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Current Development of Monoclonal
Antibodies in Cancer Therapy

Sagun Parakh, Dylan King, Hui K. Gan and Andrew M. Scott

1 Antibody Structure

Antibodies are the epitome of specificity with an estimated ten billion different
antibodies produced by human B cells; there is an extraordinarily diverse range of
antibodies capable of being produced by the immune system (Fanning et al. 1996).
Antibodies are made up of four polypeptide chains, two identical light chains and
two identical heavy chains, which are joined by disulphide bridges forming a
structure that is similar to the shape of a Y (Fig. 1) (Merino 2011). Both the light
and heavy chains are comprised of variable and constant domains, each with dif-
fering functions (Merino 2011). The variable domains determine antigen specificity,
and the constant domains determine immunoglobulin (Ig) class. For the light
chains, the constant domain differs depending on whether they are encoded by j or
k genes (Merino 2011). Similarly, the constant domain of the heavy chain varies
with 5 genes (c, µ, a, d and e), and this determines the overall antibody class (IgG,
IgM, IgA, IgD and IgE, respectively) (Merino 2011). Furthermore, IgA has two
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subclasses, IgA1 and IgA2, and IgG, four: IgG1, IgG2, IgG3 and IgG4 (Merino
2011). In healthy people, IgG antibodies represent approximately 75% of serum
antibodies, 15% are IgA, 10% are IgM, along with very small amounts of circu-
lating IgD and IgE antibodies. IgG antibodies are the primary isotype used in cancer
therapy and as such will be the major focus in the following sections.

Functionally, antibodies are divided into two parts; the two arms in the Y-shaped
structure contain the antigen-binding sites and are named as the fragment
antigen-binding (Fab) region, along with the base of the Y-shaped structure which
mediates immunological signalling by antibodies and is called the fragment crys-
tallizable (Fc) region. The Fab arm of an IgG antibody contains the full light chains
and part of the heavy chain, each with their own constant and variable domains.
Antigen specificity in the Fab region is determined by complementarity-
determining regions (CDRs) within the variable domains. These CDRs have the
greatest sequence variation within antibodies, and this feature gives rise to the

Fig. 1 Antibody structure: Antibodies are made up of four polypeptide chains, two identical
light chains and two identical heavy chains, joined by disulphide bridges. Heavy chains comprise
one variable (VH) domain followed by a constant domain (CH1), a hinge region and two more
constant (CH2 and CH3) domains. The light chain has one variable (VL) and one constant (CL)
domain. The two arms in the Y-shaped structure contain the antigen-binding sites, the fragment
antigen-binding (Fab) region, along with the base of the Y-shaped structure called the fragment
crystallizable (Fc) region. Antigen specificity in the Fab region is determined by
complementarity-determining regions (CDRs) within the variable domains
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diverse range of antigen specificities. There are three CDRs for each variable
region, which means six CDRs (heavy and light) for each Fab arm and twelve in
total for a single antibody molecule. The six CDRs on each Fab arm fold together to
form the antigen-binding pocket, and this allows an antibody to be able to simul-
taneously bind two epitopes. When antibodies recognize a soluble antigen, this
simultaneous binding can produce large multimeric structures called immune
complexes.

Within the immune system, a principle function of antibodies is to neutralize
pathogens such as bacteria and viruses. The CDRs within the variable regions of an
antibody recognize a specific molecular structure of an antigen, called the epitope,
present on the pathogen. Because of the random nature of antibody generation in
the development of each individual B cell, there are millions of B cells circulating at
any given time that each recognize a different antigen. Once a B cell encounters an
invading pathogen with its unique epitope, it undergoes maturation with the help of
specific T cells and produces large amounts of soluble antibody. Multiple B cells
will recognize different epitopes present on the pathogen, and so many different
antibodies will be produced. Once produced, these antibodies bind their antigen on
the surface of the bacteria or virus to neutralize the pathogen and mark it for
destruction by innate immune effector cells.

1.1 Target Antigens

Following the discovery of antibodies and their functions, it was realized that they
would be potentially efficacious for the treatment and diagnosis of cancers (Rettig
and Old 1989; Scott et al. 2012). Because antibodies are uniquely specific for their
target antigen, they could be used to directly target tumours expressing the antigen.
For ideal targeting of tumour-associated antigens (TAA), what is required is a cell
surface antigen on the tumour that is mutated, overexpressed or selectively
expressed when compared to normal tissue (Scott et al. 2012). Ideally, the target
antigen would be homogenously expressed within the tumour and antigen secretion
would be minimal, in order to reduce antibody trapping in the circulation (Scott
et al. 2012). In addition to expression, antigen function and effect on downstream
signalling are also taken into consideration when selecting a target.

TAAs that are targeted by therapeutic antibodies can be initially grouped on
what type of cancer they target (Tables 1 and 2). Haematological cancers are
usually targeted through cluster of differentiation (CD) antigens that include CD20,
CD30, CD33 and CD52 (Scott et al. 2012), whereas solid tumours can be targeted
through a variety of antigens that fall into different categories based on their
function. The epidermal growth factor receptor (EGFR) is one such example of a
TAA that has been successfully targeted in cancer therapy (Scott et al. 2012).
Antibodies that target EGFR abrogate the native function of the receptor, thereby
inhibiting tumour growth, and can also recruit innate immune cells through
Fc-signalling to mediate killing of the tumour.

Current Development of Monoclonal Antibodies in Cancer Therapy 3
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Target antigens are not restricted to the tumour itself, as tumour support struc-
tures like the vasculature, stroma and extracellular matrix also provide potential
targets (Scott et al. 2012; Ferris et al. 2010). Vascular endothelial growth factor
(VEGF) is one of the ligands for the VEGF receptor 2 (VEGFR2) where it plays a
role in promoting angiogenesis in developing tumours, and both have been targeted
by antibodies in cancer therapy (Holmes et al. 2007). Trapping of the ligand or
blocking of the receptor is able to limit the tumours’ ability to develop vascular
networks, thereby reducing its capacity to grow and spread (Holmes et al. 2007).
Additional to tumour support structures, the immune system itself can be targeted in
cancer therapy to enhance the natural response against the tumour. For example,
cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) is a cell surface receptor
expressed on T cells that when activated by its ligand it functions to downregulate
their responses (Leach et al. 1996; Hodi et al. 2010a). Ipilimumab is an antibody
that has been developed to block CTLA-4 cytotoxic T cells, and this blocking of
CTLA-4 keeps the T cells in an active state with anti-tumour capacity (Hodi et al.
2010a).

1.2 Monoclonal Antibody Formats

Monoclonal antibodies (mAbs) are produced by a single B cell clone and target one
specific epitope of an antigen. The first method for the production of mAbs was the
hybridoma technology introduced by Kohler and Milstein in 1975 (Kohler and
Milstein 1975). This method involves immunizing mice with the antigen of interest
and then isolating B cells from the spleen. These isolated B cells are then fused with
myeloma cells with each fusion resulting in an immortal cell that produces
unlimited quantities of identical antibody, called hybridomas. The first mAb
approved for cancer therapy, rituximab, is used for the treatment of non-Hodgkin’s
lymphoma through targeting of the CD20 receptor on B cells (Maloney et al. 1997).

Even though the technology existed to produce large quantities of antibodies to
any target antigen required, there were still several obstacles to overcome in order
to achieve maximal efficacy. Because hybridoma-derived antibodies were of murine
origin, their therapeutic potential is hampered by two main problems. Firstly, the
murine Fc region of the antibodies has reduced binding to human Fc receptors
which impair cellular effector function of immune cells and diminishes serum
half-life. Secondly and most importantly, the infusion of murine antibodies into
patients leads to the development of a host immune response to the foreign protein
and the production of human anti-mouse antibodies (HAMA).

To overcome HAMA responses and improve the interaction with human Fc
receptors, methods to produce antibodies with higher human homology were
established. The first methods developed took advantage of recombinant DNA
technology by isolating the mRNA sequence coding for the antibody from the
hybridoma. With the murine DNA, it was then possible to substitute in human
constant region DNA to reduce immunogenicity without impacting on antigen
binding. This combination produced chimeric antibodies with murine variable
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regions and human constant regions (Morrison 1985; Neuberger et al. 1985;
Norderhaug et al. 1997). Following the success of chimeric antibodies, further
efforts to produce mAbs with higher human homology were researched. These
chimeric antibodies could be refined further by selective alteration of the amino
acids in the framework region of the variable domain portion while still keeping the
original murine CDRs (Riechmann et al. 1988; Queen et al. 1989). This process of
refinement is referred to as humanization and produces mAbs where the only
murine sequence is limited to the CDRs.

With the technology established to produce chimeric and humanized mAbs,
research continued to design methods to create “fully” human mAbs (Laffleur et al.
2012). Following the creation of transgenic mice with human germline genes for
the heavy and kappa light chains, it was possible to immunize these mice to
produce human antibodies that were antigen-specific (Lonberg and Huszar 1995).
Platforms to produce mAbs without the use of mice were also developed that use
phage display to randomly generate CDRs in Fab fragments (Winter and Milstein
1991; Smith 1985; Bazan et al. 2012). This is achieved through the use of viruses
that infect bacteria (bacteriophages) that express proteins on the viral particle sur-
face, and DNA for these random CDRs is inserted into genes for surface proteins
(Bazan et al. 2012). In doing this, a large library of phage surfaces can be generated
and screened against the antigen of interest, thereby creating a high-throughput
method for generating novel antibodies (Bazan et al. 2012). Once identified, any
positive clones can also be further refined to enhance binding through small amino
acid changes in the CDRs through iterations of the phage display system (Bazan
et al. 2012).

