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ABSTRACT

Advances in multi-agent chemotherapy and supportive care have dramatically improved survival of children with B-cell acute lymphoblastic leukemia (B-ALL);
however, patients with relapsed and refractory disease continue to represent a therapeutic challenge. Hematopoietic stem cell transplant was the first im-
munotherapeutic approach to be used in the treatment of patients with relapsed or refractory disease. However, novel therapies such as bispecific antibodies that
engage T-cells and chimeric antigen receptor T-cells (CAR-T) therapy have emerged as novel FDA-approved options that have the potential to become the new
standard of care for these difficult-to-treat leukemias. With multiple immunotherapeutic agents in the drug development pipeline, it is important for cancer re-
searchers and oncologists to be familiar with these agents, including their mechanism of action, side effects and efficacy. In this paper, we review the role of the
human immune system in the development and treatment of childhood ALL and provide an overview of current and upcoming immunotherapeutic treatment

approaches.

1. Introduction
1.1. Pediatric B-ALL

Pediatric leukemias can be divided into acute vs. chronic and
myeloid vs. lymphoid. Acute lymphoid leukemias can be further sub-
divided into T-cell acute lymphoblastic leukemia (T-ALL) and precursor
B-cell ALL (B-ALL). Leukemia is the most common childhood malig-
nancy, accounting for approximately one third of cancers diagnosed in
children, and acute lymphoblastic leukemia (ALL) accounts for over
three quarters of all childhood leukemias, with the majority of these
being of the precursor B-cell type [1,2].

Cancer is the second most common cause of death in children, and
leukemia is a leading cause of cancer deaths in this age group [2]. Due
in large part to collaborative clinical trials and improvements in sup-
portive care, outcomes in pediatric acute lymphoblastic leukemia have
improved dramatically over the past several decades [3]. Ten-year
overall survival has increased from 10% or less in the 1960’s to ap-
proximately 70% in the 1980’s and over 85% in the present era [3-5].

1.2. Treatment of B-ALL

Since the use of chemotherapy for treatment of pediatric ALL was
first reported in 1948, advances arose largely due to introduction of
new chemotherapeutic agents or new combinations of active agents to
form multi-agent chemotherapy regimens [3,6]. A series of

collaborative group trials around the globe have resulted in the treat-
ment approach that is currently considered the standard of care for B-
ALL. Though different treatment centers in the United States and
around the world may use regimens that vary slightly, the treatment
backbone and general approach are the same.

The standard of care for acute lymphoblastic leukemia begins with a
4-week induction regimen, consisting of three or four chemotherapy
drugs, with the goal of inducing remission. To prevent relapse, induc-
tion is followed by several intensive phases of multiagent chemotherapy
over the course of several months, with a focus on central nervous
system (CNS) relapse prophylaxis. The final phase of chemotherapy,
termed maintenance, consists of daily and weekly myelosuppressive
oral chemotherapy, monthly intravenous and oral chemotherapy, and
periodic intrathecal chemotherapy. The total duration of therapy is
slightly more than two years for females and three years for males
[7,8].

Cranial irradiation was historically incorporated into treatment
protocols after the risk for CNS relapse was recognized [7]. However, as
long-term survival improved due to effective multi-agent chemotherapy
regimens, the late effects associated with cranial irradiation, including
secondary malignant neoplasms and cognitive deficits, became more
apparent and problematic. Subsequently, the use of cranial radiation in
B-ALL has largely been abandoned in favor of routine intrathecal che-
motherapy for CNS prophylaxis, which has become a cornerstone of
ALL treatment [7].

* Corresponding author at: Division of Pediatric Hematology/Oncology, Department of Pediatric and Adolescent Medicine, Mayo Clinic, 200 First St. SW,

Rochester, MN 55905, United States.
E-mail address: bramr@mayo.edu (R.J. Bram).

https://doi.org/10.1016/j.humimm.2019.01.011

Received 21 December 2018; Received in revised form 31 January 2019; Accepted 31 January 2019

Available online 01 February 2019

0198-8859/ © 2019 Published by Elsevier Inc. on behalf of American Society for Histocompatibility and Immunogenetics.


http://www.sciencedirect.com/science/journal/01988859
https://www.elsevier.com/locate/humimm
https://doi.org/10.1016/j.humimm.2019.01.011
https://doi.org/10.1016/j.humimm.2019.01.011
mailto:bramr@mayo.edu
https://doi.org/10.1016/j.humimm.2019.01.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.humimm.2019.01.011&domain=pdf

K.D. Wyatt, R.J. Bram

1.3. Risk stratification for B-ALL: the role of augmenting therapy

Despite the dramatic success with improved outcomes in pediatric
patients with B-ALL over recent decades, risk factors in a subset of cases
continue to portend a poor prognosis and present a therapeutic chal-
lenge to pediatric oncologists. Refinement of risk stratification has led
to the practice of augmenting treatment intensity for patients who are
at high risk of treatment failure or relapse [9]. The classic risk strati-
fication system, by the National Cancer Institute (NCI), classifies pa-
tients as NCI standard risk if their peripheral white blood cell count at
diagnosis is less than 50,000/uL at diagnosis and their age is between 1
and 9years; all other patients are classified as NCI high-risk [10].
Newer risk-stratification systems include a variety of other prognostic
factors, including presence of high- or low-risk cytogenetic abnormal-
ities and the early response to induction therapy (including the pre-
sence of minimal residual disease [MRD]) [11,12].

