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Genetically modified adoptive immunotherapy—A new therapeutic option to
cure relapsed and/or refractory leukemia in children and adults?
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Abstract

Refractory/relapsed leukemias in children, adolescents and adults are generally associated with a poor
prognosis and usually require allogeneic stem cell transplantation. Despite the significant
developments over the past few decades, a reliable therapy leading to long-term complete remission is
still not available. Therefore, the development of adoptive immunotherapies has gained enormous
importance. In recent years various leukemia-specific antibodies have been established for treatment
of relapsed and/or refractory leukemias. Checkpoint inhibitors have provided significant progress in
the therapy of various relapsed/refractory/metastatic tumor entities, but were not successful in high-
risk leukemias. A recent milestone in the development of new specific treatment for relapsed/
refractory leukemias are genetically engineered T cells expressing a Chimeric Antigen Receptor that
targets specific antigens (CAR-T cells). These CAR-T cells represent a combination of gene and
immunotherapy with impressive results in the treatment of pediatric and young adult patients with
aggressive acute lymphoblastic leukemia or diffuse large B-cell lymphoma and in the treatment of
adults with primary mediastinal B-cell lymphoma. This review summarizes the current possibilities of
adoptive immunotherapies, with a focus on leukemias and the situation in Germany.
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in children [6]. Furthermore, 23% of all secondary neoplasms
are Central Nervous System (CNS) tumors, followed by skin
tumors, thyroid cancer and breast cancer in young women [6].

Introduction

Leukemia in children and adults

While ALL is the most prevalent form of leukemia among
children and adolescents, older people are more likely
diagnosed with chronic forms like Chronic Lymphoblastic
Leukemia (CLL) and Myelodysplastic Syndrome (MDS) [4].
More than 50% of all leukemias occur in the age group over 65
[5]. The overall incidence of this disease is higher in men than
women. About one in 56 men (1.78%) and one in 79 women
(1.26%) are affected by leukemia during their lifetime [5]. The
reason might be a gender-specific genetic difference near to the
ABO gene locus on chromosome 9 [7].

The term leukemia comprises several types of cancer of the
blood cells, which are mainly classified according to the type
of blood cells that are affected by the tumor (lymphoid or
myeloid) and the rate of progression (acute or chronic) [1,2].
Leukemia occurs particularly in elderly and children.

In Germany up to 12,000 people suffer from leukemia every
year including about 600 children and adolescents [3].
Leukemia accounts for about 32% of all cancers in children
under the age of 15 years [4]. The most common diagnosis in
children is Acute Lymphoid Leukemia (ALL, 75% of all
leukemias), which is most frequent among two- to four-year-

: Prognosis of patients with leukemias
old children as compared to other age groups [4]. About 4% of

all childhood malignancies and 13% of all leukemias are cases
of Acute Myeloid Leukemia (AML), which is the most
common type of leukemia among children under two years of
age (Figure 1A) [4]. In both types of leukemia, boys are
affected more frequently than girls [4,5]. The probability of
long-term survival AML (71%) is lower than with ALL (90%)

[4].

About 8% of patients develop secondary neoplasms within 30
years after diagnosis of leukemia during childhood and about
11% of secondary neoplasms developing within 30 years after
primary cancer during childhood after are AML (Figure 1B)
[4]. Malignant neoplasms are the second leading cause of death
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The prognosis of children and adolescents with both AML and
ALL has improved significantly in the last three decades [5,8].

In 2010 the five-year survival rate for children with ALL was
30% higher than it had been in 1975, and for adolescents it was
improved by more than 45% [9].

According to the Childhood Cancer Registry, today’s cure rate
is about 80% for childhood ALL and 30 to 70% for childhood
AML [8,10-12]. The five-year survival rate for adults reached
84% for CLL and 69% for CML in 2014 [5]. The main reasons
for the improved prognosis are the establishment of more
specific diagnostics, a modern combination of therapies,
prevention of the spread to the Central Nervous System (CNS)
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and risk-adapted therapy depending on prognostic factors
[12,13].

Initial treatment options for leukemia

Overall, with respect to AML and ALL, a long-term survival
rate of up to 65% and 80%, respectively, has been achieved
with the aid of intensive chemotherapies [13,14]. Acute
leukemias are initially treated with chemotherapy, possibly
supplemented with CNS irradiation, aiming to completely
eliminate the leukemic clone so that residual leukemic cells
can no longer be detected, and a normal hematopoiesis can
start again.