Additional to the use of full-sized antibodies, it is possible to produce smaller
antibody fragments that retain antigen-binding activity. Due to their smaller size,
these antibody fragments have altered pharmacokinetic properties that make them
useful for the diagnosis and treatment of cancers (Chames et al. 2009; Holliger and
Hudson 2005). These include monovalent Fab fragments, approximately 55 kDa,
which lack an Fc and are not able to engage effector functions through FcRs.
Without FcR engagement, Fab fragments have a short half-life, 12–20 h, compared
to intact IgG molecules which have a half-life in serum of more than 10 days
(Holliger and Hudson 2005; Flanagan and Jones 2004). This short half-life of Fab
fragments makes them great tools for imaging tumours because of the rapid blood
clearance. Arcitumomab is a Fab fragment of a murine monoclonal antibody that
targets carcinoembryonic antigen expressed on colorectal cancers and has been used
as a radioimmunoconjugate with the radioisotope technetium-99 m for tumour
imaging (Hansen et al. 1990). As a result of the rapid blood clearance of arcitu-
momab the background observed when imaging tumours is reduced when compared
to the intact IgG (Behr et al. 1995). Fab fragments are not the only antibody formats
available, and single-chain variable fragments (scFv) are created by linking both the
heavy and light variable domains of an antibody with flexible polypeptide linker
(Holliger and Hudson 2005). This creates an even smaller molecule, approximately
28 kDa, that still retains antigen-binding capacity, and multiple scFvs can be linked
together to create multivalent complexes (Holliger and Hudson 2005).

14 S. Parakh et al.



1.3 Mechanism of Action

Antibodies used in cancer therapy have various methods of mediating tumour cell
death, which are intimately linked with the native function of the target antigen
(Fig. 2). They can directly act on tumour cells by the blocking of growth factor
receptors that are required for tumour growth (Scott et al. 2012) such as members of
the ErbB family. Cetuximab is one such example, and it was the first monoclonal
antibody to target EGFR and has been approved for the treatment of colorectal
cancer patients (Van Cutsem et al. 2009). By binding to EGFR on the cell surface,
cetuximab blocks the ligand binding site which in turn inhibits intracellular receptor
signalling resulting in cell-cycle arrest, induction of apoptosis and downregulation
of cell surface expression of EGFR. Trastuzumab is another example of a mAb that
has been successfully used to target the human epidermal growth factor receptor
type 2 (HER2).

Antibodies can also act upon stromal cells and vasculature in the tumour
microenvironment to limit growth or induce tumour cell death (Scott et al. 2012).
Malignant tumours are made up of rapidly dividing and growing cancer cells, and in
order to support this growth, they need their own dedicated blood supply. This is
achieved by the tumour releasing factors that tilt the balance within the microen-
vironment towards pro-angiogenesis to drive vascular growth and establish its own
blood network. Bevacizumab is an antibody that targets the pro-angiogenic factor,
vascular endothelial growth factor A (VEGF-A) (Yang et al. 2003). Bevacizumab
works by binding to and trapping the soluble form of VEGF-A, which stops
VEGF-A from working as a ligand to stimulate the vascular endothelial growth
factor receptor (VEGF) expressed on endothelial cells (Willett et al. 2004).

Antibody-coated tumour cells are recognized by immune cells via interactions
with specific receptors on their cell surface and trigger cellular effector functions.
This interaction is mediated by the Fc domain of the antibody which contains
specific binding sites for receptors on the immune cell surface (Hogarth and Pietersz
2012; Nimmerjahn and Ravetch 2008). These are known as the Fc receptors (FcRs),
which are expressed on a variety of immune effector cells. Natural killer (NK) cells
have the greatest reputation among anti-tumour effector cells as they have been
shown to be the primary mediators of antigen-dependent cell-mediated cytotoxicity
(ADCC) (Hogarth and Pietersz 2012; Nimmerjahn and Ravetch 2008). ADCC is
triggered when the Fc domain of the bound therapeutic antibody is recognized by
Fc gamma receptor IIIa (FccRIIIa) on the surface of NK cells and involves the
release of cytotoxic factors, such as perforin, that cause lysis of the tumour cell
(Hogarth and Pietersz 2012; Nimmerjahn and Ravetch 2008). ADCC can be
enhanced in therapeutic antibodies through engineering that improves the interac-
tion of the antibody Fc domain with FccRIIIa (Desjarlais and Lazar 2011; Des-
jarlais et al. 2007). This can be achieved through amino acid engineering, whereby
a more favourable amino acid can be introduced to the enhance interaction with Fc
(Desjarlais and Lazar 2011; Desjarlais et al. 2007). Additionally, the alteration of
the glycosylation pattern of IgG Fc to reduce fucose content can provide a selective
binding enhancement to FccRIIIa and improved ADCC (50–100-fold increase).
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Opsonized tumour cells can be phagocytosed through engagement of FccRs, and
in addition to the killing of the target cell, antigen presentation can occur to activate
T cells (Nimmerjahn and Ravetch 2008; Richards et al. 2008). The process of
engulfing an antibody-coated tumour cell is called antigen-dependent cellular
phagocytosis (ADCP) and involves the engagement of activatory FccRs (Nim-
merjahn and Ravetch 2008; Richards et al. 2008). This could potentially provide
patients with long-term immunity against tumours through the induction of the
adaptive immune system in the form of anti-tumour memory T cells (Richards et al.
2008). This linking of the innate and adaptive immune system through the passive
administration of anti-tumour antibodies is referred to as the vaccinal effect and has
long been thought as the holy grail of antibody therapy (Richards et al. 2008;

Fig. 2 Mechanisms of action of monoclonal antibodies: a Immune-mediated tumour cell
killing through complement activation, antibody-dependent cellular cytotoxicity (ADCC),
inhibition of T cell inhibitory receptors such as cytotoxic T lymphocyte-associated antigen 4
(CTLA4) and induction of phagocytosis; b tumour cell killing through inhibition of dimerization,
kinase activation and downstream signalling leading to reduced proliferation and apoptosis;
c conjugated antibodies to deliver toxic payloads such as a drug, toxin, small interfering RNA or
radioisotope into tumour-cell-inducing cell death
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DiLillo and Ravetch 2015). An additional Fc-mediated function of antibodies is to
engage the complement system through a number of small proteins found in the
blood (Duncan and Winter 1988; Ricklin et al. 2010). This involves the recruitment
of these proteins to form a complex on the surface of the pathogen (Duncan and
Winter 1988; Ricklin et al. 2010). This complex serves three main functions: to
enhance phagocytosis, recruit immune cells, and form a membrane attack complex
(MAC) that lyses the target (Ricklin et al. 2010).

Antibodies can also be used to deliver a payload directly to the tumour site due
to the unique specificity for their TAA. These antibody conjugates can be used to
deliver a drug, toxin, small interfering RNA (siRNA) or even a radioactive isotope
in a targeted approach that often leads to improved efficacy and reduced toxicity.
Trastuzumab is used as an antibody–drug conjugate (ADC) to deliver the
chemotherapeutic agent DM1 directly to the tumour through receptor internaliza-
tion (Barok et al. 2014; Hudis 2007). The use of trastuzumab as an ADC allows for
a broad anti-tumour mechanism of action with its ability to abrogate HER2 sig-
nalling, recruit immune cells and directly kill the tumour through payload delivery.

2 Approved Monoclonal Antibodies

A summary of approved monoclonal antibodies in cancer treatment is detailed in
Tables 1 and 2 with an approval history timeline shown in Fig. 3.

2.1 Anti-CD20 Monoclonal Antibodies

CD20 is a transmembrane calcium channel highly expressed on the surface of
human B cells, making it an ideal target for directed therapy. It is involved in B cell
activation, proliferation, differentiation (Gopal and Press 1999) and calcium flux
(Bubien et al. 1993). Cross-linking of CD20 with monoclonal antibodies has shown
to trigger antibody-dependent cellular cytotoxicity (ADCC) and complement-
dependent cytotoxicity (CDC) in cells (Kosmas et al. 2002).

2.1.1 Rituximab
Rituximab is a chimeric anti-CD20 monoclonal antibody, which has revolutionized
the management of B cell lymphoproliferative malignancies. Rituximab is one of
the most widely prescribed biological agents today. It was first approved in 1997 for
the treatment of relapsed indolent NHL. Today, it is used in a number of settings as
induction therapy, for maintenance of disease remission and at disease relapses in
NHL as well as in chronic lymphocytic leukaemia (CLL).