The current treatment approach for patients with de novo high-risk
ALL is to augment the intensity of chemotherapy. Certain high-risk
subgroups, such as those with Philadelphia chromosome-positive ALL,
may benefit from additional drugs (i.e., tyrosine kinase inhibitors).
Some centers also consider hematopoietic stem cell transplantation
after induction of remission in certain very high risk subgroups, espe-
cially if a suitable matched related donor is available.

Two high-risk patient subgroups which deserve special mention
because they continue to represent a treatment challenge include pa-
tients with relapsed and refractory disease [4,5,11,13]. Although aug-
mented chemotherapy and stem cell transplant may lead to long-term
cure in some of these patients, many patients’ treatment courses will be
characterized by relapse or progression of disease. Novel therapeutic
agents are desperately needed to improve long-term survival in these
patient groups, and immunotherapies are emerging as effective treat-
ment strategies in the relapsed and refractory setting.

1.4. Immunotherapy as frontline therapy in pediatric oncology

Whether immunotherapies have a role in up-front treatment of
childhood ALL remains to be seen. Although this class of agents has
classically been utilized in pediatric oncology as second-line therapies
after failure of standard first-line regimens, they are now emerging as
frontline therapies in the anti-tumor armamentarium for some cancers.
For example, the anti-GD2 antibody dinutuximab (ch14.18) is con-
sidered part of the standard of care for MRD eradication in treatment of
high-risk neuroblastoma [14]. The incorporation of immunotherapy as
frontline therapy for other pediatric malignancies is also the subject of
ongoing clinical trials by Children’s Oncology Group (COG) and others,
including the use of anti-IGF-1R antibody ganitumab in Ewing sarcoma
(ClinicalTrials.gov NCT02306161) and brentuximab vedotin (an-
tiCD30/monomethyl auristatin E conjugate) in high-risk Hodgkin
lymphoma (ClinicalTrials.gov NCT02166463).

2. Mechanisms for immunotherapeutic approaches

2.1. The role of the immune system in prevention and treatment of
malignancy

Before we can understand the ways that immunotherapeutic ap-
proaches can be used to treat childhood cancer, we must first under-
stand the human immune system’s role in cancer surveillance and the
regulation of tumorigenesis.

In the most basic manner, the immune system recognizes tumor
cells by the presence of tumor-specific antigens and targets them for
destruction [15,16]. Therefore, tumor cells which express “foreign”
antigens are targeted for destruction by the human immune system.
However, tumor cells evade this mechanism in a number of ways, in-
cluding downregulating tumor-specific antigens and major histo-
compatibility complex (MHC) class I molecules, leveraging regulatory
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T-cells, and upregulating immune checkpoint inhibitors including cy-
totoxic T-lymphocyte associated protein 4 (CTLA-4) and programmed
death receptor 1 (PD-1) on T-cells [16].

Evidence for the role of the immune system in regulating tumor-
igenesis includes studies on knockout mice with severe combined im-
munodeficiency (SCID) which revealed that these mice are at higher
risk for a variety of tumors [15]. Other mouse strains deficient in innate
immune effectors similarly develop a variety of tumors, suggesting that
both the innate and adaptive arms of the immune system are vital for
preventing tumorigenesis [15]. Furthermore, we know that the role of
the immune system in preventing development of malignancy extends
to humans, as patients who are on chronic immunosuppression (e.g.,
solid organ transplant recipients) are at markedly increased risk for
developing a wide range of malignancies. This is, perhaps, most com-
monly recognized as the development of post-transplant lymphoproli-
ferative disorder (PTLD) whereby unchecked lymphoid proliferation
occurs on a spectrum that can extend to the development of frank
lymphoma [17]. The process is often driven by Epstein Barr virus
(EBV). The cornerstone of management is reduction of im-
munosuppression, which restores the homeostatic checks and balances,
leading to regression of the lymphoproliferative process [18]. However,
because reduction of immunosuppression increases the risk of trans-
plant allograft rejection, other therapies are often required. While
chemotherapeutic agents can be utilized, immunotherapeutic ap-
proaches are often used as well. These include rituximab, which is a
monoclonal antibody that targets CD20-positive, EBV-infected B-lym-
phocytes; and cytotoxic T-lymphocytes which target EBV-specific an-
tigens. Thus, even when reduction in immunosuppression is insufficient
to prevent PTLD, immunotherapies can be used to control lymphopro-
liferation.

2.2. Hematopoietic stem cell transplantation

In the 1950’s the idea emerged that otherwise lethal doses of
myeloablative therapy could be administered for treatment of leukemia
and followed by infusion of hematopoietic stem cells from a suitable
donor, leading to rescue of hematopoietic function [19]. It soon became
clear that transplantation of hematopoietic stem cells also served a
second function above and beyond that of simply restoring the body’s
hematopoietic function after myelotoxic therapy—donor cells could
leverage an immunologic response against the host’s leukemic cells
leading to a graft-versus-leukemia (GVL) effect [20].

