) treated
with conventional therapy is poor. Immunoconjugates present a novel approach and have recently
been shown to have efficacy in this setting. Combotox is a mixture of two ricin-conjugated
monoclonal antibodies (RFB4 and HD37) directed against CD19 and CD22, respectively, and has
shown activity in pediatric and adult ALL. We created a murine xenograft model of advanced
ALL using the NALM/6 cell line to explore whether the combination of Combotox with the
cytotoxic agent cytarabine (Ara-C) results in better outcomes. In our model the combination of
both low- and high-dose Combotox and Ara-C resulted in significantly longer median survival.
Sequential administration of Ara-C and Combotox, however, was shown to be superior to
concurrent administration. These findings have led to a phase I clinical trial exploring this
combination in adults with relapsed or refractory B-lineage ALL (ClinicalTrials.gov identifier
NCT01408160).
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Introduction
Relapsed or refractory (r/r) acute lymphoblastic leukemia (ALL) in adults has a poor
prognosis when treated with conventional therapy. Only 7–12% of these patients become
long-term survivors [1,2]. Novel approaches are urgently needed to improve the outcomes
for this patient population. One promising new approach is exemplified by a class of
anticancer agents termed immunoconjugates (ICs) or immunotoxins (ITs). Immunotoxins
are composed of a potent toxin linked to a moiety designed to specifically target tumor cells
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[3,4]. These agents have two main advantages over cytotoxic agents: first, by directly
targeting certain surface markers they maximize drug delivery to tumor cells without
increasing toxicity to normal cells; second, they use a different mechanism to induce cell
killing when compared with traditional cytotoxic drugs, thus potentially circumventing
chemoresistance.

Combotox is such an IT. It is a 1:1 mixture of two murine monoclonal immunoglobulin G1
(IgG1) antibodies: HD37, directed against CD19, and RFB4, directed against CD22. They
are coupled to a deglycosylated ricin-A chain (dgRTA) [5]. RTA inhibits protein synthesis
by catalytically inactivating the ribosomal RNA. The antigens targeted with this drug, CD19
and CD22, are present on leukemic blasts in the vast majority of patients with B-lineage
ALL [6,7]. Immunoconjugates targeting CD19, CD22 or both antigens at the same time
have shown promising efficacy in r/r ALL in early clinical trials [8–13]. Although HD37-
dgRTA and RFB4-dgRTA are active when given individually, their ability to kill tumor
cells is additive when both are given together, and the combination is more efficacious than
either agent alone in vivo [14].

The safety and efficacy of Combotox has been explored in two phase I clinical trials: one in
pediatric patients and another in adult patients, both with r/r ALL [8,13]. Single-agent
Combotox proved efficacious with an overall response rate (complete, partial and
hematological response) of 53% for children and 31% for adults, but the responses were
usually short-lived. There is in vivo evidence that the efficacy of immunotoxins can be
further improved when they are combined with cytotoxic agents [15,16].

Our objective was to test the efficacy of combination therapy with Combotox and cytarabine
(Ara-C), a cytotoxic agent commonly used in the treatment of ALL, and to explore whether
concurrent or sequential administration results in improved efficacy in a murine xenograft
model of advanced precursor B-cell ALL.

Materials and methods
Murine xenograft model

A human pre-B lymphoblast cell line NALM/6 [16] was cultured in RPMI 1640 medium
with 15% fetal bovine serum and incubated at 37°C with 5% CO2 and 95% humidified air.
The cells were maintained at a concentration of 4–9 × 105 cells/mL by adding fresh medium
daily. Before inoculation, the cells were concentrated by centrifugation to 50 ×106 cells/mL
and re-suspended in serum-free medium. Six-to-eight week old non-obese diabetic mice
(NOD.Cg-Prkdcscid Il2rg tm1Wjl /SzJ) were purchased from The Jackson Laboratory (Bar
Harbor, ME). These mice are maintained and used only under an animal use protocol
approved by the Animal Institute Committee.