In 2006, rituximab was approved for use as first-line treatment in patients with
diffuse large B cell (DLBCL) in combination with cyclophosphamide, doxorubicin,
vincristine and prednisone (CHOP) or other anthracycline-based chemotherapy
regimens based on the results of three randomized trials involving nearly 2000
treatment-naive patients (Pfreundschuh et al. 2010; Coiffier et al. 2010; Habermann
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et al. 2006). Two trials evaluated patients aged � 60 years with stage 3–4 disease
(E4494 (Habermann et al. 2006) and LNH 98-5/GELA (Coiffier et al. 2010)), while
the M39045/MiNT (Pfreundschuh et al. 2010)-enrolled patients aged between 18
and 60 years with majority having early-stage disease. In each study, hazard ratios
for the main outcome measured as well as overall survival favoured the
rituximab-containing arms, with results consistent across all subgroup analysis. The
benefit of rituximab was seen at long-term follow-up (Feugier et al. 2005).
The benefit of rituximab in this setting however has shown to be limited to patients
whose tumours do not express the bcl-6 protein (Winter et al. 2006). Also in 2006,
rituximab was approved for use as first-line treatment for patients with low-grade or
follicular B cell, CD20-positive NHL, in combination with cyclophosphamide,
vincristine and prednisone (CVP) as well as following CVP chemotherapy (Marcus
et al. 2005). Treatment with single-agent rituximab after CVP chemotherapy in
patients that have responded resulted in a statistically significant reduction in PFS.

In 2010, rituximab in combination with fludarabine and cyclophosphamide
(FC) was approved for the treatment of CLL in treatment-naive patients with
excellent performance status as well as in patients with relapsed or refractory
disease based on the positive findings of two randomized trials, ML17102 and
BO17072, respectively (Hallek et al. 2010; Robak et al. 2010; Fischer et al. 2012).

Fig. 3 Timeline of antibody approval in cancer treatment
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The benefit of FCR however was not seen in a subgroup of patients with del(17p)
by fluorescence in situ hybridization (FISH)1, TP53 mutations (Rossi et al. 2014)
and unmutated immunoglobulin heavy chain variable (IGHV) gene (Thompson
et al. 2016).

Rituximab in 2011 was approved for maintenance therapy in patients with
previously untreated follicular CD20-positive B cell NHL after first-line treatment
with rituximab in combination with chemotherapy. The approval was based on
phase III PRIMA trial (Salles et al. 2011). Despite the benefit in PFS, this did not
translate into an improvement in overall survival or reduce the rate of histological
transformation. With no clear benefit in overall survival, reported in a number of
other randomized trials, there remains a lot of debate with regard to the optimum
duration of maintenance treatment.

2.1.2 Ofatumumab
Ofatumumab is a humanized type I anti-CD20 monoclonal antibody approved for
the treatment of CLL in treatment-naive patients as well as patients with relapsed,
treatment-refractory disease. A single-arm study evaluated ofatumumab in patients
with CLL refractory to fludarabine and alemtuzumab and in patients with
fludarabine-refractory CLL with bulky (>5 cm) lymphadenopathy who were not
suitable for alemtuzumab. Treatment with ofatumumab resulted in improved
responses rates and complete resolution of constitutional symptoms and improved
performance status in almost half of all patients (Wierda et al. 2010).

In a phase III trial (COMPLEMENT 1) (Hillmen et al. 2015), the addition of
ofatumumab to chemotherapy in treatment-naive patients with CLL resulted in a
significant improvement in median PFS and prolonged median duration of
response. After a median follow-up of 28.9 months, OS was not reached in both
groups. Despite enrolling elderly patients (half of enrolled patients >70 years) and
those with multiple comorbidities, the addition of ofatumumab resulted in clinically
meaningful improvements.

In the COMPLEMENT 2 trial (Robak et al. 2017), patients with relapsed CLL
were randomized to fludarabine and cyclophosphamide with or without ofatu-
mumab. The addition of ofatumumab resulted in significantly longer PFS, with
manageable toxicities.

2.1.3 Obinutuzumab
Obinutuzumab is the first Fc-engineered, humanized anti-CD20 monoclonal anti-
body to be approved in combination with chlorambucil in the management of
treatment-naive patients with CLL. In the randomized phase III trial, CLL11, the
median age of patients was 73 years, 68% had impaired renal function, and 76%
had multiple coexisting medical conditions. Chemo-immunotherapy with either
rituximab or obinutuzumab was shown to be superior to chemotherapy alone. After
a follow-up of 39 months, compared with rituximab, treatment with obinutuzumab
resulted in clinically meaningful PFS and TTNT with a trend towards improved OS
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(Goede et al. 2014, 2015). In a subgroup analysis defined by gene mutations,
obinutuzumab–chlorambucil had better outcomes and was able to overcome
NOTCH1mut-associated rituximab resistance (Estenfelder et al. 2016).

In 2016, obinutuzumab was approved in combination with bendamustine fol-
lowed by obinutuzumab monotherapy as maintenance therapy for the treatment
rituximab-refractory follicular lymphoma based on the findings of the GADOLIN
study, in which the median PFS was significantly higher in patients treated with
obinutuzumab plus bendamustine (Sehn et al. 2016).

Toxicities Associated with Anti-CD20 Antibodies
Infusion reactions are the most commonly reported adverse event associated with
anti-CD20 antibodies (Coiffier et al. 2008; Ghielmini et al. 2005; Kasi et al. 2012).
Infusion reactions typically occur after the first infusion and within 24 h of the
infusion and are dose-dependent (Ghielmini et al. 2005; Coiffier et al. 1998). Most
infusion reactions are mild with severe (grade 3/4) reactions rare (Kasi et al. 2012).
Grade 3/4 cytopenias have been reported in almost half of all patients treated with
anti-CD20 antibodies with lymphopenia and neutropenia being the most commonly
reported (Coiffier et al. 2008; Kasi et al. 2012). This incidence increases when
rituximab is used in combination with chemotherapy regimens (Buske et al. 2009;
Eve et al. 2009). There is an associated increase in frequency of infectious com-
plications, with bacterial infections most commonly seen (Kasi et al. 2012; Cohen
et al. 2006). A dose-dependent increase in the frequency of infections is seen in
patients treated with rituximab (Avilés et al. 2007). Severe and sometimes fatal
mucocutaneous reactions can occur. Also reported is JC virus reactivation, leading
to progressive multifocal leukoencephalopathy (Carson et al. 2009). Pulmonary
complications have been reported in 5% of patients treated with rituximab
monotherapy. Hypoalbuminemia has been identified as an independent risk factor
(Kang et al. 2012). The most common toxicities are infectious; however, other
toxicities reported include interstitial lung disease, bronchiolitis obliterans, hyper-
sensitivity pneumonitis and diffuse alveolar haemorrhage (Biehn et al. 2006;
Tonelli et al. 2009; Heresi et al. 2008).

Resistance Mechanisms to Anti-CD20 Antibodies
The exact mechanisms of rituximab resistance remain poorly understood. Resis-
tance mechanisms can be broadly divided into host factors such as Fc receptor
polymorphisms affecting the affinity of effector cells for rituximab Fc and
tumour-related factors, e.g. CD20 expression and structure, acquired CD20 muta-
tions and tumour burden. Other general mechanisms include alterations in ritux-
imab pharmacokinetics. Rituximab-resistant cell lines have shown to express high
levels of membrane complement regulatory proteins, CD20, CD55 and CD59,
which inhibit the complement cascade, thereby affecting the ability of rituximab to
induce complement-dependent cytotoxicity (Takei et al. 2006). Patients with
rituximab resistance transfused with fresh frozen plasma and treated with rituximab
showed excellent clinical response (Klepfish et al. 2009; Xu et al. 2011).

20 S. Parakh et al.



The efficacy of ofatumumab is limited by drug resistance, which is not well
characterized (Baig et al. 2010). In vitro studies using CLL cells pre- and
post-treatment with ofatumumab showed a single dose of ofatumumab resulted in a
marked decrease in serum complement levels, and the surviving CLL cells showed
depletion in CD20 expression. These cells were resistant to in vitro ofatumumab-
mediated CDC, but most retain full sensitivity to alemtuzumab-mediated CDC.

2.2 Anti-CD30 Monoclonal Antibodies

CD30, a member of the tumour necrosis factor receptor (TNFR) family, is a
transmembrane glycoprotein with expression in normal tissues limited to some
activated B and T cells (Younes and Kadin 2003). CD30 is highly expressed in
Hodgkin lymphoma (HL) and systemic anaplastic large cell lymphoma (sALCL)
cells irrespective of disease stage, line of therapy or transplant status (Francisco
et al. 2003). In contrast, CD30 expression in solid tumours occurs at a lower
frequency compared to haematopoietic-derived tumours; however, high expression
of CD30 has shown to occur in testicular embryonal carcinoma and germ cell
tumours (Dürkop et al. 2000).

2.2.1 Brentuximab Vedotin
Brentuximab vedotin (BV) is an antibody–drug conjugate (ADC) composed of a
monoclonal antibody directed against CD30 that is covalently bound by a
protease-cleavable linker to the anti-microtubule agent monomethyl auristatin E
(MMAE) (Francisco et al. 2003). Binding of BV to CD30 results in internalization
of the MMAE-CD30 complex and release of MMAE by proteolytic cleavage.

In 2011, BV received accelerated approval for the treatment of patients with
CD30-positive HL that relapsed after autologous stem cell transplantation (ASCT),
and relapsed sALCL, based on results of two single-arm trials (de Claro et al. 2012;
Chen et al. 2016a). In 2015, brentuximab vedotin also received FDA approval for
the treatment of patients with HL at high risk of relapse/progression post-ASCT
consolidation. This approval was based on the AETHERA trial which showed an
improvement in the median PFS in the BV group compared to 24.1 months in the
placebo group (Moskowitz et al. 2015). This benefit was seen in all subgroups
analysed.