The fatal outcomes seen in the earliest attempts to perform HSCT
immediately led to the recognition of graft-vs-host disease (GVHD) as a
limiting factor. However, Weiden et al. [21] reported that recipients
with mild GVHD had a relative relapse rate 2.5 times lower than those
without evidence of GVHD, demonstrating the role of immunotherapy
(i.e., GVL) as an important component of HSCT success. Additional
support for this concept has been provided by the occasional efficacy of
withdrawing immunosuppression in relapsed patients after HSCT, and
by the increased risk of relapse when donor marrow is T-cell depleted
prior to transplant. Finally, the ability of donor leukocyte infusions
(DLI) to re-induce remission in patients who relapsed after transplant is
further direct evidence for the GVL effect. This has led to the devel-
opment of hematopoietic stem cell transplantation as a treatment for
pediatric B-ALL, and thus was born the age of immunotherapy for B-cell
malignancies.

2.3. Antibody-based therapies

Antibody-based therapies involve monoclonal antibodies targeted
against tumor-specific antigens. They can come in the form of mono-
clonal antibodies, antibody-drug conjugates or bispecific antibodies
that engage T-cells (i.e., BiTE). The specificity of these therapies allows
therapeutic effects to be targeted to tumor cells, with non-tumor cells
being relatively spared. The impressive ability of antibodies to
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recognize and bind with high affinity and specificity to unique antigens
increases the therapeutic index of these reagents by many orders of
magnitude in comparison to traditional chemotherapy drugs. However,
in some cases, non-transformed cells also express these target antigens
and therefore will be killed as innocent bystanders. Another potential
disadvantage of the antibody-directed approach, as described pre-
viously, is that malignancies may become refractory to treatment by
downregulating or mutating targeted antigens, thereby escaping re-
cognition and destruction [16].

2.4. Antibodies targeted to tumor-specific cell surface markers

A number of monoclonal antibodies targeted against tumor-specific
cell surface markers are used in clinical practice (e.g., anti-CD20 anti-
body rituximab [22]; anti-GD2 antibody dinituximab [14]). The me-
chanism of action for these therapies is fairly straightforward—the
antibodies bind to tumor cells, thereby marking them for destruction by
the immune system [23]. Use of these therapies in clinical practice is
limited by allergic reactions and development of antibodies against the
monoclonal antibody product. Their persistence after infusion and
ability to stimulate cytotoxic effector cells is also inferior to naturally-
occurring antibodies.

2.5. Drug-antibody conjugates

Similar to tumor-specific monoclonal antibodies, drug-antibody
conjugates hone in on tumor cells by utilizing the antigen binding do-
main (Fab) to bind to tumor cells (e.g., anti-CD33/calicheamicin con-
jugate gemtuzumab ozogamicin [24]; anti-CD30/monomethyl aur-
istatin E conjugate brentuximab vedotin [25]; anti-CD22/calichamicin
conjugate inotuzumab ozogamicin [26]). However, rather than stimu-
lating antibody-dependent cytotoxicity, these products primarily work
by delivering a payload of a cytotoxic drug once bound to or phago-
cytosed by cancer cells, thereby leading to targeted cell death [23].

2.6. Bispecific T-cell engagers

Blinatumomab is an example of a bispecific T-cell engager (BiTE).
Its structure consists of a protein that fuses within a single polypeptide
chain the VL and VH regions from monoclonal antibodies specific for
epitopes in the extracellular domains of CD19 and CD3. Upon binding
to CD3 on T cells, it bridges them to CD19-positive B-precursor ALL
cells, causing TCR-mediated activation and killing of the targeted cells
[27].

2.7. Chimeric antigen receptor T-cells (CAR-T)

Chimeric antigen receptors (e.g., axicabtagene ciloleucel [KTE-C19]
and tisagenlecleucel [CTL019]) encompass an extracellular single-chain
variable fragment (ScFv), which is linked to one or more intracellular
signaling domains that activate proliferation and cytotoxicity in T-cells
upon MHC-independent recognition of the target antigen [28]. In-
corporation of the CD3-zeta ITAM provides “signal 1”, while second and
third generation CAR-T constructs include co-stimulatory domains from
CD28 and/or 4-1BB to provide the “signal 2” allowing enhanced acti-
vation and cytotoxic activity of CAR-T cells. This mechanism allows
CAR-T cells to specifically target tumor cells expressing a certain an-
tigen in a manner that is major histocompatibility complex (MHC)-in-
dependent, which is important because tumor cells often downregulate
MHC class I [29].

2.8. Immune checkpoint inhibitors
T-cell homeostasis is regulated by stimulatory and inhibitory

checkpoint mechanisms. Cytotoxic T-lymphocyte antigen 4 (CTLA4),
programmed cell death 1 (PD1) and its ligand programmed cell death
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ligand 1 (PD-L1) all act to blunt the T-cell response. Antibodies against
these antigens therefore potentiate the action of T-cells and enhance
their function of immune surveillance [30].

Immune checkpoint inhibitors have been developed as anti-cancer
agents and are currently used in clinical practice outside of the leu-
kemia setting (e.g., anti-PD-1 antibody nivolumab [31]; anti-CTLA4
antibody ipilimumab [32]).

3. Clinical data supporting immunotherapy: efficacy and side
effects

3.1. Role of hematopoietic stem cell transplantation

By now, more than one million hematopoietic stem cell transplants
(HSCT) in humans have been performed [33], with no sign of slowing
in the current rates [34]. HSCT is the accepted standard of care for
children with certain high risk leukemias, including those that are re-
lapsed, refractory, or associated with specific high risk features at di-
agnosis.