A Types of leukemias, myeloproliferative and myelodysplastic
diseases in children under 15 years of age
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Figure 1. Leukemia diagnoses in childhood and as secondary
neoplasms in  Germany [4]. (4) Dpes of leukemias,
myeloproliferative and myelodysplastic diseases in children under 15
years of age. (B) Leukemias as secondary neoplasms within 30 years
after diagnosis of any primary cancer during childhood.
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However, with respect to ALL, the therapy still fails in over
50% of infants [15] regarding AML, about 30-40% of pediatric
patients suffer a relapse associated with poor prognosis [16].
Viral and bacterial infections contribute to mortality. If
chemotherapy is not sufficiently successful, Bone Marrow
Transplantation (BMT) or hematopoietic Stem Cell
Transplantation (SCT) are the only curative therapeutic option
in these types of leukemia as well as numerous other
hematologic, oncologic and immunologic diseases [17-20].
Despite the significant developments over the past two to three
decades, Graft-versus-Host Disease (GvHD) after stem cell
transplantation is still the major complication, at different
frequencies and degrees of severity depending on the Human
Leukocyte Antigen (HLA) compatibility between donor and
recipient [21].

Until today, no reliable therapy leading to long-term complete
remission is available, neither for adult nor pediatric high-risk
leukemia patients. Therefore, the development of an adoptive
immunotherapy without inducing GvHD or other life-
threatening complications, especially in the context of haplo-
identical transplantation, has gained enormous importance.
This review elaborates on the promising adoptive
immunotherapies that have been developed in the last years,
their success in the treatment of leukemias and remaining
issues especially regarding refractory/relapsed leukemias, with
a focus on the therapeutic landscape in Germany.

Immunotherapies for treatment of leukemias—
overview

Leukemic cells often develop mechanisms to modulate the
immune response. Immunotherapies comprise treatments that
enhance or repress the patient’s immune system to fight the
cancer. These therapies can be nonspecific or antigen-specific
and employ different mechanisms to manipulate the immune
system. In addition, a differentiation can be made between
cellular and non-cellular therapy (Table 1). The Ilatter
comprises antibodies against tumor cells, immune checkpoint
inhibitors and immunomodulators like cytokines.

Table 1. Types of immunotherapies for treatment of leukemia. Immunotherapies can be differentiated between cellular and non-cellular and

according to their specificity for antigens

Immunotherapy Antigen-specific Nonspecific

Adoptive cell therapy Donor Lymphocyte Infusion (DLI)
Cellular

Genetically modified T cells (CAR-T cells) NK cells

Tumor-specific antibodies
Non-cellular Cytokines

Immune checkpoint inhibitors

In adoptive immunotherapy, cells are transferred into the
patient. A mixture of immune cells is transferred in Donor
Lymphocyte Infusion (DLI). Single types of immune cells such
as T and B lymphocytes or antigen presenting cells, that are
activated specifically or nonspecifically, can be used as well.
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Another classification can be made based on whether the
therapy activates the patient’s own immune system (active) or
whether the patient is not able to produce the immune
molecules on his own (passive).

It is possible to combine several types of immunotherapy to
achieve a better therapeutic result. Next, nonspecific
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immunotherapies will be described in further detail followed
by antigen-specific therapies.

Donor lymphocyte infusions are used to treat and
prevent relapse after stem cell transplantation

To improve the therapeutic potential of allogeneic SCT,
patients can receive a DLI, an infusion of lymphocytes from
the stem cell donor, in order to maximize the Graft-versus-
Leukemia (GvL) effect (cytotoxic effect of T-lymphocytes
from the donor graft against remaining leukemic cells in the
recipient). The use of DLI, which was established by Kolb et
al. in 1990, has already resulted in a major therapeutic
breakthrough in adult patients with CML [22]. It has been
demonstrated that DLI can induce long-term complete
remission in a lot of CML patients [22-24]. With regard to
AML and ALL, DLI showed significantly lower therapeutic
success. The reasons are both a lower or altered expression of
the AML and ALL antigens [25-28] and the loss of the HLA
complex, a so-called immune escape mechanism [29,30]. DLI
also failed in the treatment of pediatric high-risk leukemias, or
the positive effects could only be observed temporarily [31]. In
addition, DLI is still limited by the risk of GvHD, especially at
high T-cell doses [32,33]. To optimize the therapeutic potential
of allogeneic SCT and minimize the graft-versus-host effect,
immunotherapeutic approaches besides DLI are necessary.