Toxicities
The most frequent adverse events related to BV seen across all trails were peripheral
sensory neuropathy, neutropenia, fatigue and nausea. Other toxicities reported were
diarrhoea, pyrexia, upper respiratory tract infection and vomiting. In all trials,
neuropathy was the leading cause of treatment discontinuation. Toxicity usually
developed between 3 and 4 months after commencing treatment (Scott 2017;
Garnock-Jones 2013). At the five-year follow-up of patients with relapsed/refractory
HL who developed treatment-related peripheral neuropathy, majority experienced
either resolution or improvement in symptoms (Chen et al. 2016a).
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Mechanisms of Resistance
Currently, mechanisms of resistance to BV are unknown (Chen et al. 2015). Using
two different treatment models, Chen et al. (2015) developed BV-resistant HL
(L428) and ALCL (Karpas-299) cell lines to elucidate potential resistance mech-
anisms. Although loss of target expression was not shown in the BV-resistant HL
cell line or in tissue samples of patients with HL who had relapsed or progressed
after BV treatment, the alteration in signalling level may be a potential mechanism.
A reduction in the dynamics of receptor cellular or receptor internalization could
also reduce the efficiency of antigen targeting (Parakh et al. 2016a). In contrast, the
HL cell line, but not the ALCL cell line, exhibited MMAE resistance and over-
expression of MDR1 mRNA compared to the parental line. Both HL and ALCL
treatment-resistant patient samples persistently expressed CD30 by immunohisto-
chemistry (Chen et al. 2015).

2.3 Anti-CD38 Monoclonal Antibodies

CD38 is a transmembrane glycoprotein expressed by a variety of lymphoid and
myeloid lineages; in particular, plasma cells express particularly high levels of
CD38 (Deaglio et al. 2001). CD38 functions as an adhesion molecule, involved in
the activation and proliferation of human leucocytes as well as signal transduction
and intracellular calcium mobilization (Lin et al. 2004; Malavasi et al. 1994). CD38
is highly expressed in a number of haematological malignancies, in particular MM
(Lin et al. 2004) and CLL (Damle et al. 1999). CD38 expression by CLL cells has
shown to be associated with a more aggressive clinical course and poorer patient
outcomes (Damle et al. 1999).

2.3.1 Daratumumab
Daratumumab is a humanized anti-CD38-specific antibody. In 2016, daratumumab
was approved for the treatment of multiple myeloma (MM) in combination with
lenalidomide and dexamethasone, or bortezomib and dexamethasone, in patients
who have received prior therapy. The approval is based on two randomized trials in
which daratumumab in combination with standard therapies resulted in improved
response rates and PFS (Plesner et al. 2014; Palumbo et al. 2016; Dimopoulos et al.
2016).

Toxicities
The most frequently reported haematological AEs of any grade were anaemia,
thrombocytopenia and neutropenia. Nearly half of all patients experienced
infusion-related reactions post-cycle 1, majority of which were of low grade.
Common non-haematological AEs were fatigue, nausea and diarrhoea (Sanchez
et al. 2016). Another effect unique to anti-CD38 monoclonal antibodies is the high
false positive results with the indirect anti-globulin test (Coombs test) (Oostendorp
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et al. 2015) as daratumumab binds to CD38 expressed on RBC, masking antigens in
the patient’s serum (Oostendorp et al. 2015).

Mechanisms of Resistance
Majority of patients treated with daratumumab eventually develop resistance
(Nijhof et al. 2016). Examining patient samples pre- and post-treatment with
daratumumab showed CD38 expression levels correlated with response, while
expression of complement-inhibitory proteins (CIPs), membrane cofactor protein
(CD46), decay-accelerating factor (CD55) and protectin (CD59) levels increased at
time of progression and correlated with development of antibody resistance.
Treating MM cells from patients who developed daratumumab resistance with
ATRA led to increased CD38 levels and decreased CD55 and CD59 expression to
almost pretreatment values (Nijhof et al. 2015, 2016). Furthermore, in the light of
the immune-effector-mediated mechanism of daratumumab, T cell exhaustion could
affect its effectiveness.

2.4 Anti-CD52 Monoclonal Antibodies

CD52 is a glycosylphosphatidylinositol-anchored antigen highly expressed on
normal and neoplastic lymphoid cells. Erythrocytes, platelets and bone marrow
stem cells lack CD52 surface expression (Xia et al. 1991). The CD52 antigen is also
expressed on subsets of tumour cells, including T cell prolymphocytic leukaemia,
CLL, hairy cell leukaemia, NHL and acute lymphoblastic leukaemia (Ginaldi et al.
1998). The exact biological function of CD52 is yet to be elucidated; however,
some evidence suggests that it may be involved in T cell migration and costimu-
lation (Watanabe et al. 2006).

2.4.1 Alemtuzumab
Alemtuzumab is an anti-CD52 humanized monoclonal antibody approved in 2007
for use as a single agent in the treatment of patients with B cell CLL (B-CLL)
refractory to alkylating agents and failed fludarabine therapy. Alemtuzumab ini-
tially received accelerated approval in 2001 based on the findings of three
single-arm phase II studies (Osterborg et al. 1997; Rai et al. 2002; Keating et al.
2002). Full approval was given following results of the larger randomized phase III
trial, CAM 307 (Hillmen et al. 2007).

Toxicities
The most common adverse events associated with alemtuzumab are infusion-related
side effects, myelosuppression and infections (Fraser et al. 2007). Grade 3/4 reac-
tions however were noted in up to 20% of patients. The incidence of
infusion-related side effects was similar regardless of the treatment setting and was
most severe on first exposure to the drug (Osterborg et al. 1997; Rai et al. 2002;
Keating et al. 2002; Liggett et al. 2005; Ferrajoli et al. 2003). The subcutaneous
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administration of alemtuzumab had a significantly lower incidence of grade 3/4
infusion-related toxicity (Lundin et al. 2002). Majority of patients treated with
alemtuzumab will experience transient cytopenias; patients with relapsed/refractory
disease or those who have received prior treatment are at higher risk (Fraser et al.
2007). Thrombocytopenia commonly occurs first and develops in the first 2 weeks
of therapy, while neutropenia occurs by week 6 (Keating et al. 2002). The route of
administration of alemtuzumab does not influence the development of haemato-
logical toxicity. Significant infections were reported in 42–55% of patients with
pretreated CLL during alemtuzumab therapy (Rai et al. 2002; Keating et al. 2002).
The most frequently observed opportunistic infection during alemtuzumab therapy
is CMV reactivation, reported in 15–25% of patients (Nguyen et al. 2002).

Mechanisms of Resistance
Mechanisms of resistance to alemtuzumab have not yet been fully elucidated;
in vitro analysis of CLL cells from patients with progressive untreated CLL has
shown a subpopulation of CLL cells intrinsically resistant to alemtuzumab CDC
and spontaneous apoptosis, despite effective complement activation. Possible
explanations include insufficient complement activation, increased activity of
complement resistance factors or low target antigen expression (Baig et al. 2010,
2012; Zent et al. 2005). Future studies are needed to examine these resistance
mechanisms.

2.5 Anti-signalling Lymphocytic Activation Molecule (SLAM)
Monoclonal Antibodies

Signalling lymphocytic activation molecule (SLAM) F7 (aka CS1, CD subset 2,
CD319 or CRACC) is a cell surface receptor that belongs to the SLAM family. It
has no normal tissue expression; however, it is widely expressed in haematopoietic
cells, in particular, on normal and malignant plasma cells as well as on all NK cells,
most CD8+ T cells, activated B cells, mature dendritic cells (Hsi et al. 2008). While
the exact role of SLAM7 in MM cells is not entirely clear (Tai et al. 2008), it has
been shown to play an important role in the interaction between MM cells and bone
marrow stromal cells (Tai et al. 2008) and regulates NK cell cytolytic activity by
coupling with the SLAM-associated protein family adapter Ewing’s
sarcoma-associated transcript 2 (EAT-2) (Kumaresan et al. 2002). Importantly,
SLAM7 expression is not affected by stage of disease or prior treatment (van Rhee
et al. 2009).

2.5.1 Elotuzumab
Elotuzumab is a humanized monoclonal antibody that targets the extracellular
domain of SLAM7 expressed both on MM and NK cells. In 2015, elotuzumab was
approved for the treatment of MM in combination with lenalidomide and dexam-
ethasone in treatment-refractory patients based on the findings of phase III study,
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ELOQUENT-2 (Lonial et al. 2015). The benefit of elotuzumab was consistent
across all subgroups including patients with resistance to the most recent line of
therapy and patients � 65 years or had a high-risk cytogenetic profile, i.e. had 17p
deletion (Lonial et al. 2016). Furthermore, the addition of elotuzumab also resulted
in improved health-related quality of life (Lonial et al. 2015).

Toxicities
Elotuzumab has been well tolerated in trials (Lonial et al. 2012, 2015; Zonder et al.
2012; Usmani et al. 2015; Richardson et al. 2015). The most common grade 3/4
haematological toxicities reported include lymphocytopenia, neutropenia and neu-
tropenia. Of the non-haematological toxicities, commonly reported were fatigue,
diarrhoea and pneumonia. Infusion reactions were seen in most patients; however,
majority were of lower grade (grade 1/2) in severity.