Most HSCT in children continue to use supralethal (myeloablative)
conditioning regimens, although there has been increased interest in
milder treatments (reduced intensity conditioning, “RIC”), especially in
older or substantially pre-treated patients with preexisting tissue frailty.
Myeloablative conditioning for ALL typically includes several daily
fractions of total body radiation, in combination with high doses of
intravenous chemotherapeutic agents such as etoposide, cyclopho-
sphamide, or fludarabine. Due to improvements in supportive care, the
risks of treatment related mortality due to infection or organ damage,
including sinusoidal obstruction syndrome (SOS), have become quite
acceptable. Donor stem cells are usually obtained either by harvesting
bone marrow or by leukapheresis of peripheral circulating mononuclear
cells mobilized from the bone marrow by pretreatment with granulo-
cyte-colony stimulating factor. After stem cell infusion, recipients re-
ceive several immunosuppressive drugs, including calcineurin in-
hibitors and methotrexate, for a limited period of weeks to months to
minimize the risk for GVHD until the regenerating immune system has
adapted to the new host.

An important issue has been the limited availability of HLA-mat-
ched donors. Only about 30% of candidates have a matched sibling, and
thus the use of unrelated donors has been dramatically expanded, based
on the success of the National Marrow Donor Program (NMDP).
Unfortunately, the success of this program has been primarily limited to
Caucasian recipients, since HLA haplotypes are conserved in ethnic
populations, and relatively fewer non-white donors have registered in
the NMDP. A breakthrough in the use of haploidentical donor HSCT
came from the observation that shortly following donor stem cell in-
fusion, allo-reactive T cells can be selectively killed by treatment with
cyclophosphamide, due to their rapid rates of activation and replica-
tion. This spares quiescent hematopoietic stem cells, which divide
slowly and which have increased ability to inactivate the drug meta-
bolically [35,36]. Luznik et al. [37] demonstrated the efficacy of post-
infusion cyclophosphamide in haploidentical transplantation in a clin-
ical trial that used reduced intensity conditioning, and it has been ex-
panded to include myeloablative conditioning as well. This has broa-
dened the availability of HSCT for children, as often a parent can serve
as an effective stem cell donor.

An additional advancement in GVHD prophylaxis has been the use
of alemtuzumab, a monoclonal antibody that targets surface CD52, thus
causing lysis of normal and malignant T and B lymphocytes, as well as
most monocytes, NK cells, and some granulocytes. Given prior to in-
fusion of stem cells, the prolonged half-life of alemtuzumab in the
circulation causes an extended period of immunosuppression, and also
removes many of the donor T cells in vivo, thus substantially reducing
the incidence of GVHD [38].

Analysis of outcomes from the Center for International Blood and
Marrow Transplant Research (CIBMTR) indicate that with
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contemporary conditioning regimens, patients with ALL who achieve
first complete remission and undergo unrelated donor stem cell trans-
plant have long-term survival rates of approximately 70% [39]. For
patients with relapsed disease in second complete remission, long-term
survival rates are approximately 60%, and for patients with advanced
disease, long-term survival rates are approximately 40% [39].

4. Antibody-based therapies
4.1. Blinatumomab

Blinatumomab is a BiTE. Below, we will discuss the real-world
clinical trial efficacy and safety data, which are summarized in Table 1.

4.2. Indications and FDA-approval

Blinatumomab was initially approved under accelerated approval
by the United States Food and Drug Administration (FDA) on December
3, 2014 for Philadelphia chromosome-negative relapsed or refractory B-
ALL based on a single-arm study [40]. As required under the ac-
celerated approval program, benefit was confirmed in a randomized
trial (TOWER trial, ClinicalTrials.gov NCT02013167), leading to reg-
ular approval by the FDA on July 11, 2017. Concurrent with regular
approval, labeling was expanded to include patients with relapsed or
refractory Philadelphia chromosome positive B-ALL, after the ALCAN-
TARA trial (ClinicalTrials.gov NCT02000427) demonstrated efficacy in
patients with Philadelphia chromosome positive B-ALL who demon-
strated resistance or intolerance to tyrosine kinase inhibitors. On March
29, 2018, the FDA expanded the indications for blinatumomab to in-
clude treatment of pediatric and adult patients with B-ALL in first or
second morphologic remission but with MRD of 0.1% or greater based
on the BLAST trial (ClinicalTrials.gov NCT01207388) [41].

Pediatric data to support FDA approval of blinatumomab appear to
be limited to a phase I/1I study, as we could not identify any published
phase III data in children. Despite the phase I/1I study in children only
including three patients (3% of the study population) with Philadelphia
chromosome-positive ALL [27], blinatumomab is approved by the FDA
for pediatric patients with Philadelphia chromosome-positive ALL [41].
Furthermore, we were unable to identify studies evaluating the efficacy
of blinatumomab in pediatric patients who are in morphologic remis-
sion with positive MRD; however, FDA approval for this indication
extends to pediatric patients. Therefore, approval for some indications
appears to be largely based on larger studies in adults, in conjunction
with phase II preliminary efficacy and safety data in pediatrics.

4.3. Administration

Because of its short half-life of two hours, blinatumomab is ad-
ministered as a continuous intravenous infusion [42]. In each 6-week
cycle, blinatumomab is given continuously over four weeks, followed
by a two-week treatment-free interval. The initial infusion is begun at a
dose of 5 ug/m2/d for seven days then escalated to 15 ug/m2/d for the
remaining three weeks. Dosing is started at 15 pg/m2/d for the second
and subsequent cycles.

