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Abstract: Acute lymphoblastic leukemia (ALL) remains incurable for many adult patients. The success
observed in the pediatric population with intensive combination chemotherapy regimens is not matched
in older populations due to inability to tolerate treatment and biological differences in the disease. The
development of immune therapies has ushered in a new much needed approach to treat ALL in the adult
population as well as in the pediatric population with relapsed or refractory disease. While not heavily
studied in the upfront setting, immune therapies have demonstrated astounding results in patients with
minimal residual disease (MRD) and those with relapsed and refractory disease. The wide array of
immunotherapy available consists of simple unconjugated monoclonal antibodies, immunotoxins or drug
conjugated monoclonal antibodies, bispecific T cell engagers, and chimeric antigen receptor (CAR) T cells.

In this article, we review the clinical data, efficacy, toxicity, and future direction of these therapies.

Keywords: Chimeric antigen receptor T cells (CAR T cells); acute lymphoblastic leukemia (ALL);

immunotherapy; blinatumomab

Submitted Dec 13, 2016. Accepted for publication Dec 21, 2016.
doi: 10.21037/tcr.2017.01.12
View this article at: http://dx.doi.org/10.21037/tcr.2017.01.12

Introduction be more effective given the more ubiquitous expression in

Acute Iymphoblastic leukemia (ALL) represents 20% of precursor and mature B cells (9). There are many different

acute leukemias in adults, and there are about 6,000 new
cases diagnosed annually in the United States (1). ALL
in the pediatric patient population treated with intensive

methods of modulating the immune system and directing
immune mediated activity against the cells carrying these
antigens. Traditional unconjugated monoclonal antibodies,
antibody-drug conjugates, bispecific T cell engagers and
chimeric antigen receptor (CAR) T cells are the different
modalities of immunotherapy that have been utilized thus far.

chemotherapy induction regimens has an overall survival (OS)
approaching 90% (2-4). Unfortunately, this is not the case
for the majority of adult patients with ALL, and long-term
survival is only achieved in roughly 30% of patients (5,6).
Immunotherapy in the form of targeting selective Unconjugated monoclonal antibodies
surface antigens on leukemic cells has been a promising

. . . . . Rituximab
adjunct to traditional therapy and is continuously evolving.

Therapies against CD20 and CD52 have been previously
evaluated and used for quite some time (7,8). However,
immunotherapy directed against CD19 and CD22 may
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Rituximab is a murine derived monoclonal antibody that
targets CD20. Studies investigating the use of rituximab in
conjunction with standard induction chemotherapy have
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been performed by several groups (7,10,11). In one study
by Thomas er al., 2 doses of rituximab were added to each
of the four cycles of conventional hyper-CVAD to treat
patients with Philadelphia chromosome negative (Ph-),
CD20+ patients with ALL. Patients who were treated with
rituximab in additional to standard induction chemotherapy
were found to have an improved 3-year complete remission
(CR) rate when compared with historical controls. This was
especially evident in younger patients less than 60 years old,
where 3-year OS was at 75% in the modified hyper-CVAD
plus rituximab group versus 47% in historical controls
treated with standard hyper-CVAD (10).

The German multicenter study group evaluated the addition
of rituximab to induction chemotherapy in 263 patients with
CD20+ ALL. This study demonstrated an improved CR rate
and 5-year OS when compared with historical controls (11).
CRR at 16 weeks of treatment was 90% vs. 59% in standard
risk disease and 64% vs. 40% in high risk disease. The 5-year
OS rate was 71% vs. 57% in standard risk disease and 55%
vs. 36% in the high risk disease group. It is important to
note that both of the above studies are prospective but
without randomized controls.

A phase III randomized controlled trial labeled,
GRAALL-2005, evaluated standard chemotherapy against
standard chemotherapy plus rituximab in 209 patients with
newly diagnosed ALL. Both groups had a similar CR rate and
level of minimal residual disease (MRD). The rituximab group
had lower incidence of relapse at 2 years (18% wvs. 30.5%),
hence the 2-year event free survival was also improved in the
rituximab cohort at 65% vs. 52% in the control group (7).