The mice were inoculated via tail vein injection with 8–10×106 NALM/6 cells to establish a
murine xenograft model of advanced B-lineage ALL. About 50 μL of blood from each
mouse was taken from a facial vein on the day of administration of the first treatment. The
presence of leukemic blasts in the blood was confirmed microscopically (Figure 1).

Combotox
Combotox is a 1:1 mixture of anti-CD19 (HD37)-dgRTA and anti-CD22 (RFB4)-dgRTA.
Both murine monoclonal IgG1 antibodies RFB4 (anti-CD22) and HD37 (anti-CD19) are
coupled to the deglycosylated ricin-A chain (dgRTA) via a heterobifunctional, thiol-
containing cross-linker, N-succinimidyl-oxycarbonyl-a-methyl-a-(2-pyridyldithio)toluene
(SMPT) [5].

Barta et al. Page 2

Leuk Lymphoma. Author manuscript; available in PMC 2013 October 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RFB4-dgRTA and HD37-dgRTA were prepared in the Good Manufacturing Practice (GMP)
laboratory at the University of Texas Southwestern Medical Center (UTSWMC) and
shipped overnight on dry ice. They were stored in a −85°C freezer. On the day of planned
administration, the vials were thawed and mixed in a 1:1 ratio to give Combotox. The
infusions were held at 4 °C until administered.

Cytarabine
Cytarabine (or Ara-C) was purchased from Hospira (Hospira ©, Inc., Lake Forest, IL) as
vials of 100 mg dry powder for injection. The powder was then reconstituted for injection on
the day of administration with normal saline.

Treatment on a concurrent schedule
In the first experiment mice were divided into four groups and treated daily with intravenous
injection of: (1) Ara-C, (2) Combotox, (3) Ara-C concurrent with Combotox or (4) normal
saline (vehicle control), respectively. The doses were 100 mg/kg daily × 6 for Ara-C and 0.8
mg/kg anti-CD19-dgRTA plus 0.5 mg/kg anti-CD22-dgRTA per injection daily × 6 for
Combotox [Figure 2(A)]. Treatment started on day 12, counted from the day of NALM/6
inoculation.

Treatment on a sequential schedule
In the second experiment, mice were also divided into four groups. The treatment was
similar to the first experiment, except that the combination treatment with Ara-C and
Combotox was on a sequential schedule. The treatment schedule was as follows: (1) Ara-C
on days 7–9 after inoculation; (2) Combotox on days 14, 16 and 18; (3) Ara-C on days 7–9
followed by Combotox on days 14, 16 and 18; or (4) normal saline (control) on days 7–9,
14, 16 and 18. The doses were 200 mg/kg daily ×3 for Ara-C and 2.4 mg/kg anti-CD19-
dgRTA plus 1.5 mg/kg anti-CD22-dgRTA per injection every other day ×3 for Combotox
[Figure 2(B)].

Comparison of concurrent and sequential schedules
In the third experiment, we compared the combination treatment between the concurrent and
sequential schedules. The mice were randomly divided into three groups of eight mice each
on day 11. Two groups were treated with tail vein injections of 200 mg/kg daily Ara-C for 3
days (days 11–13) and Combotox (2.4 mg/kg anti-CD19 +1.5 mg/kg anti-CD22 daily ×3).
Combotox was given either concurrently with Ara-C on days 11–13 (concurrent schedule)
or sequentially on days 18–20 (sequential schedule). The third group of mice was injected
intravenously with an equal volume of normal saline and served as vehicle control [Figure
2(C)].

Statistics
The median survival time (MST) for each treatment group was calculated. Overall survival
was plotted as a Kaplan–Meier curve and a two-sided log-rank test was performed. A p-
value <0.05 indicated statistical significance. Animals that died immediately after injection
of treatment agents (accidental deaths) were excluded from the analysis. The statistical
analysis was performed using GraphPad Prism(R) version 5.0 (GraphPad Software, La Jolla,
CA).
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Results
Inoculation of NALM/6 cells into NOD mice results in an in vivo model of advanced disease

Since relapsed or refractory ALL usually presents in advanced stages with increased
peripheral blasts, we wanted to develop an in vivo animal model that represented this stage
of the human disease. Therefore, a large number of NALM/6 cells (8–10 ×106) were
injected in the tail veins of NOD mice. Peripheral smears of animals were tested at various
days after inoculation. We were able to detect numerous peripheral blood leukemic cells
from day 7 onward, mimicking advanced disease in humans. Thus, we determined that this
would be an adequate time to test the therapeutic potential of the antileukemic agents
Combotox and cytarabine.