In the pediatric phase I/II trial [27], patients were observed in the
hospital during the first nine days of treatment (i.e., the first week at the
initial dose and the first two days at the higher dose) before transi-
tioning to outpatient administration via continuous infusion pump.
Patients with high leukemic burden (i.e., bone marrow blasts > 50%)
were administered hydroxyurea or dexamethasone for prevention of
cytokine release syndrome (CRS). Intrathecal chemotherapy was ad-
ministered per local institutional standards. Response was assessed by
bone marrow biopsy/aspirate at day 15 of the first cycle and day 28 of
each cycle. Patients were treated with at least two—and up to five—6-
week cycles of blinatumomab before proceeding to consolidation che-
motherapy or hematopoietic stem cell transplant [27].
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4.4. Side effects

The most common adverse event at the recommended dose was
fever (80%), and it was difficult to clearly attribute many side effects,
including as nausea, headache and anemia, to blinatumomab as op-
posed to the underlying disease. Eight (11%) patients who received the
recommended dose developed CRS, with four of these patients devel-
oping grade 3 or 4 toxicity. Two of the patients who developed grade 3/
4 toxicity permanently discontinued blinatumomab due to the adverse
effect [27].

Although blinatumomab has been associated with hypogammaglo-
bulinemia, the effect of this on infection risk, and the role of in-
travenous immune globulin, remain unclear [43].

4.5. Ongoing studies

Ongoing randomized phase III clinical trials, including one
Children’s Oncology Group study (i.e., AALL 1331), aim to provide
additional efficacy in the relapsed setting (ClinicalTrials.gov
NCT02393859, NCT02101853). A phase I study also aims to treat pa-
tients with blinatumomab in combination with checkpoint blockade
with nivolumab and ipilimumab (ClinicalTrials.gov NCT02879695).
The upcoming COG study AALL1731 will be a phase 3 study in-
vestigating the role of blinatumomab combined with chemotherapy in
patients with standard-risk B-ALL [44], and the St. Jude Total Therapy
XVII (ClinicalTrials.gov NCT03117751) incorporates the use of blina-
tumomab in patients with de novo B-ALL.

4.6. Inotuzumab ozogamicin

In August 2017, the FDA approved inotuzumab ozogamicin, an anti-
CD22/calicheamicin conjugate, for adults with relapsed or refractory B-
ALL on the basis of a phase III trial which demonstrated higher rates of
remission when compared to standard chemotherapy. Use in pediatrics
patients with relapsed or refractory CD22 + B-ALL is the subject of a
phase II study by Children’s Oncology Group (AALL1621; ClinicalTrials.
gov NCT02981628). Although the study is still underway and pre-
liminary study results have not been publicly released, off-label use
despite lack of FDA-approval has been reported in approximately one
hundred pediatric patients treated under the FDA’s expanded access
(“compassionate use”) program (ClinicalTrials.gov NCT03127605). A
retrospective review of 51 of these patients yields tentative insights
regarding side effects and efficacy that require confirmation in a care-
fully-conducted clinical trial [45].

Sixty seven percent of patients treated with inotuzumab ozogamicin
under the expanded access protocol demonstrated complete remission,
with 71% of these responders being MRD-negative. As anticipated,
CD22 escape was noted in a small subset of patients who underwent
CD22 expression analyses post-treatment. Over half of patients who
went on to undergo hematopoietic stem cell transplant developed SOS;
therefore, morbidity and mortality associated with SOS will need to be
closely monitored in current and future studies.

If inotuzumab ozogamicin is proven efficacious in AALL1621, it may
gain accelerated approval for pediatric patients with relapsed/re-
fractory disease based on phase II pediatric data combined with phase
III adult data, similar to blinatumomab.

The upcoming COG AALL1732 study will be a phase 3 trial in-
corporating inotuzumab ozogamicin with conventional chemotherapy
in patients with newly-diagnosed high-risk B-ALL [44].

4.7. CAR-T cells

One promising and new immunotherapy for pediatric B-ALL is
chimeric antigen receptor (CAR) T-cell therapy. Two FDA-approved
CAR-T therapies are on the market, namely axicabtagene ciloleucel
(KTE-C19) and tisagenlecleucel (CTL019), with the latter being the only


http://ClinicalTrials.gov
http://ClinicalTrials.gov
http://ClinicalTrials.gov
http://ClinicalTrials.gov
http://ClinicalTrials.gov
http://ClinicalTrials.gov
http://ClinicalTrials.gov
http://ClinicalTrials.gov
http://ClinicalTrials.gov

K.D. Wyatt, R.J. Bram

CAR-T therapy approved by the FDA for B-ALL (both are approved for
treatment of adults with relapsed or refractory large B-cell lymphoma).

4.8. Manufacture

CAR-T cells are generated from autologous T-cells. Patients first
undergo leukapheresis of CD3 + T-cells, which are sent to a clinical
laboratory for preparation [46]. The cellular product then undergoes ex
vivo transduction with a lentiviral vector coding for a chimeric antigen
receptor against CD19. T-cells then undergo expansion prior to cryo-
preservation and are shipped back to the patient’s local institution for
infusion.