Ofatumumab

Ofatumumab is a second generation human derived
monoclonal antibody against CD20. It binds to a small
loop epitope of CD20 and is generally considered more
potent than rituximab in terms of greater binding affinity
and ability to produce antibody dependent cell mediated
cytotoxicity (12,13). A phase 2 study performed by Jabbour
et al. investigated the addition of ofatumumab to hyper-
CVAD induction in 25 patients with ALL. This study
showed a CRR of 96%. The 1-year progression free survival
(PFS) was 94% and the OS rate was 92% (14). Additional
ongoing studies are examining combination therapy with
augmented Berlin-Frankfurt-Munster (BFM) therapy
(daunorubicin, vineristine, prednisone, dexamethasone,
PEG asparaginase, and methotrexate) and ofatumumab in
adolescent and young adult patients aged 12-30 with newly
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diagnosed ALL (NCT02419469).

Epratuzumab

Epratuzumab is an unconjugated humanized monoclonal
antibody that binds to CD22. Upon binding to CD22,
the receptor antibody complex becomes internalized.
The proposed mechanism of activity includes antibody
mediated cell cytotoxicity, CD22 phosphorylation and
downstream signaling resulting in B cell modulation and
inhibition of cell proliferation. It has been studied in the
context of pediatric patients with CD22 positive relapsed or
refractory ALL. In the study conducted by the Children’s
Clinical Oncology Group, epratuzumab was studied in
the relapsed disease setting. It was given initially as single
agent therapy twice weekly for 2 weeks, then concurrently
with re-induction chemotherapy as 4 weekly doses. There
were improved rates of MRD negativity, but there was no
difference in remission rates when compared with historical
controls (15).

The Southwestern Oncology Group tested epratuzumab
in combination with clofarabine and cytarabine in 31 adult
patients with relapsed or refractory ALL (SWOG S0910).
While there was an increased response rate of 52% compared
to 17% in historical controls (SWOG 0530), the median OS
remained similar at approximately 5 months (16). There is
an international European randomized phase III clinical
trial currently ongoing that is comparing epratuzumab
plus standard chemotherapy (BFM protocol) with standard
chemotherapy alone in first relapse pediatric patients with
standard risk ALL (NCT01802814).

Alemtuzumab

Alemtuzumab is a humanized monoclonal antibody against
CD52 and causes cell death through antibody dependent
cell mediated cytotoxicity. The CALGB 100102 study
was a phase I trial that studied alemtuzumab in the setting
of post-remission therapy, in between consolidation and
maintenance chemotherapy. It was administered 3 times
weekly up to a maximum dose of 30 mg. Median OS was
55 months and there was a median 1 log reduction in
MRD. However, there were significant adverse effects
noted, such as viral infections and myelosuppression (17).
A single institution phase II trial studied the use of single
agent alemtuzumab in 13 pediatric patients with relapse or
refractory ALL, and a CR was only seen in one patient (18).
A phase I/II study combined alemtuzumab with intensified
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combination chemotherapy in upfront treatment for ALL
in 302 adult patients and achieved a CRR of around 80%
(NCT00061945). Alemtuzumab was also investigated as
part of a myeloablative conditioning regimen for stem cell
transplantation in 15 patients with high risk ALL, but did
not yield promising results (19). While alemtuzumab was
safely added to the conditioning regimen, it was proposed
that the antileukemic activity of alemtuzumab was nullified
by T cell depletion of the donor graft. Because of its modest
activity and significant side effects, the path forward for
utilizing alemtuzumab in ALL is unclear (20).

Antibody-drug conjugates
Inotuzumab ozogamicin

Inotuzomab ozogamicin is a humanized monoclonal
antibody targeting CD22 that is conjugated to
calicheamicin. Calicheamicin is a cytotoxic compound
that binds to the minor groove of DNA and causes double
stranded DNA breaks, eventually resulting in apoptosis.
Inotuzumab has been studied for treatment of ALL in the
setting of relapsed and refractory disease but also in the
upfront setting (21). It has also been used in combination
with chemotherapy and as a single agent. An initial MD
Anderson study treated 90 adult patients who had relapsed-
refractory ALL with single agent inotuzumab. The overall
response rate was 58%, with a CR rate of 19%. A large
majority of treatment response was also seen after one
cycle and a significant majority of patients were able to
go on and receive allogeneic stem cell transplant (22).
Thrombocytopenia was a common adverse effect as well as
neutropenia.

Another MD Anderson clinical trial evaluated the
use of inotuzumab and combination chemotherapy in
treatment of patients older than 60 with newly diagnosed
B cell ALL who were considered to be poor candidates
for conventional chemotherapy. The regimen used was
augmented hyper-CVAD with overall dose reduction and
omission of doxorubicin. Out of 20 patients, CR was 95%
compared to 75% in historical controls. An additional study
was performed evaluating combination of inotuzumab and
the same augmented hyper-CVAD regimen in relapsed or
refractory disease, and the ORR was 75% (23). There is an
ongoing study by the Southwest Oncology Group (51312)
investigating the use of inotuzumab in combination with
CVP for relapsed refractory ALL patients (NCT01925131).
In addition, there is also an ongoing trial evaluating use
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of inotuzumab and bosutinib in CD22+, Ph+, relapsed or
refractory ALL (NCT02311998).