2.6 Anti-epidermal Growth Factor Receptor (EGFR)
Monoclonal Antibodies

Epidermal growth factor receptor (also known as EGFR or ErbB1) is a member of
ErbB family of receptor tyrosine kinases (RTK), which also include ErbB2 (HER2),
ErbB3 (HER3) and ErbB4 (HER4) (Olayioye et al. 2000). In many different cancer
cell types, signalling through EGFR becomes dysregulated by several mechanisms,
including overproduction of ligands, overexpression of receptors, mutational acti-
vation of receptors or downstream signalling components or structural alterations,
such as the truncated EGFRvIII variant, resulting in constitutive kinase activation of
EGFR signalling (Kruser and Wheeler 2010; Dhomen et al. 2012).

2.6.1 Cetuximab
Cetuximab is a chimeric monoclonal antibody approved in 2004 for use as a single
agent for the treatment EGFR-expressing mCRC after failure of both irinotecan-
and oxaliplatin-based chemotherapy regimens (Jonker et al. 2007). Patients with
KRAS WT tumours had significantly higher PFS and OS rates and significantly
higher rates of surgery for metastases (Van Cutsem et al. 2009, 2011). Approval of
cetuximab and its efficacy in the wild-type subgroup was based on outcomes of this
study and two supporting trials, CA225025 and OPUS.

Cetuximab has also been approved for use in combination with radiation therapy
for the treatment of locally or regionally advanced SCCHN as well as for use as a
single agent for the treatment of patients with advanced SCCHN who have pro-
gressed on prior platinum-based therapy (Bonner et al. 2006, 2010). In 2011,
cetuximab was approved for use in combination with platinum-based therapy plus
5-fluorouracil (5-FU) for the first-line treatment of patients with advanced SCCHN
(Vermorken et al. 2008). Addition of cetuximab to chemotherapy significantly
prolonged OS, PFS and ORR with no difference in response rates seen in
HPV-negative or positive tumours (Vermorken et al. 2014).
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2.6.2 Panitumumab
Panitumumab is a fully humanized monoclonal antibody against the extracellular
domain of EGFR (Yang et al. 2001). Panitumumab is the first fully human mon-
oclonal antibody approved for the treatment of colorectal cancer. Panitumumab first
received accelerated approval in 2006 as monotherapy for the treatment of patients
with EGFR-expressing mCRC with disease progression on or following
fluoropyrimidine-, oxaliplatin- and irinotecan-containing chemotherapy regimens
(Van Cutsem et al. 2007a). Benefit of panitumumab was limited to patients whose
tumours were WT for KRAS exon 2 (Van Cutsem et al. 2007b; Amado et al. 2008).
The lack of survival benefit in this study was likely to due to crossover to the
panitumumab arm (Amado et al. 2008). In 2014, further approval was granted for
use in combination with fluorouracil plus leucovorin and oxaliplatin chemotherapy
regimen in the first-line setting for patients with KRAS WT (exon 2 in codons 12 or
13) mCRC (Douillard et al. 2010). As seen in other studies, the survival benefit was
seen in patient with KRAS WT tumours; furthermore, patients with other RAS
mutations in KRAS exons 3 and 4 and in NRAS exons 2, 3 and 4, i.e. other than in
exon 2, had also experienced inferior PFS and OS with the addition of panitu-
mumab (Douillard et al. 2013).

2.6.3 Necitumumab
Necitumumab is a humanized anti-EGFR monoclonal antibody approved in 2015
for use as first-line treatment in combination with cisplatin and gemcitabine in
patients with advanced squamous cell carcinoma (SCC) NSCLC, on the findings of
phase III study, SQUIRE (Thatcher et al. 2015; Paz-Ares et al. 2016). In a subgroup
analysis, patients with EGFR-expressing tumours had outcomes similar to the
unselected population of the SQUIRE study and no benefit has been seen in patients
with non-EGFR-expressing tumours (Paz-Ares et al. 2016).

Toxicities Associated with Anti-EGFR Antibodies
Almost all patients treated with anti-EGFR monoclonal antibodies experience
dermatological toxicities in a dose-dependent manner; while majority are typically
of low grade, it can significantly impact QoL and adherence to treatment grade
(Thatcher et al. 2015; Paz-Ares et al. 2015; Mitchell et al. 2007). Dermatologic
toxicities may to lead to dose modification or discontinuation by 36 and 72%,
respectively (Boone et al. 2007). Dermatological toxicities, of which an acneiform
rash is the commonest, also include papulopustular eruptions, hair changes, peri-
ungual and nail plate abnormalities, xerosis, telangiectasia and pruritus (Segaert and
Van Cutsem 2005). Pruritus, of any grade, more commonly occurs in patients
treated with panitumumab as compared to cetuximab (Ensslin et al. 2013).
A papulopustular rash typically develops early, occurring within six weeks of
commencing treatment (Mitchell et al. 2007). It is shown to be predictive of
response and positively correlate with survival (Bonomi et al. 2015; Peeters et al.
2009; Fakih and Vincent 2010). Preemptive skin treatment has shown to reduce the
incidence and severity of panitumumab-associated skin toxicities (Lacouture et al.
2010; Kobayashi et al. 2015). Ocular toxicities such as conjunctivitis and
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blepharitis have been reported with use of anti-EGFR antibodies and result from
inflammation of the meibomian glands which contain EGFR-expressing cells (Van
Cutsem et al. 2007b; Tonini et al. 2005). Similarly, anti-EGFR therapies result in
tubular damage at the ascending loop of Henle, the site of magnesium resorption,
due to high EGFR expression and result in a magnesium-wasting syndrome in
almost a third of patients (Van Cutsem et al. 2007a). Diarrhoea is a commonly
encountered toxicity and reported in about 20% of patients with the incidence and
severity significantly increasing when these agents were used in combination with
chemotherapy (Fakih and Vincent 2010). Severe infusion reactions occur more
commonly in patients treated with cetuximab as compared to panitumumab or
necitumumab (Fakih and Vincent 2010) and likely mediated due to preexisting IgE
antibodies (Chung et al. 2008). While the incidence of pulmonary fibrosis is low,
<1%, prescribing information contains warnings of pulmonary fibrosis and inter-
stitial lung disease (ILD). Importantly, phase III INSPIRE trial (Paz-Ares et al.
2015), evaluating the benefit of necitumumab to doublet chemotherapy in
treatment-naive patients with advanced non-squamous NSCLC was prematurely
stopped due to more fatal thromboembolic events in the necitumumab arm, 8%
versus 4% with chemotherapy alone.

Mechanisms of Resistance to Anti-EGFR Antibodies
Our current understanding of resistance mechanisms to anti-EGFR antibodies is
largely from studies involving colorectal cancer (CRC) and extrapolated to head
and neck cancers as little information is available for resistance mechanisms to
anti-EGFR antibodies in this setting. Primary or acquired resistance to anti-EGFR
treatment often results due to activation of downstream signalling pathways from
mutations in KRAS and NRAS (exon 2–4), BRAF (exon 15) and PIK3CA (exon
20), as well as gene amplification of KRAS (Misale et al. 2014; Sorich et al. 2015).
The most common cause of resistance to anti-EGFR antibodies is the presence of
RAS mutations; no benefit was seen in patients with metastatic colorectal cancer
(mCRC) whose tumours harbour KRAS mutations with the addition of cetuximab
or panitumumab in the first- or second-line settings (Van Cutsem et al. 2009;
Amado et al. 2008; Douillard et al. 2010; Karapetis et al. 2008; Bokemeyer et al.
2012; Peeters et al. 2010). Approximately, 40% of CRC patients have a mutation in
exon 2 of the KRAS gene (Amado et al. 2008) and 5–9% of patients with mCRC
have a mutation in BRAF gene (Van Cutsem et al. 2009; Tol et al. 2009). While the
role BRAF V600 mutation as a predictive marker of resistance to anti-EGFR
antibodies is still unclear (Douillard et al. 2010; Bokemeyer et al. 2012), it has
shown to be associated with poor outcomes in mCRC (Bokemeyer et al. 2012; Tol
et al. 2009). Almost 40% of patients who do not have a KRAS or BRAF mutation
do not respond to anti-EGFR treatment strongly implicating pathways other than
the MAPK pathway. Mutations in PI3KCA (phosphatidylinositol-4,5-bisphosphate
3-kinase, catalytic subunit alpha) or loss of PTEN, which frequently coexists with
RAS mutations, has also shown to be associated with resistance to anti-EGFR
treatment in some studies and correlated with poorer survival rates (Laurent-Puig
et al. 2009; Perrone et al. 2009; Frattini et al. 2007; Loupakis et al. 2009). Genetic
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alterations have been shown to develop and increase in tumours during the course
of anti-EGFR therapy, with more than one mutation often present (Arena et al.
2015). Another mechanism of resistance is through the activation of alternative
signalling pathways including HER2 or MET gene amplifications (Yonesaka et al.
2011; Bertotti et al. 2011; Bardelli et al. 2013). Significant and durable responses
were seen in a “proof-of-concept” trial with therapies targeting these pathways in
patients with treatment-refractory KRAS wild-type (wt) and HER2-positive mCRC
(Siena et al. 2015). Preclinical studies into non-genetic mechanisms of resistance
suggest ongoing oncogenic dependency to EGFR signalling through increased
EGFR expression and alterations in EGFR trafficking and degradation (Iida et al.
2013) as well as overexpression and ectopic production of EGFR ligands in
treatment-refractory tumour cells (Hobor et al. 2014).