4.9. Administration

Patients usually undergo lymphodepletion within two days to two
weeks prior to CAR-T cell infusion to prevent rejection and create space
for the cellular product. The most common lymphodepletion regimen
includes fludarabine and cyclophosphamide, but a regimen containing
cytarabine and etoposide is also acceptable. Lymphodepletion may be
omitted in patients with lymphopenia [46].

Patients may receive diphenhydramine and acetaminophen for
premedication prior to infusion. Importantly, steroids are not re-
commended due to the potential to impair the effect of the cellular
product. After the product is thawed, it is then infused into the patient.
After infusion, patients are expected to develop B-cell aplasia and may
receive intravenous immune globulin.

4.10. Axicabtagene ciloleucel

Axicabtagene ciloleucel was approved by the FDA in October 2017
for adults with relapsed or refractory large B-cell lymphoma [47]. An
ongoing single-arm phase I/II study (ZUMA-4) is evaluating the safety
and efficacy of axicabtagene ciloleucel in pediatric patients with B-ALL
that is refractory, relapsed after at least one salvage therapy, or relapsed
after hematopoetic stem cell transplant (ClinicalTrials.gov
NCT02625480). The study aims to recruit 75 patients. Patients in this
study will receive conditioning with fludarabine and cyclopho-
sphamide, followed by 2 x 10°6 CAR-T cells per kilogram. Thus far,
data on only four treated patients have been reported in abstract form
(Table 1) [48].

4.11. Tisagenlecleucel

Tisagenlecleucel was approved by the FDA in August 2017 for pe-
diatric patients with refractory B-ALL as well as patients with relapsed
disease after failure of first-line salvage therapy. Concurrent with ap-
proval of tisagenlecleucel, and based on data from CAR-T cell studies,
the FDA also approved tocilizumab for patients greater than 1 year of
age who are undergoing CAR-T therapy and develop CRS. Due to the
risk of CRS, a risk evaluation and mitigation strategy (REMS) was put in
place. The REMS requires special certification of prescribers and
pharmacists and requires on-site access to at least two doses of tocili-
zumab which can be administered within two hours of ordering in the
event of CRS. In May 2018, the FDA also approved tisagenlecleucel for
adults with relapsed/refractory large B-cell lymphoma.

4.12. Phase II efficacy data

The phase II study on tisagenlecleucel probably provides the most
comprehensive publicly-available data on the efficacy and side effects
of CAR-T therapy in pediatric patients with B-ALL [46]. Clinical efficacy
data are summarized in Table 1. Because the study was a single-arm
study, comparisons are limited to historical controls. These compar-
isons, notwithstanding their attendant biases and limitations, appear to
favor CAR-T therapy compared to conventional treatments in terms of
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4.13. Adverse events

Adverse events were common, with nearly all (95%) of patients
experiencing therapy-related adverse events. CRS was observed in 77%
of patients, with 60% of cases grade 3 or greater. CRS occurred at a
median of 3 days post infusion and was noted to happen as late as three
weeks post infusion. Nearly half (47%) of patients required intensive
care unit admission for management of CRS. Vasopressor support was
required in 25% of patients, 13% required intubation and 9% required
hemodialysis. Nearly half (48%) of patients who developed CRS re-
ceived tocilizumab.

Neurotoxicity was another notable adverse effect of tisagenle-
cleucel, occurring in 40% of patients who received tisagenlecleucel.
Most neurologic side effects were temporally associated with CRS, and
neurologic effects generally resolved with supportive care.

Patients who enrolled in industry-sponsored/supported trials of ti-
sagenlecleucel are being followed in a 15-year long-term follow up
study which will evaluate long-term safety as well as CAR-T cell and
lentiviral persistence (ClinicalTrials.gov NCT02445222).

4.14. Cytokine release syndrome

CRS is a recognized, and often serious, side effect of CAR-T cell
therapy that deserves special mention. It usually occurs within days of
CAR-T cell infusion but has been reported to occur weeks after infusion
[46]. CRS is characterized by fever, malaise, capillary leak with he-
modynamic instability and multi-organ dysfunction, including neuro-
logic dysfunction [49]. It occurs as a result of cytokine release, in-
cluding IL-6, by CAR-T cells as they lyse B-cells.

4.15. Grading CRS

More than six systems exist for grading CRS. In an attempt to re-
concile discrepant grading systems, the American Society for Blood and
Marrow Transplantation (ASBMT) recently developed and published a
consensus grading system for CRS [50]. In the consensus guidelines,
fever not attributable to any other cause was a requisite symptom, and
grading was dependent upon the degree of hypotension and/or hypoxia
(Table 2).

4.16. Role of tocilizumab for CRS

Tocilizumab is an anti-IL-6 receptor antibody that interferes with IL-
6 signaling. It has been used for treatment of CRS in patients who have
received both FDA-approved CAR-T cell products (axicabtagene cilo-
leucel and tisagenlecleucel) [49]. Retrospective review of off-label use
of tocilizumab in 60 patients with a median age of 12 years who un-
derwent CAR-T cell therapy in clinical trials demonstrated a 53-69%
response rate, as defined by resolution of CRS within 14 days. Patients
received tocilizumab at a median of 3—-4 days after onset of CRS, with
most patients requiring one to two doses. Despite lack of randomized
comparison to a control group and unknown optimal dose and sche-
dule, the FDA approved tocilizumab on the basis of reports of prompt
improvement in vital signs after administration, its favorable safety
profile and lack of an acceptable alternative. In vitro and limited patient
data suggest that IL-6 blockade by tocilizumab does not impair CAR-T
cell expansion, function or persistence [51-53]. In comparison, corti-
costeroids impair CAR-T cell expansion and their use should be avoided
for CAR-T cell associated CRS [49,51].