Most recently, a phase 3 randomized control clinical
trial has been completed comparing the use of single
agent inotuzumab against conventional chemotherapy in
relapsed or refractory ALL in adult patients. Conventional
chemotherapy consisted of one of three regimens: fludarabine
and cytarabine, cytarabine and mitoxantrone, or high dose
cytarabine alone. There were a total of 326 patients who
were randomized into either group. The rate of CR was
significantly higher in the inotuzumab group at 80.7% uvs.
29.4% in the standard group. The inotuzumab group also
had significantly lower negative MRD at 78.4% compared to
28.1% in standard chemotherapy. PFS was also longer in the
inotuzumab group at 5 months compared with 1.8 months.
The median OS was 7.7 months in the inotuzumab group
vs. 6.7 months with standard chemotherapy (24). The most
common associated adverse event in the inotuzumab group
was veno-occlusive liver disease along with cytopenias.

Combotox

Combotox is a combination antibody-drug conjugate
directed against CD19 and CD22. The antibodies are mixed
in a 1:1 ratio and are coupled to a deglycosylated ricin A
chain. In a phase 1 trial with adult patients with relapsed
or refractory ALL, 3 of 17 patients treated with combotox
achieved CR. The MTD was determined to be 7 mg/m’ for
3 doses (25). There was a high incidence of severe adverse
effects, the primary toxicity being vascular leak syndrome.
There is also an ongoing phase 1 trial evaluating the use of
conventional chemotherapy with cytarabine plus combotox
in the relapsed or refractory adult ALL population
(NCT01408160).

CAT 8015—moxetumomab pasudotox

CAT-8015 is a second generation compound that is
conjugated with pseudomonas exotoxin and targets CD22.
Upon binding to CD22, the compound is internalized
and the pseudomonas toxin is eventually activated by the
low lysosomal pH, causing ribosomal inactivation and cell
death. CAT-8015 has increased stability, binding avidity
to CD22 and improved cytotoxicity when compared
with its predecessor. There is an ongoing phase I/II trial
to determine MTD in adult patients with relapsed or
refractory ALL (26). Similar to combotox, capillary leak was
a dose limiting toxicity.
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SGN CD19A—denintuzumab mafodotin

Denintuzumab mafodotin is a monoclonal antibody
targeting CD19 that is conjugated to monomethylauristatin
F (MMAF), an agent that binds and disrupts microtubules.
This antibody-drug conjugate is internalized upon binding
to CD19 on the surface of cells and releases MMAF, which
binds to tubulin. This eventually leads to cell cycle arrest
and apoptosis. A phase I dose escalation study is being
performed in patients with aggressive relapsed or refractory
B cell lymphoma, Burkitt’s lymphoma and relapsed or
refractory ALL. A total of 92 patients have been enrolled in
this study since 2013, and this study is expected to complete
in 2018. The primary objective of this study has been to
determine the maximal tolerated dose, starting at 0.3 mg/kg
up to 6 mg/kg (NCT01786096).

SAR 3419—coltuximab ravtansine

Coltuximab ravtansine is a monoclonal antibody against
CD19 conjugated with a maytansinoid compound that
binds tubulin and exerts its effect in a manner similar to
the vinka alkaloids. However, maytansinoid compounds are
generally considered to be more potent than vinka alkaloids.
A phase I study has been performed in B cell lymphomas to
determine the maximal tolerated dose, and additional phase
IT studies are also ongoing as well. Phase II studies have
since also been performed in adults with relapsed ALL.
While the drug was well tolerated, there was a poor clinical
response with only a 25% ORR and duration of response of
only 1.9 months (27). The most prominent adverse effects
included diarrhea, nausea, and fever. There have also been
reports of reversible vision loss associated with changes in
corneal epithelium.

Blinatumomab

Blinatumomab is a bispecific T cell engaging antibody
that acts by redirecting cytotoxic T cells to cells expressing
CD19. The antibody itself contains the variable domains
of CD19 and CD3, which are linked together. Once bound
to CD19 as part of the antibody complex, cytotoxic T cells
induce cell death via the perforin system. Blinatumomab is
an FDA approved drug for relapse and refractory ALL.
Due to its short half-life, blinatumomab is given as
a continuous infusion over a prolonged period of time.
Associated adverse reactions include fever, headache,
neutropenia, and edema. Encephalopathy and cytokine
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release syndrome (CRS) have been documented as well.
Most studies to date with blinatumomab have investigated
outcomes in patients who have MRD or relapsed or
refractory ALL.