2.7 HER2 Targeting Monoclonal Antibodies

HER2 is a unique member of the ErbB family. Its extracellular domain is unable to
bind to any known natural ligand (Klapper et al. 1999), and HER2 naturally adopts
a conformation state that favour dimerization (Garrett et al. 2002). HER2 overex-
pression and amplification has been identified in a variety of cancer types; it has
shown to be associated with poor outcomes in breast and gastric/gastroesophageal
junction (GEJ) cancers (Reichelt et al. 2007; Gowryshankar et al. 2013; Nagaraja
et al. 2016; Burstein 2005; Slamon et al. 1987; Tanner et al. 2005; Andrulis et al.
1998); however, its effect on other tumour types is not well defined (Berchuck et al.
1990; Tuefferd et al. 2007; Santin et al. 2005; Morrison et al. 2006; Grushko et al.
2008). Amplification or overexpression of HER2 also serves as a predictive bio-
marker for anti-HER2 treatment in a variety of tumour types including breast,
gastric and gynaecological cancers (Slamon et al. 1987; Tanner et al. 2005;
Andrulis et al. 1998; Berchuck et al. 1990; Morrison et al. 2006; Yonemura et al.
1991; Mineo et al. 2007; Liu et al. 2010a; Santin et al. 2008). Given the compelling
nature of HER2 as a target for cancer therapy, a number of monoclonal antibodies
targeting HER2 have been developed.

2.7.1 Trastuzumab
Trastuzumab has revolutionized the treatment of patients with HER2-positive breast
cancer and provided vital insights into the biology of HER2. Trastuzumab has been
approved for use in patients with breast cancer that overexpresses HER2 in all
settings, either as monotherapy or in combination with chemotherapy. In 1998,
almost ten years after its initial development, trastuzumab was the first
HER2-targeting monoclonal antibody to receive approval for use in patients with
HER2 overexpressing/amplified metastatic breast cancer (Slamon et al. 2001). In
2006, based on the joint analysis of the NSABP B31/N9831 (Perez et al. 2011,
2014) studies, trastuzumab was approved for use in combination with doxorubicin,
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cyclophosphamide and paclitaxel for the adjuvant treatment of patients with
early-stage HER2-positive, node-positive breast cancer. Final analysis of these
studies confirmed the addition of trastuzumab resulted in superior OS. Based on the
results of the BCIRG 006 study (Slamon et al. 2009), which evaluated a
non-anthracycline containing adjuvant regimen, the FDA also approved trastuzu-
mab for use in combination with docetaxel and carboplatin.

Trastuzumab is the first biological to show survival benefit in patients with
advanced gastric cancer in the pivotal phase III trial, ToGA, leading to its approval
in HER2-positive gastric cancer in combination with chemotherapy (Bang et al.
2010).

2.7.2 Pertuzumab
Pertuzumab, the first-in-class of agents known as HER dimerization inhibitors
(Adams et al. 2006), binds to the extracellular dimerization domain II of HER2; an
epitope distinct from the epitope for trastuzumab, inhibiting dimerization between
HER receptors (Adams et al. 2006). In 2012, pertuzumab was approved as first-line
treatment in combination with trastuzumab and docetaxel chemotherapy for the
treatment of patients with HER2-positive metastatic breast cancer. The approval was
granted on the findings of phase III trial, the CLEOPATRA study (Swain et al. 2015).

Pertuzumab is the first therapeutic to be approved for the neo-adjuvant treatment
of breast cancer. Approval for this indication was based on the findings of phase
II NEOSPHERE study (Gianni et al. 2012) and supported by the TRYPHAENA
study (Schneeweiss et al. 2013). In both studies, the addition of pertuzumab
improved pCR rates significantly. In phase III APHINITY trial (NCT01358877), the
addition of pertuzumab to trastuzumab in patients with HER2-positive early breast
cancer did not appear to significantly affect the invasive disease-free survival after a
median follow-up of three years. The benefit of pertuzumab appeared slightly greater
among patients with node-positive disease (Von Minckwitz et al. 2017).

2.7.3 Trastuzumab Emtansine (T-DM1)
Ado-trastuzumab emtansine (T-DM1) is the first anti-HER2 ADC to be approved in
solid tumours. It is composed of trastuzumab linked to potent cytotoxic agent DM1,
an inhibitor of microtubule dimerization (Junttila et al. 2011). T-DM1 has been
approved for use as a single agent in the treatment of HER2-positive, metastatic
breast cancer in patients who have previously received trastuzumab and a taxane
(Verma et al. 2012).

Toxicities Associated with Anti-HER2 Antibodies
Cardiac toxicity is the most common and significant adverse event associated with
trastuzumab therapy. Presentations may vary from an asymptomatic drop in left
ventricular ejection fraction (LVEF) to symptomatic congestive cardiac failure.
Proposed mechanisms include altered balance between anti- and pro-apoptotic
proteins affecting mitochondrial function and inhibition of NRG-1-mediated acti-
vation of HER2 affecting sarcomere function (Kuramochi et al. 2006; Grazette et al.
2004; Lemarié et al. 2008). Rates of cardiac dysfunction from trastuzumab
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monotherapy ranged from 2 to 4.7% (Cobleigh et al. 1999; Vogel et al. 2002).
A Cochrane Review of eight randomized clinical trials (B31, BCIRG 006, Buzdar,
FinHer, HERA, N9831, NOAH and PACS-04 trials), involving over 10,000
patients, showed trastuzumab-containing regimens were associated with higher risk
of congestive heart failure (RR 5.11; p < 0.0001) and LVEF decline (RR 1.83;
p = 0.0008) (Moja et al. 2012). Trials focusing on neo-adjuvant therapy (Budzar,
NAOH, HERA) reported low rates of symptomatic cardiotoxicity (0–1.7%), which
is likely due to selection bias. Risk factors shown to be associated with
trastuzumab-induced cardiotoxicity include hypertension, diabetes, previous
anthracycline use and older age (Jawa et al. 2016). Importantly, the incidence of
any grade cardiac toxicity did not significantly increase with the combination of
trastuzumab and pertuzumab (Swain et al. 2013). The most common non-cardiac
toxicity are infusion reactions, commonly occurring at first exposure, and do not
recur at subsequent infusions (Slamon et al. 2001). Other commonly reported
toxicities include arthralgia, myalgia, fatigue, dyspnea, nail changes, rash, head-
ache, insomnia, thrombosis/embolism and diarrhoea (Trastuzumab FDA Label
2008). Rare but significant toxicities reported in less than 1% of patients include
interstitial pneumonitis, grade 4/5 neutropenia, glomerulopathy causing nephrotic
syndrome (Trastuzumab FDA Label 2008).

Mechanisms of Resistance to Anti-HER Antibodies
Primary resistance to single-agent trastuzumab is seen in approximately 70% of
HER2-overexpressing breast cancers, with nearly all patients eventually developing
resistance during treatment (Cobleigh et al. 1999; Spector and Blackwell 2009).
While mechanism of resistance to trastuzumab has been extensively investigated,
mechanisms of resistance to pertuzumab are poorly understood (Wuerkenbieke
et al. 2015). Some of the proposed mechanisms of resistance to trastuzumab
include:

i. Altered activation of downstream pathways such as the PI3K/AKT/mTOR
pathway, by either PIK3CA mutation or loss of function of phosphatase and
tensin homolog (PTEN) tumour suppressor gene (Nagata et al. 2004; Klos
et al. 2003; Berns et al. 2007; Kataoka et al. 2010). Despite preclinical evi-
dence, the relationship between PIK3CA mutations and trastuzumab benefit
remains unclear, with no statistically significant association demonstrated with
PTEN loss or PIK3CA mutation and benefit to trastuzumab in some studies
(Loi et al. 2013; Wang et al. 2013; Pogue-Geile et al. 2015; Perez et al. 2013),
while a positive correlation was seen between PI3K alterations and pCR rates
(Schneeweiss et al. 2013; Untch et al. 2010).

ii. Dependence on signalling through alternative growth factor receptors including
GFR, p95ErbB2, ErbB3, insulin-like growth factor receptor (IGF-1R), leading
to hyperactivation of the PI3K-Akt signalling pathway (Nahta and Esteva 2006;
Zhuang et al. 2010; Shattuck et al. 2008; O’Brien et al. 2010; Yakes et al. 2002;
Lu et al. 2001; Garrett and Arteaga 2011; Nahta 2012).

iii. Impaired trastuzumab binding or masking of binding epitopes.
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iv. Overexpression of EGFR or HER3 ligands (Ritter et al. 2007; Freudenberg
et al. 2009).

v. Altered immune mechanisms affecting ADCC response due to polymorphisms
within Fcc receptors on immune cells affecting the affinity for trastuzumab Fc
region binding (Hamid et al. 2013); increased expression of killer inhibitory
receptors (KIRs) on NK cells, which can suppress NK activity (Kim et al.
2013) or immunosuppression through cytokines produced by tumour cells
(Weber et al. 2015b).

vi. Binding of p27kip1 to the CDK2/cyclin E1 complex prevents cell-cycle pro-
gression and cell proliferation.