4.17. Approaches for preventing CRS

Alternate CAR-T cell dosing strategies, including fractionated (i.e.,
split) dosing and varying cell doses are being explored as ways to
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Table 2
ASBMT Consensus CRS Grading [50].
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CRS Parameter  Grade 1 Grade 2

Grade 3

Grade 4

Temperature = 38 °C

Requiring a vasopressor with or without

vasopressin

Fever’ Temperature = 38°C  Temperature = 38 °C

with

Hypotension None Not requiring vasopressors
and/or'

Hypoxia None Requiring low-flow nasal cannula’

or blow-by

Requiring high-flow nasal cannula’, facemask,
nonrebreather mask, or Venturi mask

Temperature = 38°C

Requiring multiple vasopressors (excluding
vasopressin)

Requiring positive pressure (eg, CPAP, BiPAP,
intubation and mechanical ventilation)

Reprinted from Biology of Blood and Marrow Transplantation, in press, Lee DW et al. “ASBMT Consensus Grading for Cytokine Release Syndrome and Neurologic
Toxicity Associated with Immune Effector Cells,” Page 6, Copyright 2018, with permission from Elsevier.

* Fever is defined as temperature = 38 °C not attributable to any other cause. In patients who have CRS then receive antipyretics or anticytokine therapy such as
tocilizumab or steroids, fever is no longer required to grade subsequent CRS severity. In this case, CRS grading is driven by hypotension and/or hypoxia.

T CRS grade is determined by the more severe event: hypotension or hypoxia not attributable to any other cause. For example, a patient with temperature of
39.5 °C, hypotension requiring 1 vasopressor, and hypoxia requiring low-flow nasal cannula is classified as grade 3 CRS.

* Low-flow nasal cannula is defined as oxygen delivered at <6 L/min. Low-flow also includes blow-by oxygen delivery, sometimes used in pediatrics. High-flow

nasal cannula is defined as oxygen delivered at > 6 L/min.

mitigate the risk of CRS without compromising efficacy. Because high
tumor burden may predict development of CRS [54], an ongoing pilot
study aims to study whether early administration of tocilizumab to
patients with high disease burden will decrease the frequency of grade
4 CRS without adversely affecting the efficacy of CAR-T therapy
(ClinicalTrials.gov NCT02906371).

4.18. Challenges with CAR-T therapy

One of the major disadvantages of CAR-T therapy is the need for
patient-derived cellular product processing. In the phase II study of ti-
sagenlecleucel [46], seven patients did not receive cellular infusion due
to “tisagenlecleucel product-related issues” and another seven patients
were unable to receive tisagenlecleucel because they died before they
could undergo infusion. Improvements in the manufacturing and
transport process, including those which expedite product turnaround
time, may ameliorate some of these issues.

One potential solution is the generation of universal, “off-the-shelf”
CAR-T cells that are not specific to any one patient. This approach relies
on gene editing to prevent graft versus host disease by deleting the T-
cell receptor on infused lymphocytes [55].

Despite the success of CAR-T therapy, its toxicities cannot be ig-
nored. While the majority of neurotoxic effects appear to be transient
[46], only more mature data on late-effects will shed clearer light on
these effects. Furthermore, with approximately half of patients re-
quiring intensive care unit support for cytokine release syndrome,
strategies to prevent or decrease the severity of CRS are desperately
needed.

CAR-T therapy is also expensive and will present a challenge for
insurers, patients and health care systems. The list price for tisagenle-
cleucel is $475,000 for a single infusion [56], a price that does not take
into account the costs of supportive care, tocilizumab for patients who
develop CRS or other treatments that might be pursued to maintain a
durable remission (e.g., hematopoietic stem cell transplant).

One avenue of failure for CAR-T cells is CD19 escape by a CD19-
negative B-cell clone. Potential treatments for patients with CD19-ne-
gative relapse after CAR-T cell therapy include hematopoietic stem cell
transplant or treatment with CAR-T cell products against other B-cell
antigens. Promising phase I data of CD22-targeted CAR-T cells suggest
that T-cells targeted to alternative antigens may be efficacious; how-
ever, as expected, CD22 escape has been observed in patients who re-
lapse after this therapy [57].

4.19. Antibody agents and CAR-T cell therapies under development

As noted above, inotuzumab ozogamicin is the subject of multiple
ongoing and planned cooperative group studies in pediatric patients
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with B-ALL.

Epratuzumab, an anti-CD22 antibody, was evaluated in a Children’s
Oncology Group Phase I/II study of pediatric patients with relapsed
acute lymphoblastic leukemia (ClinicalTrials.gov NCT00098839).
Unfortunately, epratuzumab did not result in improved remission rates
compared to historical controls who did not receive epratuzumab.

As noted above, axicabtagene ciloleucel CAR-T therapy is the sub-
ject of an ongoing pediatric clinical trial (ClinicalTrials.gov
NCT02625480) and CAR-T cells targeting antibodies other than CD19
are also under investigation for patients who relapse after CD19 CAR-T
therapy [57].