Concurrent administration of low doses of chemo- and immunotherapy leads to increased
survival

For the first cohort we used 100 mg/m 2 of Ara-C given daily for 6 days and 0.8 mg/kg anti-
CD19-dgRTA plus 0.5 mg/kg anti-CD22-dgRTA (Combotox) per injection daily for 6 days.
These regimens were tested alone and concurrently with each other. We observed that
combination therapy led to increased survival, with a MST of 27 days in the cohort that
received concurrent chemoimmunotherapy compared to 17, 19 and 20 days, respectively, in
the placebo, Ara-C only and Combotox only treated groups [p-value <0.05; Table I and
Figure 3(a)].

Sequential administration of high doses leads to increased survival
For the second and third experiments we increased the total dose of Combotox to reflect the
equivalence of human doses that have been used in the clinical setting [13]. The dose of
Combotox was 2.4 mg/kg anti-CD19-dgRTA plus 1.5 mg/kg anti-CD22-dgRTA per
injection × 3, which was derived from calculation of the maximum tolerated dose (MTD) in
humans. Additionally, the daily dose of Ara-C was increased to 200 mg/m2 and treatment
was given over a shorter period of time, thereby mimicking regimens used in the treatment
of acute leukemias in humans.

In the second experiment we tested these higher doses alone or sequentially in mice with
advanced disease. We observed significantly improved MST in the combination group
(MST 28 days) compared to 19, 20 and 18 days, respectively, in the placebo, Ara-C only
and Combotox only treated groups [p-value < 0.05; Table I and Figure 3(b)].

Having demonstrated the efficacy of the low-dose concurrent combination and high-dose
sequential combination, we next sought to perform a head-to-head comparison of these two
regimens at the higher dose level. Thus, mice in the third experiment were treated by either
Ara-C given concurrently with Combotox on days 11–13 or Ara-C given by itself on days
11–13 followed by Combotox on days 18–20. In this experiment only the sequential
administration of Ara-C and Combotox resulted in a survival advantage compared with
saline-injected controls (p <0.001). No improved survival could be seen when Ara-C and
high-dose Combotox were given concurrently [Table I and Figure 3(C)].

Discussion
Our results demonstrate that combined administration of the cytotoxic agent cytarabine and
the immunotoxin Combotox has synergistic activity in an in vivo model of advanced B-
lineage ALL. On direct comparison, sequential administration of both drugs at doses
calculated to simulate human maximum tolerated doses resulted in increased survival when
compared to concurrent administration.
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These findings provide further evidence that chemoimmunotherapy results in superior
outcomes when compared to cytotoxic therapy alone. There is ample evidence that
combining cytotoxic agents with immunotherapy results in superior efficacy. For many
hematologic malignancies, combining cytotoxic agents with immunotherapy has become the
standard of care. The most notable example is the successful addition of the CD20-directed
antibody rituximab to various chemotherapeutic backbones in indolent and aggressive
CD20-positive B-cell malignancies, including mature B-cell ALL [17–22].

Another antigen, CD19, is present on virtually all malignant lymphoblasts in patients with
B-lineage ALL, whereas the CD22 epitope is expressed on 80% of the blast population [23].
This makes these antigens excellent targets for immunotherapy in B-cell ALL. Both in vitro
and in vivo experiments provide evidence for the activity of CD19 and CD22 antibody–drug
conjugates against B-lineage leukemic lymphoblasts [14,16,24–28]. The combination of
cytotoxic drugs and agents targeting CD19 and/or CD22 was shown in in vitro experiments
and xenograft models of early ALL to result in synergy [16,29].