Similar to trastuzumab, patients with HER2-positive breast cancer treated with
T-DM1 have either primary resistance to T-DM1 or develop resistance during
treatment (Verma et al. 2012; Hurvitz et al. 2013; Wildiers et al. 2013). In preclinical
models, efficacy of T-DM1 varied depending on the tumour mass in trastuzumab-
and lapatinib-resistant human breast cancer xenograft models (Barok et al. 2011a),
with resistance developing even after a long latency period (Barok et al. 2011b).
Resistance mechanisms to T-DM1 have not been fully elucidated; potential mech-
anisms include reduced antigen expression (Burris et al. 2011), impaired internal-
ization and endosomal trafficking of the HER2-T-DM1 complexes as well as
development of resistance to the toxic payload or trastuzumab (Li et al. 2010).

2.8 Immune Checkpoint Inhibitors

Therapies targeting immune checkpoints and their ligands have shown impressive
and durable responses in solid tumours and haematological malignancies. Immune
checkpoint inhibitors approved by the FDA include ipilimumab, a monoclonal
antibody that targets CTLA-4; nivolumab and pembrolizumab are highly selective
humanized monoclonal antibodies against the PD-1 receptor. There are over 500
open clinical trials on ClinicalTrials.gov evaluating pembrolizumab and nivolumab
in a variety of tumour types as monotherapies as well as in combination with other
conventional and experimental therapies.

2.8.1 Ipilimumab
In a phase III trial (MDX010-20) (Hodi et al. 2010b), patients with
treatment-refractory metastatic melanoma treated with ipilimumab had significantly
improved ORR and OS at 24 months. The trial population included patients with
previously treated brain metastases and those treated with prior IL-2 therapy.
Efficacy data from this trial led to the approval of ipilimumab in patients with
previously treated metastatic melanoma in 2011. In 2015, the approval was further
expanded for use as adjuvant therapy in patients with resected stage III melanoma
supported by the EORTC 18071 trial (Eggermont et al. 2015, 2016). After a median
follow-up of 5.3 years, patients treated with ipilimumab had significantly better
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relapse-free survival (RFS), OS and distant metastasis-free survival (DMFS).
Despite the clear benefit of ipilimumab, treatment is associated with significant
toxicity, with almost all patients expressing toxicity of any grade. Grade 3/4 adverse
events occurred in almost 42% of patients with five treatment-related deaths. The
dose of ipilimumab used in this trial was 10 mg/kg which is significantly higher
than the dose used in the metastatic setting (3 mg/kg) and, thus, may be associated
with increased toxicity. This is the approved dose for use in the adjuvant setting.

2.8.2 Nivolumab
In 2016, based on results from early phase studies (Timmerman et al. 2016; Ansell
et al. 2015), nivolumab was approved for the treatment of classical HL in patients
that relapsed or progressed after ASCT and post-transplantation brentuximab
vedotin (BV). The CheckMate 205 (Timmerman et al. 2016) exclusively evaluated
nivolumab in patients with classical HL (cHL) including BV-naïve patients and
patients who received post-ASCT BV (n = 240); the CheckMate 039 (Ansell et al.
2015) was a dose escalation study that included a cohort of patients with cHL
(n = 23).

Nivolumab has been approved for use in patients with metastatic melanoma in a
number of clinical settings. Nivolumab was first approved in 2014 for use in
patients with refractory unresectable metastatic melanoma that have progressed
following ipilimumab and, if BRAF V600 mutation-positive, a BRAF inhibitor.
Approval was based on the findings of phase III CheckMate 037 III trial (Weber
et al. 2015a; Larkin et al. 2016). Despite having more patients in the nivolumab arm
with brain metastases and higher pretreatment LDH levels, patients treated with
nivolumab had a higher ORR and longer median duration of response. In a phase III
study of treatment-naive patients with BRAF-wt advanced melanoma, nivolumab
demonstrated superior ORR, prolonged PFS and improved OS rate at 1 year when
compared with dacarbazine (Robert et al. 2015a).

In 2015, nivolumab was the first immunotherapy agent approved for the treat-
ment of advanced squamous and non-squamous cell cancer (NSCLC), in patients
who have progressed on platinum-based chemotherapy based on the findings of
phase III CheckMate 017 study (Brahmer et al. 2015). PD-L1 expression was not
prognostic or predictive (Brahmer et al. 2015). Phase III CheckMate 057 trial
(Borghaei et al. 2015; Horn et al. 2015) randomized patients with advanced
non-squamous NSCLC who progressed during or after first-line treatment with
platinum-based chemotherapy to nivolumab or docetaxel. Nivolumab showed
significantly higher ORRs and longer median OS rates. In patients with PD-L1
expressing tumours (� 1%), nivolumab treatment was associated with longer OS,
PFS and higher ORR, while OS and PFS were similar between the two arms in
patients with PD-L1 negative tumours (<1%). Nivolumab in the first-line setting in
patients with NSCLC with � 5% PD-L1 tumour expression failed to show superior
PFS versus platinum-based doublet chemotherapy (Socinski et al. 2016).

Patients with advanced clear cell renal cell carcinoma (RCC) treated with
nivolumab in phase I and II studies showed one-third of patients were alive at
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5 years in phase I study and 3 years in phase II study (McDermott et al. 2016).
Interim analysis of phase III CheckMate 025 trial showed patients treated with
nivolumab had significantly higher ORR, increased OS and improved quality of life
compared with everolimus. PD-L1 expression did not influence survival (Motzer
et al. 2015; Cella et al. 2016). Based on these findings, nivolumab was approved for
metastatic RCC in late 2015.

In 2016, based on the results of the Checkmate 141 phase III trial (Ferris et al.
2016), nivolumab was approved for the treatment recurrent or metastatic squamous
cell carcinoma of the head and neck (SCCHN) in patients who have had disease
progression on or after platinum-based therapy. Patients with tumours that had
PD-L1 expression � 1% and were HPV-positive derived greatest survival benefit.

Nivolumab has shown activity in patients with metastatic urothelial carcinoma
whose disease progressed after previous platinum-based chemotherapy in early
phase clinical trials (Sharma et al. 2016, 2017). In a phase I trial (CheckMate 032)
(Sharma et al. 2016), an ORR of 24% was achieved with toxicities consistent with
previous studies. In the larger single-arm phase II study (CheckMate 275) (Sharma
et al. 2017), overall ORR of 19.6% was achieved across all levels of PD-L1
expression. Nivolumab was approved in February 2017.

2.8.3 Pembrolizumab
Pembrolizumab has been approved as first-line treatment for patients with meta-
static melanoma as well as for those with ipilimumab-refractory disease. In phase I
study (Ribas et al. 2016; Manders et al. 2016), high PD-L1 expression correlated
with a higher response rate, longer PFS and OS; however, patients with no PD-L1
expression also showed durable responses. In phase II KEYNOTE-002 trial (Ribas
et al. 2015; Hamid et al. 2016), patients treated with pembrolizumab regimens had a
significantly improved ORRs and median PFS compared with the chemotherapy
group. More than half of patients treated with chemotherapy crossed over and
received pembrolizumab after developing progressive disease. In the
KEYNOTE-006 trial (Robert et al. 2015b; Long et al. 2016), patients with
advanced, refractory melanoma receiving pembrolizumab had significantly higher
ORRs, compared to those receiving ipilimumab. Overall survival was significantly
prolonged with both pembrolizumab schedules compared with ipilimumab.

Pembrolizumab has been approved for the treatment of patients with pretreated
advanced NSCLC that expresses PD-L1 (� 1% membranous staining), as deter-
mined by the 22C3 pharmDx test. FDA approval was based on the findings of the
large phase I study, KEYNOTE-001 (Garon et al. 2015). Response rates correlated
with PD-L1 expression, but were independent of dose and schedule of pem-
brolizumab and tumour histology. The large KEYNOTE-010 study (Herbst et al.
2016) enrolled over 1000 previously treated patients with advanced NSCLC, with
PD-L1 expression at least 1%. Patients treated with pembrolizumab had a greater
survival benefit compared with docetaxel. Responses and survival rates directly
correlated with PD-L1 expression. The KEYNOTE-024 trial (Reck et al. 2016)
evaluated pembrolizumab as first-line therapy in treatment-naive patients with
advanced NSCLC having � 50% tumour cell PD-L1 staining. Patients with EGFR
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mutations or ALK translocations were not included. Pembrolizumab was associated
with prolonged PFS and improved OS at six months compared with platinum
doublet chemotherapy. Based on these results, the FDA in 2016 approved pem-
brolizumab as first-line therapy for patients with metastatic NSCLC whose tumours
have � 50% PD-L1 without EGFR or ALK genomic tumour aberrations.

In 2016, pembrolizumab received accelerated approval for the treatment of
patients with recurrent or metastatic SCCHN with disease progression on or after
platinum-containing chemotherapy, based on data from the KEYNOTE-012 study
(Seiwert et al. 2016; Chow et al. 2016). Response rates were similar in human
papillomavirus (HPV)-positive and negative patients.