In the initial studies, blinatumomab was used in patients
with MRD, who were at risk for relapse. Twenty patients
with MRD positivity were treated with blinatumomab as
a continuous infusion for a total daily dose of 15 pg/kg
for 28 days, every 6 weeks. After one cycle, patients were
able to proceed with allogeneic stem cell transplantation
or continue on therapy with blinatumomab for up to three
additional cycles. After one cycle, 16 of 20 patients treated
with blinatumomab were found to have converted to negative
MRD (28). On long-term follow-up of these 20 patients,
61% had relapse free survival (RFS) at 33 months, in
comparison to 42% RFS in historical controls (29).

Blinatumomab was also studied in the relapsed and
refractory setting in two large phase II trials. The German
ALL group studied the use of blinatumomab in 36 patients
with relapsed or refractory ALL. Of those patients, 42%
had undergone stem cell transplantation previously.
The overall response rate was found to be 69% within
two cycles of therapy, and 88% of those who responded
had negative MRD (30). An additional study was then
performed evaluating 189 patients with high risk disease
and had a CR of 43% (31). Blinatumomab is being studied
in a phase III randomized clinical trial in first relapse ALL
patients randomized to blinatumomab versus combination
chemotherapy (NCT02101853). In addition, there is a
phase III randomized clinical trial investigating the use
of standard chemotherapy against chemotherapy plus
blinatumomab in the upfront setting (NCT02003222).

CART cells
Background

CAR T cells are autologous T cells that are re-engineered
to specifically exert cytotoxic effects on cancer cells.
While it would be ideal to engineer a CAR T cell targeted
specifically towards leukemic cells, there is no known
ubiquitous antigen that is solely expressed on malignant B
cells and not on normal cells. CD19 however, represents an
ideal option as it is expressed in most B cell malignancies
with off tumor expression limited to mature B cells. To date,
most clinical trials utilizing anti-CD19 directed CAR T
cells have used autologous T cells that are initially pheresed
from the patient, genetically engineered ex-vivo then

Transi Cancer Res 2017;6(1):78-85



82 Pham and Frey. Immunotherapy and its evolving role in the treatment of ALL

Table 1 The published data of four major institutions demonstrating the remarkable efficacy of CAR T cells in adult and pediatric patients with

relapsed or refractory ALL

Upenn (32)  CD137-3 30 18 of 30 5 to 60 Varied 0.76x10°t0 20.6x10°  22[73]  27[90]
MSKCC (33)  CD28-3 16 40f16 181060 Cytoxan 1.5x10°t0 3.0x10°  12[75] 14 [88]
NCI (34) CD28-3 21 8 of 21 11030  Fludarabine/cytoxan 1 x10° to 3x10° 12[60] 14 [70]
Seattle (35) ~ CD137-3 29 110f29  20t073  Cytoxan + etoposide 2x10° to 2x107 25[86]  27[93]

+ fludarabine

CAR, chimeric antigen receptor; ALL, acute lymphoblastic leukemia; MSKCC, Memorial Sloan Kettering Cancer Center; NCI, National

Cancer Institute.

re-infused into the patient after they receive lymphodepleting
chemotherapy (Table 1).

Anti-CD19 CARs consist of an antibody single chain
variable fragment targeting CD19, bound to a hinge and
linker molecule that traverses the cell membrane connecting
to the CD3 intracellular signaling domain with the addition
of co-stimulatory domains. The most commonly used
co-stimulatory domains in CART clinical trials are CD28 and
4-1BB. Investigations are ongoing to further optimize the CAR
construct to yield more potent activity and longer persistence.

Efficacy

There have now been several large single center phase 2
trials showing the unprecedented efficacy of anti-CD19-
CAR T cells in adult and pediatric patients with relapsed or
refractory ALL (32-37).