4.20. Mechanisms of treatment failure after immunotherapy

Patients who undergo hematopoietic stem cell transplantation may
continue to have persistent disease despite the use of high-dose mye-
loablative chemotherapy with stem cell rescue and the attendant graft-
versus-leukemia effect. Recent studies on the role of minimal residual
disease (i.e., persistent levels of tumor cells down to one in 10,000 or
100,000) have demonstrated that patients with even barely detectable
leukemic burden at the time of transplant are at greater risk of relapse
compared to patients who are MRD-negative [58]. Therefore, it is
preferable, though not required, to achieve MRD-negativity prior to
undergoing hematopoietic stem cell transplant. This can be achieved
with the use of conventional chemotherapy, blinatumomab, or CAR-T
cells.

Antibody-based therapies are especially vulnerable to resistance by
tumor cells that are negative for the targeted antigen. In the phase I/1I
study on blinatumomab in children [27], out of fifteen patients who
had relapsed and died, four patients had a CD19-negative clone. Ad-
ditionally, in the phase II study of tisagenlecleucel CAR-T therapy [46],
among 27 relapses after CAR-T therapy, 6 had CD-19 unknown status, 1
had CD19 + recurrence and 15 had CD19-negative recurrence (3 of
these also with CD19-positive blasts). As discussed above, [57] newer
therapies targeting other antigens may play a role in treating these
relapses, yet they are susceptible to the same mechanism of drug re-
sistance.

In addition to lack of efficacy, treatment-related toxicity can be
another important reason patients die or become unable to complete
treatment. In the phase I/II study on blinatumomab in children, 9%
(N = 6) patients experienced fatal adverse events; however, three of
these patients died after allogeneic stem cell transplant after achieving
remission with blinatumomab [27]. When patient deaths after receipt
of CAR-T therapy (tisagenlecleucel) were assessed, out of nineteen
deaths, 13 occurred due to relapse or progression of disease, two oc-
curred due to infection, two occurred due to complications after other
therapies for B-ALL, one occurred due to cerebral hemorrhage in the
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context of CRS, and another occurred due to unknown causes [46].
4.21. Future prospects

Notwithstanding the impressive power exemplified by the novel
immunotherapeutic approaches described above, it is clear that the
major impact on improved outcomes in B-ALL over the last fifty years
has resulted from careful administration of generally non-specific anti-
metabolites and cytotoxic agents. Yet, we may be seeing the limits of
intensified chemotherapy, with many studies demonstrating no benefit
of further treatment intensification and, worse yet, excessive toxicity
[44]. The new successes promised by humoral and cell-mediated im-
mune responses will be welcomed, particularly if long term toxicities
from standard chemotherapy and radiation can be avoided.

An additional approach to consider in the future will come from
further development and refinement of cell autonomous therapies fo-
cused only on genotypically mutant cells. An unusual feature of pre-
cursor B-ALL cells is that they often retain their developmentally pro-
grammed precarious state of balance between death by neglect and
negative selection [59]. Thus, these malignant blasts require ongoing
signaling to sustain their proliferation and survival. This underlies the
beneficial effect of adding an ABL tyrosine kinase inhibitor to Ph + -
ALL therapy, and a current trial using the JAK inhibitor ruxolitinib for
ALL cases that carry a cytokine receptor-like factor 2 (CRLF2) activating
mutation [60]. Indeed, in a genomics study of 1725 patients with Ph-
positive ALL, more than 90% carried activating mutations in kinases
typically implicated in cytokine signaling pathways and thus poten-
tially amenable to small molecule inhibition [61]. Conversely, pre-
clinical studies have also demonstrated that the machinery of negative
selection remains intact in many of these childhood ALL cases [59].
Enhanced signaling downstream of the B-cell receptor, for instance
through inhibition of Shpl or Shipl phosphatases, which boosted Syk
signaling, can cause activation induced cell death in both normal as
well as malignant precursor B-cells. These novel approaches will lead to
welcome advances in the future that combine signal transduction di-
rected and immunological therapies with more traditional chemother-
apeutics.

5. Conclusion

The use of immunotherapy to treat childhood B-ALL is coming of
age and has a bright future. While these therapies are currently only
used in the relapsed/refractory setting, their role in targeted upfront
therapy is an area of active investigation in the newest generation of
cooperative group studies. For example, the upcoming COG study
AALL1731 will be a phase 3 study investigating the role of blinatu-
momab combined with chemotherapy in patients with standard-risk B-
ALL, AALL1732 will be a phase 3 study investigating the role of in-
otuzumab ozogamicin combined with chemotherapy in patients with
newly-diagnosed high-risk B-ALL, and AALL1721 will be a phase II
study assessing use of tisagenlecleucel following initial blocks of che-
motherapy in patients with very high risk B-ALL who achieve first
complete remission (ClinicalTrials.gov registrations not yet completed)
[44]. Similarly, the St. Jude Total Therapy XVII (ClinicalTrials.gov
NCT03117751) study also aims to evaluate the role of blinatumomab
and CAR-T therapy in patients with de novo B-ALL. We anticipate the
movement of these treatments into the frontlines of therapy over the
next decade with important implications for other malignancies that
will benefit from our experience.

6. Off label usage

This paper describes therapies that are not FDA-approved for
treatment of B-ALL. Where appropriate, we have tried to distinguish
therapies that have been FDA-approved for certain indications and
those that are still under investigation, along with ClinicalTrials.gov
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