In order to regulate or prevent an unwanted GvHD or immune
escape and further tumor progression, a targeted modulation of
the immune system is key to stimulating its own unique and
highly effective mechanisms.

Natural Killer cells may protect against GvHD

An approach to circumvent the problems associated with DLI
constitutes the use of Natural Killer (NK) cells. As part of the
innate immune system, NK cells have been shown to
specifically eliminate leukemic cells after allogenic
haploidentical SCT without inducing GvHD although the
underlying mechanisms remain to be elucidated [34,35].
Restoration, modification and combination of NK cells with
other treatments are new strategies for cancer immunotherapy
[36].

Immunomodulators can enhance the anti-tumor
activity of the immune system

Cytokines are important mediators of cell signaling and play a
key role in the regulation of the immune system. Interferon
alfa-2a has been approved for treatment of patients with hairy
cell leukemia and Philadelphia chromosome positive (Ph+)
CML while interferon alfa-2b can be applied to patients with
hairy cell leukemia and aggressive follicular non-Hodgkin
lymphoma [37,38]. Interferons have been shown to increase
the efficacy of other treatments when used in combination, for
instance in case of the tyrosine kinase inhibitor imatinib for the
treatment of CML [38,39]. Since interferons apparently do not
cross the placental barrier, they may even offer the possibility
to treat leukemia in pregnant women [40]. All interferons are
produced naturally by the body, the treatment can still cause
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side effects ranging from flu-like symptoms to reduced
leukocyte and platelet counts as well as psychological effects
[41]. However, side effects typically diminish after withdrawal.
The side effects of interferons also impede the combination
with tyrosine kinase inhibitors like imatinib [39]. Due to their
dose-limiting toxic effects and inconsistent efficacy as mono-
therapy, future applications may be engineered cytokines or
combination therapies [42].

Targeted therapies reduce side effects but induce
escape mechanisms

While the standard chemotherapy targets all types of fast
dividing cells, tumor cells and normal body cells, targeted
therapy specifically aims at tumor cells. Underlying
mechanisms include the prevention of cell growth by blocking
growth promoting signals, the induction of tumor cell death,
e.g. by delivering toxic compounds to the tumor cell, and the
triggering of the immune system (immunotherapy) [43]. The
efficacy of the immunotherapies against leukemia is
determined by the complex interaction of numerous players of
the immune system with the tumor cell [35]. Targeted therapies
are advantageous because they may cause fewer side effects
but they also come with limitations. Tumor cells can escape the
targeted therapy by mutation of the target or by activation of
additional pathways that are not targeted. Drugs directed
against new targets are being developed but are by no means
available for each target [43]. Targeted therapies include
monoclonal antibodies, tyrosine kinase inhibitors, checkpoint
inhibitors and CAR-T cell therapy

Monoclonal antibodies are a passive, tumor-specific
immunotherapy

Passive immunotherapies such as monoclonal tumor-specific
antibodies for the treatment of B-cell lymphomas and for
subsets of patients with CLL, also as a first-line therapy, have
been established since the approval of rituximab, a monoclonal
antibody that targets the CD20 pathway, in 1997 [44]. Another
13 tumor-specific monoclonal antibodies have been approved
since then, are used successfully [45] and have given a new
hope to cure refractory/high-risk leukemia in children and
adults. One example is Inotuzumab ozogamicin, an antibody
targeting CD22 conjugated with the toxin calicheamicin.
Inotuzumab ozogamicin is approved by the European
Medicines Agency (EMA) for use in patients with relapsed or
refractory CD22-positive B-cell ALL. In patients with Ph+
relapsed or refractory CD22-positive B-cell ALL, treatment
with at least one tyrosine kinase inhibitor should have failed
before Inotuzumab ozogamicin is considered for treatment
[46].

Tyrosine kinase inhibitors are cytostatic but not
cytotoxic

Tumor cells are characterized by abnormal growth and
proliferation. Tyrosine Kinase Inhibitors (TKIs) suppress the
growth signals that tumor cells receive by blocking the signal
transduction that is mediated by tyrosine kinases.
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Imatinib mesylate

Imatinib mesylate, a selective inhibitor of the BCR-ABL
kinase, is approved for the treatment of newly diagnosed Ph+
ALL in children and adults in combination with chemotherapy
and for adults with relapsed or refractory Ph+ ALL as mono-
therapy. Further areas of application are chronic eosinophilic
leukemia or hypereosinophilic syndrome as well as Ph+ CML
and further types of cancer [47,48]. Further therapeutic options
targeting the BCR-ABL kinase, especially for patients who are
refractory or intolerant to imatinib mesylate, are dasatinib,
nilotinib, bosutinib, ponatinib and idelalisib.