Whereas these earlier experiments attempted to recapitulate stages of ALL with less disease
burden by treating xenografted mice with antileukemic agents only 24 h after inoculation
with the malignant cell line NALM/6 [16,25,27], our goal was to mimic an advanced
leukemic phenotype. Ara-C and/ or Combotox was administered only when advanced
disease with peripheral blasts was established. At this time leukemic blasts were readily
detectable in the peripheral blood. Therefore the leukemic burden in our model was much
higher, and our experiment more reliably recapitulates the clinical picture encountered with
human relapsed disease.

The observation that single-agent administration of only Ara-C or Combotox showed no
significant survival difference in advanced disease as compared to placebo is noteworthy,
but not entirely surprising. This is in line with the generally accepted fact that, in patients
with advanced ALL, single-agent therapy is usually insufficient: outcomes are disappointing
and the multi-agent approach needed to control this aggressive malignancy represents the
current accepted standard of care [30–35].

The combination of cytarabine and Combotox is novel, and has been explored for the first
time in this study. We assessed the antileukemic effect of the administered agents on the
basis of median survival time. The xenografted mice could have died of either uncontrolled
leukemia or toxicity of the administered drugs. As expected, none of the animals exhibited
any visible signs of vascular leak syndrome, which is the most severe toxicity of Combotox,
thus indicating that they died of disease progression. It is also reassuring that mice
consistently survived longer when treated with chemoimmunotherapy in all three
experiments. This suggests a powerful antileukemic effect from the combination of
cytarabine and Combotox, which resulted in longer survival. On the other hand, the
observation that concurrent administration of high-dose Ara-C and Combotox resulted in
survival similar to that of placebo-treated mice suggests that the significant toxicity of the
concomitant therapy could have negated any antileukemic effect at these dose levels.

In summary, chemoimmunotherapy with Ara-C and Combotox improved survival when
given sequentially in a murine model of advanced B-lineage ALL. This is a novel
combination that has not been previously studied. The findings of our study have led to the
design of a current phase I clinical trial that seeks to explore the safety and efficacy of Ara-C
combined with Combotox in adults with relapsed or refractory ALL (ClinicalTrials.gov
identifier NCT01408160).
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Figure 1.
Lymphoblasts (black arrows) in peripheral blood of a NOD mouse injected with NALM/6
cells on days 7 (a) and 14 (b) after inoculation.
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Figure 2.
Schema demonstrating administration schedule for each experiment: (A) experiment 1
(concurrent administration of cytarabine [Ara-C] and Combotox), (B) experiment 2
(sequential administration) and (C) experiment 3 (comparison of concurrent and sequential
administration). Thin arrows indicate lower doses, whereas bolder arrows indicate higher
doses of Ara-C and Combotox (see text).
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Figure 3.
(a) Concurrent schedule (experiment 1) of Ara-C and Combotox. (b) Sequential schedule
(experiment 2) of Ara-C and Combotox. (c) Sequential versus concurrent schedule of Ara-C
and Combotox (experiment 3). Ara-C, cytarabine; NS, normal saline; Combo, Combotox.
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Table I

Median survival times (MSTs) for each cohort of each experiment.

Group MST p-Value*

Concurrent (experiment 1)

 1 (Ara-C; n =5) 19 <0.05

 2 (Combotox; n =5) 20

 3 (Ara-C and Combotox; n =5) 27

 4 (normal saline; n =5) 17

Sequential (experiment 2)

 1 (Ara-C; n =5) 20 <0.05†

 2 (Combotox; n =5) 18

 3 (Ara-C and Combotox; n =5) 28

 4 (normal saline; n =5) 19

Concurrent vs. sequential (experiment 3)

 1 (Ara-C and Combotox concurrent; n =8) 22 <0.001

 2 (Ara-C and Combotox sequential; n =8) 36

 3 (normal saline; n =8) 28

*
p-Value calculated for overall survival difference with two-sided log-rank test.

†
p-Value for survival analysis calculated excluding mice that died accidentally on day of facial vein blood draw (two per group). If these mice

were included, p-value would be 0.13.
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