A cohort of 30 adult and pediatric patients treated with
anti-CD19-CAR containing the 4-1BB construct from the
University of Pennsylvania was studied. Complete response
was achieved in 90% of patients (32). An additional clinical
trial at Memorial Sloan Kettering Cancer Center (MSKCC)
evaluated 16 patients with relapsed ALL treated with anti-
CD19 CAR T cells with the CD28 co-stimulatory domain.
Complete response was achieved in 88% of patients (33).
The National Cancer Institute (NCI) treated 21 patients
with CD19-28 CAR therapy who had relapsed disease and
had a complete response rate of 70% (34). Lastly, a study
at Fred Hutchinson Cancer Research Center was recently
published in which 29 patients with relapsed ALL were
treated with CD19-4-1BB CAR therapy and obtained a
complete response rate of 93% (35).

And-CD19 CAR T cells have a tremendous initial response
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rate, but many patients still relapse (38). With the loss of CAR T
cell persistence, CD19+ relapses can occur. In addition, relapses
can occur with the emergence of CD19 negative disease. A
mechanism of immune escape involving a variety of missense
and de novo mutations allow B cells to express a truncated CD19
variant not recognized by CD19 CAR T cells (39).

Anti-CD22 CAR T cells have already been developed
and have shown efficacy in animal models (40). CD22 is an
optimal target similar to CD19 in that it is also ubiquitously
expressed throughout the various stages of the B cell
lineage. There are clinical trials currently investigating the
use of CD22 CAR T cells in adult and pediatric patients
with relapsed or refractory B cell ALL. One such trial is
being performed at the NCI with an expected enrollment
of 57 pediatric and young adult patients (NCT02315612).
There are also ongoing phase I trials at the University of
Pennsylvania studying the safety and efficacy of CD22-
4-1BB CAR T cells in relapsed or refractory ALL in the
adult population (NCT02588456) as well as the pediatric
and young adult population (NCT02650414). In addition,
CAR T cells directed against thymic stromal lymphoprotein
receptor (TSLPR), which is over-expressed in a small
subset of ALL and confers a poor prognosis are also in
development and have shown activity in animal models (41).

While CAR therapy has shown striking activity and
significant promise, serious treatment related adverse effects
including CRS and neurotoxicity can occur (32-35). Focuses of
pre-clinical and clinical investigations are to maintain response
rates while mitigating potential treatment related toxicity.

Toxicity
CRS is a potentially fatal adverse effect of CAR T cell
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therapy and other T cell engagers such as blinatumomab.
There is a clear correlation between the incidence and
severity of CRS with disease burden. The pathogenesis
of CRS is an exaggerated inflammatory response in the
setting of T cell activation and proliferation, resulting in
significantly elevated chemokine signaling. Symptoms
commonly consist of myalgia and fever, but shock and
multi-organ failure can also occur. Some patients may
eventually need ICU level care with respiratory and
vasopressor support. Elevated levels of 1L-2, IL-6, IL-10
and interferon have been seen and can predict the incidence
of CRS (32,35). Ferritin is also significantly elevated to
levels seen in macrophage activation syndrome.

Of all the pro-inflammatory cytokines that could
be targeted to mitigate the effect of CRS, disrupting
IL-6 seems to be most efficacious (32). Tocilizumab is a
monoclonal antibody that binds the IL-6 receptor and it has
been the most widely used anti IL-6 therapy for treatment
of CRS (42). The treatment and prevention of CRS in a
way that maintains high response rates is an active area of
investigation in CAR T cell therapy. Potential approaches
include, pre-emptive use of anti-cytokine directed therapy,
real time dose adjustment in response to early CRS toxicity
through a fractionated dosing scheme (43) and an inverse
dose/disease burden-based approach (35,44).

Encephalopathy and seizures are some of the CNS
adverse events reported in CAR T cell therapy (32,35).
These events have occurred after febrile episodes or CRS,
and they have generally been self-limiting. The etiology
behind this effect has not been well described by any
laboratory or imaging modality.

B cell aplasia is an expected side effect of CAR T cell
therapy as CD19 is almost universally expressed on B cells
(45,46). Often, the presence of hypogammaglobulinemia
and B cell aplasia serves as a marker of CAR T cell
persistence and activity. Intravenous immunoglobulin
supplementation is usually helpful in preventing significant
infectious complications related to B cell aplasia, but this
has not been studied in the long-term setting.

Conclusions

Treatment options for patients with relapsed and refractory
ALL are rapidly expanding with the advent of promising
immunotherapy to treat this disease. In addition, the
successes of these immunologic approaches in relapsed
disease have driven the design of studies to incorporate
this modality of treatment as part of upfront treatment
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paradigms. Optimizing these agents with combination
approaches (either with conventional treatment or other
targeted agents), and approaches to minimize toxicity will
further improve the therapeutic potential of immunotherapy

for ALL.
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