Dasatinib

Dasatinib is a treatment option considered for adult patients
with Chronic Phase (CP), Accelerated Phase (AP) or Blast
Phase (BP) CML with resistance or intolerance to prior therapy
including imatinib mesylate, for adults with Ph+ ALL and
lymphoid blast CML with resistance or intolerance to prior
therapy and for children and adults who were newly diagnosed
with CP Ph+ CML [49]. Furthermore, dasatinib is indicated for
children with Ph+ CML resistant or intolerant to prior therapy
including imatinib mesylate [50,51].

Nilotinib
Nilotinib is also indicated for CP Ph+ CML in children or
adults who are newly diagnosed, and for Ph+ CML in children

(CP) or adults (CP or AP) with resistance or intolerance to
prior therapy including imatinib mesylate [49,51].

Bosutinib

Another treatment option for newly diagnosed adult CP Ph+
CML patients is Bosutinib, which is furthermore used in adults
with CP, AP, or BP Ph+ CML who were already treated with at
least one tyrosine kinase inhibitor and for whom imatinib,
dasatinib and nilotinib are no treatment options [52].

Ponatinib

Ponatinib is approved for adults with CP, AP or BP CML who
are intolerant to dasatinib or nilotinib, for whom imatinib is not
appropriate, or who carry a T3151 mutation. Ponatinib can also
be used for adults with Ph+ ALL who are resistant to dasatinib,
intolerant to dasatinib and imatinib not applicable, or who
carry a T3151 mutation [53].

Idelalisib

Idelalisib can be used for treatment of CLL after at least one
prior therapy or in adults with 17p deletion or TP53 mutation
and no other therapy option [54]. Idelalisib is furthermore a
treatment option for Follicular Lymphoma (FL) refractory to
two prior lines of treatment, Marginal Zone Lymphoma
(MZL), Small Lymphocytic Lymphoma (SLL), and,
Waldenstrom Macroglobulinemia (WM) or lymphoplasmacytic
lymphoma [54,55].

Although TKIs stop the proliferation of tumor cells, they are
not cytotoxic. Therefore, patients need continuous treatment to
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keep the cancer in check. Unfortunately, tumor cells can
develop resistance against targeted therapies like imatinib. To
counteract resistance development, combined therapies are
applied. TKIs are the treatment of choice for CML in the
chronic phase to continuously control the minimal residual
disease but, as other targeted therapies, they come with high
therapy costs as they are highly selective and used in small
subgroups of patients.

Leukemia-specific conjugated antibodies

Monoclonal antibodies can perform their action either by
binding alone or by specifically killing leukemic cells if
conjugated with cytotoxic molecules. Currently 10 approved
immunotherapy options as targeted antibodies for leukemia are
established, which comprise conjugated antibodies and
checkpoint inhibitors, which are elaborated in the next section.

Alemtuzumab

Alemtuzumab is a monoclonal unconjugated antibody that
targets the CD52 pathway via the activation of antibody-
dependent cell-mediated cytotoxicity [56]. It is used in adult
patients who have been treated with alkylating agents and in
whom the fludarabine therapy has failed. In addition,
improvement of GvHD could be shown in a study where
alemtuzumab was used off-label in 20 patients with severe
steroid-resistant acute intestinal GvHD after allogeneic SCT
yet at the cost of complications such as the reactivation of
cytomegalovirus, bacterial infections and invasive aspergillosis
[57].

Gemtuzumab ozogamicin

Gemtuzumab ozogamicin is a monoclonal antibody-drug
conjugate consisting of a humanized monoclonal antibody
targeting the CD33 pathway, conjugated with a bacterial toxin
that delivers toxicity to cancer cells. Gemtuzumab ozogamicin
is used to treat subsets of adult and pediatric patients over 15
years of age with newly diagnosed primarily refractory CD33-
positive AML, excluding Acute Promyelocytic Leukemia
(APL), as a combined first-line therapy [58,59]. It was the first
approval for such an antibody-toxin conjugate worldwide and
the only AML therapy targeting the CD33 antigen, which is
expressed on AML cells in up to 90% of patients [58].
Disadvantages are side effects that can vary between mild and
very severe (e.g. neutropenia and/or thrombocytopenia, liver
toxicity and sinusoidal obstruction syndrome) and furthermore
the antibody is only used for a small patient group.

Inotuzumab ozogamicin

Inotuzumab ozogamicin is an antibody-drug conjugate used as
a monotherapy which targets the CD22 pathway and is
cytotoxic to cancer cells. It is only effective in a small group of
adult patients with relapsed/refractory acute CD22-positive
precursor B-ALL. A limiting factor is the increased occurrence
of hepatic sinusoidal obstruction as an overlapping
complication of allogeneic SCT after the application of the
antibody [60,61].
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Obinutuzumab

Obinutuzumab is a monoclonal antibody that targets the CD20
pathway to treat subsets of adult patients with CD20-positive
refractory CLL and/or FL, the most common type of indolent
(slow-growing) non-Hodgkin’s lymphoma as first-line therapy
[62]. It acts as a CD20 antibody similar to rituximab and
ofatumumab, but is the first generation CD20 monoclonal
antibody optimized with glycoengineering technology
(glycosylation). Destruction of malignant B lymphocytes can
be improved by activating other immune cells against cancer
cells or directly triggering cell death. A German clinical trial
showed that obinutuzumab achieved better results in treating
comorbid patients with CLL compared to rituximab. On
average, progression-free survival was extended to 10 months,
thus replacing rituximab and chlorambucil with obinutuzumab
in the standard therapy. However, obinutuzumab caused
infusion reactions and neutropenia more frequently [63].

Ofatumumab

Ofatumumab is a monoclonal antibody that targets CD20-
positive B cells. It is used to treat subsets of adult patients with
refractory CD20-positive B-CLL who did not respond
adequately to treatment with fludarabine or alemtuzumab or
who are resistant to rituximab [64,65]. Following the onset of
fulminant hepatitis upon therapy with ofatumumab, a “red-
hand letter” (a German pharmaceutical warning letter) was
issued on December 2013. Therefore, hepatitis B virus
screening is recommended before starting treatment [66].

Rituximab

Rituximab is a chimeric monoclonal anti-CD20 antibody that
targets CD20 and is used as a drug in cancer immunotherapy
mainly in the treatment of malignant lymphoma. The variable
part of the antibody is directed against the cell surface
molecule CD20, which can be detected in a part of non-
Hodgkin’s lymphoma patients and indicated in combination
with chemotherapy for treatment of previously untreated
patients and for subsets of adult patients with relapsed/
refractory B-CLL, also as a first-line therapy [67-69].
Rituximab has also been found to reduce the need for
splenectomy in patients with stage I splenic diffuse large B-cell
lymphoma [70]. Furthermore, rituximab is the most important
drug in the treatment of transplantation-associated lymphoma
(PTLD), which is often CD20-positive [71].

Side effects of treatment with rituximab are neutropenia and,
due to the weakened immune defense, more severe infections.
In a study investigating rituximab as maintenance treatment in
elderly patients, 53% of the treated patients and only 36% of
the untreated group suffered from neutropenia [72].

Blinatumomab

Another small therapeutic breakthrough has been achieved
with blinatumomab, a monoclonal Bispecific T-cell Engager
(BiTE) antibody directed simultaneously against the CD3
receptor of T cells and against the surface protein CD19 of B
cells. It is being used prior to allogeneic BMT in adult patients
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with specific forms of refractory/relapsed pre-B ALL.
Blinatumomab is the first therapeutically used BiTE antibody
[73,74].

Checkpoint inhibitors activate the immune system
against tumor cells

A new central point of immuno-oncology are checkpoints,
control sites of the immune system located on T-cells. They
normally prevent an over-stimulating immune reaction and
thus autoimmune diseases. However, cancer cells can use this
mechanism to camouflage themselves. In the last years,
antibodies have been developed to attack these checkpoints
[75].

CTLA-4 (cytotoxic T-lymphocyte antigen 4), ligands CD80
and CD86, PD-1 (programmed death 1), PD-L1 and PD-L2 are
currently used therapeutically as target structures. This leads to
activation of T cells, proliferation and infiltration of
lymphocytes into the tumor, thus death of tumor cells [76].

Ipilimumab

In 2011 Ipilimumab became the first approved antibody which
targets the T cells and not the tumor cell. This specific
antibody relieves the cancerous blockade by attenuation of the
inhibitory signal of CTLA-4, thus acting as an enhancer of T
cell function [77]. A phase III clinical trial in 2011 showed a
significant increase upon combined use of ipilimumab and the
cytostatic agent dacarbazine in overall survival compared to
chemotherapy alone [78]. In this setting, ipilimumab prolonged
the survival of patients with metastatic melanoma by 2-4
months [79]. Thus, the non-specific activation of T cells can
lead to the regression of tumors and immune cells. Thus,
CTLA-4 can be considered as target structure for tumor
therapy.

Pembrolizumab

The first monoclonal anti-PD-1 antibody (PD-1 inhibitor),
pembrolizumab, was approved in September 2014 by the US
Food and Drug Administration or the treatment of advanced
melanoma following previous ipilimumab and serine/
threonine-protein kinase B-Raf (BRAF) inhibitor therapy. It
reduces checkpoint-mediated blockade of tumor-reactive T
cells, thus restores their ability to specifically target tumor cells
[80].

Nivolumab

Another monoclonal checkpoint inhibitor, nivolumab, has been
available since 2015 as a PD-1 blocker and is used to treat non-
resectable or metastatic melanoma and locally advanced or
metastatic Non-Small Cell Lung Carcinoma (NSCLC) as well
as other entities of cancer [81].

These new antibodies offer a perspective for patients for whom
only very limited therapeutic options were available so far, and
survival rates of such patients have improved significantly with
these antibody therapies. However, their effect usually sets in
only after a few weeks, and not everyone responds to immune
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checkpoint inhibitors. So far, it is unclear which patients
respond to treatment and why treatment fails in others. There
are no reliable predictive factors that could be used to
determine the expected response before starting therapy. In
addition, new immunotherapies have side effects including all
overshooting immune reactions (e.g. fever or cytokine release
syndrome) that can vary from mild to severe and even life-
threatening. Therefore, it is important to weigh the benefit and
risk of such therapy in order to provide the patient with a good
quality of life.

While checkpoint inhibitors have revolutionized therapy of
melanoma and many solid tumors, the efficacy of these
inhibitors is still being explored in leukemias such as AML
[82].

The CAR-T cell therapy gives new hope for relapsed
and refractory leukemias

Currently, great hopes rest on the new CAR-T cell therapy, a
combination of gene- and immunotherapy, showing impressive
success rates. CAR-T cell therapies work with the patient’s
own immune cells, leukocytes filtered from patient’s blood via
leukapheresis and modified in the laboratory to detect and kill
tumor cells. These genetically engineered T cells, which
express a chimeric antigen receptor, provide a promising
treatment option especially for children and adults with
relapsed and refractory B cell leukemias. The field of CAR-T
cell therapy is now booming with over 240 CAR-T clinical
trials running. In July 2018, two CAR-T cell therapies were
approved in the EU for treatment of pediatric and adult patients
with aggressive acute lymphoblastic leukemia, Diffuse Large
B-Cell Lymphoma (DLBCL) (tisagenlecleucel, axicabtagene
ciloleucel) or Primary Mediastinal B-Cell Lymphoma
(PMBCL) (axicabtagene ciloleucel) [83,84]. These are the first
CAR-T cell therapies that were approved, more are likely to
follow.

Tisagenlecleucel, axicabtagene ciloleucel

Tisagenlecleucel and axicabtagene ciloleucel are used for
treatment of pediatric and young adult patients up to the age of
25 years with B cell ALL who are refractory, who have
relapsed after SCT, or have a second or later relapse and adult
patients with relapsed or refractory Diffuse Large B-Cell
Lymphoma (DLBCL) following two or more systemic lines of
therapy [85]. In clinical trials, tisagenlecleucel (targeting the
surface marker CD19 on malignant lymphoma cells) achieved
response rates of nearly 90% in young ALL patients. Forty
percent of patients with large B-cell lymphoma were able to
suppress the cancer with axicabtagene ciloleucel treatment.
The drug also helped patients with ALL and CLL [86].

Recent developments concerning other surface markers
(CD22) could also be used in cases where CAR-T
immunotherapy against CD19 does not work due to antigen
loss. First clinical trials have shown promising results for
patients with relapsed or refractory pre-B cell ALL [84,87-89].
These results have met the needs and expectations of patients,
physicians, scientists and investors, but it is important to
remember that patients may not always respond to the therapy.

41

Reuther S

Since this method can trigger very serious side effects,
treatment requires special precautions and preparations.

Problems associated with the CAR-T cell therapy

Tisagenlecleucel is an autologous immunocellular cancer
therapy that reprograms the patient’s own T cells with a
transgene encoding a Chimeric Antigen Receptor (CAR) to
identify and eliminate CDI19-expressing B cells. The
extracellular portion of CAR consists of a mouse antibody that
recognizes the antigen CD19 of leukemia cells. The
intracellular portion of the CAR is configured to trigger a
strong immune response, which comprises the proliferation of
the genetically modified CAR-T cells and the release of
cytokines to recruit other immune cells to attack the leukemia
cells [84]. Although there are no other cells attacked, because
only B cells carry CD19, there is the risk that even healthy B
cells will be attacked by CAR-T cell therapies, leading to
weakening of the immune system. Therefore, B-cell deficiency
with concomitant immunodeficiency is an expected side effect
of these therapies. However, this can be countered by a long-
term treatment with antibody preparations [90].

As cancer cells differ from normal body cells in only a few
features, it is almost impossible for researchers to construct the
perfect artificial CAR. Hence, the effect of CAR-T cells is
difficult to control and the risk of damaging the normal tissue
remains, resulting in toxicities and side effects, which can
become life-threatening-or lethal [91], including cytokine
release syndrome. In the international ALL study with the
CAR-T agent tisagenlecleucel, 77% of patients on average had
a cytokine storm after 3 days, about half of whom had to be
treated in the intensive care unit. Neurological symptoms
(CAR-T encephalopathy syndrome, CRES) occurred in 40% of
patients, but mostly disappeared in the course of treatment
[86].

The careful selection of patients helps to avoid side effects or
to keep them minimal. When utilizing this therapy, the immune
system must not be inhibited, e.g. to avoid GvHD, there must
not be uncontrolled infections. Active GvHD is also an
exclusion criterion for the CAR-T immunotherapy, and the
combination with DLI after SCT is contraindicated [92]. Due
to the complexity of the therapy it is recommended that the
therapy is performed in a specialist hospital only in order to be
able to immediately react to side effects. How long a patient
should be hospitalized, however, must be decided according to
the exact CAR-T therapy, fitness, clinical stability and
psychosocial support of the patient. Improved CAR-T cells that
are safer for patients are under development.

Discussion

Due to the resounding successes of the targeted modulation of
the immune system by adoptive immunotherapies like
monoclonal antibodies and checkpoint inhibitors, there was
great hope to develop such a successful therapy for leukemia as
well. So far, some leukemia-specific monoclonal antibodies
have become available, however, development of effective
checkpoint antibodies to therapy-refractory/relapsed leukemia
has not yet been achieved. Immunotherapies based on CAR-T
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cells go one step further by engineering the T cell receptor
itself to enhance the response of the immune system against a
specific tumor/leukemia antigen. The clinical benefit of
immunotherapies appears to depend on whether tumor escape
mechanisms can be overcome. Tumor escape reactions are
mainly caused by the selective pressure of an immune
response, which means that the more advanced a malignancy
is, the more escape mechanisms have already been formed.

Adoptive immunotherapies are more specific in targeting
cancer cells compared to traditional methods like toxic
chemotherapy and radiation. With the development of CAR-T
cell therapy, immunotherapy has gained another possibility to
eliminate cancer cells. CAR-T cell therapy is the most
promising approach which has shown remarkable ability to
eliminate various kinds of cancers with successful response
rates and durable complete remission. However, all these
therapies can also trigger mild to very severe side effects and
may severely limit the quality of life. Furthermore, they can
only be used for subsets of patients, of which not every patient
responds to therapy. Further investigation is needed to optimize
tumor specificity and minimize side effects.

Conclusion

The field of immunotherapy for leukemia and other cancers is
rapidly expanding. While the new treatment options can trigger
very successful effects, they also come with downsides and
might not be safe for each patient.

Guidelines and expert recommendations highlight that CAR-T
immunotherapy is promising in most high-risk cases of
leukemia, but for optimal results accurate patient selection,
best preparation, monitoring and follow-up are required.

Nonetheless, it is likely that CAR-T cells will also be approved
for treatment of other types of cancer, including solid tumors,
if positive results are obtained in clinical trials. This would
allow the application of this completely new adoptive
immunotherapy in a variety of cancer types.
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