In phase Ib KEYNOTE-013 study (Armand et al. 2016), pembrolizumab showed
high anti-tumour activity (ORR = 65%) in refractory classical Hodgkin lymphoma
(cHL) patients. Based on the results of the phase II KEYNOTE-087 study in
patients with refractory cHL (Chen et al. 2016b; Moskowitz et al. 2016), pem-
brolizumab recieved regulatory approval for the treatment of relapsed or refractory
cHL in 2017.

2.8.4 Avelumab
Avelumab is an anti-PD-L1 antibody, approved inMarch 2017, for use in patientswith
metastatic Merkel cell carcinoma based on the results of the JAVELIN Merkel 200
trial (Kaufman et al. 2016). In this single-arm study, avelumab demonstrated an ORR
of 32%, including 8 complete responses. Responses were durable, lasting more than
six months in 86% of patients, andmore than 12 months in 45% of patients (Kaufman
et al. 2016). Avelumab is the first FDA-approved drug to treat this indication.

2.8.5 Atezolizumab
Atezolizumab is the first a humanized anti-PD-L1 monoclonal antibody approved
for the treatment of advanced urothelial carcinoma that has progressed during or
after previous platinum-based chemotherapy (Rosenberg et al. 2016). While
responses correlated with PD-L1 expression, objective responses were also seen in
patients with no PD-L1 expression.

Atezolizumab is the first anti-PD-L1 antibody to be approved for the treatment of
previously treated patients with metastatic NSCLC based on results from the ran-
domized phase III OAK (Rittmeyer et al. 2017; Barlesi et al. 2016) and phase
II POPLAR studies (Fehrenbacher et al. 2016). In both studies, greatest benefit was
seen in patients with high PD-L1 expression on tumours or tumour-infiltrating
immune cells.

2.9 Combination of Immune Checkpoint Inhibitors

2.9.1 Nivolumab and Ipilimumab
In early phase clinical trials in patients with metastatic melanoma, the combination
of nivolumab and ipilimumab has shown to result in improved overall responses and
OS, albeit increased grade 3/4 toxicities (Wolchok et al. 2013; Postow et al. 2015;
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Hodi et al. 2016). In a large phase III study, CheckMate 067, the combination
resulted in a longer median PFS and higher response rates in treatment-naïve patients
with metastatic melanoma, with the greatest benefit seen in those with positive
PD-L1 expression. As seen with the early phase studies, grade 3/4 adverse events
were significantly higher in the combination arm, leading to discontinuation of
treatment in more than a third of patients (Larkin et al. 2015; Wolchok et al. 2016). In
2015, nivolumab in combination with ipilimumab was approved for use in
treatment-naive patients with BRAF wild-type metastatic melanoma. This indication
was further expanded to include BRAF V600 mutation-positive patients in 2016.

Early phase trials report higher response rates with the combination of nivolu-
mab and ipilimumab in patients with mRCC than with PD-1 inhibition alone
(Hammers et al. 2014; Motzer et al. 2014). A phase III trial comparing nivolumab
plus ipilimumab to sunitinib in treatment-naive mRCC patients is ongoing
(NCT02231749).

The CheckMate 012 study evaluated three dosing schedules of nivolumab plus
ipilimumab in chemo-naive patients with NSCLC (Hellmann et al. 2017). Con-
firmed objective responses were seen in 38–47% with higher responses seen in
those with PD-L1 expression � 1%. Phase I/II study, CheckMate 032, evaluated
the efficacy and safety of nivolumab alone and in different dosing combinations
with ipilimumab in patients with platinum-refractory small cell lung cancer (SCLC)
(Antonia et al. 2016). While durable responses were seen with nivolumab
monotherapy, higher response rates were seen when nivolumab was combined with
ipilimumab; however, this also resulted in higher grade 3/4 treatment-related
adverse events.

2.9.2 Pembrolizumab and Ipilimumab
In phase I KEYNOTE-029 non-randomized expansion cohort (NCT02089685),
patients with metastatic melanoma received pembrolizumab with ipilimumab fol-
lowed by pembrolizumab monotherapy. After a median follow-up of 17 months,
the ORR was 61%, with a CR achieved in 15%; the median PFS and OS rates were
not reached (Carlino et al. 2017). In the same trial, patients with previously treated
mRCC had a DCR of 50% and ORR of 20% with two PRs (Choueiri et al. 2017). In
a phase I/II study, pembrolizumab in combination with pazopanib in mRCC was
prematurely terminated due to significant hepatotoxicity with the combination
(Chowdhury et al. 2017).

Toxicities Associated with Immune Checkpoint Inhibitors
Fatigue is among the most common side effect reported with immune checkpoint
inhibitors and has been reported in almost 40% of patients treated with ipilimumab
and anti-PD-1 agents and in up to 24% of patients treated with anti-PD-L1 agents
(Naidoo et al. 2015). Dermatological toxicities have been reported in almost half of
all patients treated, although less than 2% are considered severe (grade 3 or 4)
(Naidoo et al. 2015). Dermatological irAEs typically manifest early, occurring after
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the third week of treatment (Weber et al. 2012), however can occur at any time
during treatment, including after treatment discontinuation (Parakh et al. 2016b).
Gastrointestinal toxicities associated with ipilimumab typically occur 6–8 weeks
after commencement of therapy (Weber et al. 2012), with diarrhoea of any grade
reported in approximately 30%; however, severe (grade 3/4) diarrhoea is seen in
<10% of patients (Hodi et al. 2010b). In comparison, gastrointestinal toxicities
associated with anti-PD1 inhibitors have a lower incidence and grade 3/4
immune-mediated colitis is seen in 1–2% of cases (Topalian et al. 2014). Clini-
cally significant endocrinopathy occurs in <10% of patients treated with ipilimumab
and may present with nonspecific symptoms such as such as nausea, headache,
fatigue and vision changes, often leading to delayed diagnosis (Corsello et al.
2013). Significant endocrinopathies reported include hypophysitis, hypothyroidism,
hyperthyroidism and adrenal insufficiency. The incidence of endocrinopathies due
to anti-PD-1/PD-L1 antibodies is not known, and the mechanism underlying it is
not fully elucidated. Hepatic adverse events typically occur 8–12 weeks after
commencing treatment (Bernardo et al. 2013; Wolchok et al. 2010) and are usually
present as asymptomatic elevations in AST and ALT levels (Postow 2015). The
incidence is <5% with anti-PD-1/PD-L1, and grade 3/4 toxicity is rare (Hamid et al.
2013). Pathologic appearances of immune-checkpoint-inhibitor-induced autoim-
mune hepatitis include panlobular hepatitis, perivenular infiltrates or infiltrates
surrounding the primary biliary ducts (Kim et al. 2013). Pneumonitis has been
rarely described with ipilimumab therapy and is more commonly reported in
association with PD-1 inhibitors (Weber et al. 2015b). Pneumonitis has been
reported in <10% of patients receiving anti-PD-1/PD-L1 therapy either alone or in
combination and occurs more commonly in patients with lung cancer (Brahmer
et al. 2015; Rizvi et al. 2015). The incidence of adverse events is typically more
frequent and more severe with higher doses of ipilimumab and with combined
immunotherapy regimens (Eggermont et al. 2015; Larkin et al. 2015). Rare toxi-
cities involving other organ systems have been reported with ipilimumab and
anti-PD1 therapies (Naidoo et al. 2015). Investigation and management of
immune-related adverse events should be managed as per established algorithms
(YERVOY™ (ipilimumab) 2011).

Mechanisms of Resistance to Immune Checkpoint Inhibitors
Comparing pretreatment and relapse tumour samples of patients with metastatic
melanoma who initially responded to treatment, mutations in genes encoding JAK1
or JAK2 were identified resulting in insensitivity to the anti-proliferative effects of
interferon c on cancer cells as well as a truncating mutation in the gene for the
antigen-presenting protein beta-2-microglobulin (B2M) leading to loss of expres-
sion of major histocompatibility complex (MHC) (Zaretsky et al. 2016). Other
proposed mechanisms of resistance to immune checkpoint therapies include loss of
PTEN inhibiting the recruitment of T cells and increasing expression of immuno-
suppressive cytokines (Peng et al. 2016); upregulation of genes involving
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regulation of mesenchymal transition, cell adhesion, extracellular matrix remod-
elling and angiogenesis (Hugo et al. 2016); expression of indoleamine
2,3-dioxygenase (IDO) which suppresses effector T cells and activates regulatory T
cells (Holmgaard et al. 2013).

2.10 Anti-VEGF Antibodies

Vascular endothelial growth factor (VEGF) A is a member of a family of growth
factors that also includes VEGFB, VEGFC, VEGFD and placental growth factor
(PLGF). VEGF-A secreted by tumour cells, and surrounding stroma drives the
proliferation of endothelial cells and development of abnormal vasculature (Car-
meliet 2005). VEGF is typically overexpressed in tumours and correlates with
invasiveness, increased vascular density, metastasis, tumour recurrence and poor
prognosis (Kerbel 2008).

2.10.1 Bevacizumab
Bevacizumab is the first approved humanized monoclonal antibody targeting
VEGF-A, preventing the interaction of VEGF to its receptors (Flt-1 and KDR) on
the surface of endothelial cells (Ferrara et al. 2004). Bevacizumab has been
approved in combination with chemotherapy for the treatment of a number of
tumour types including mCRC (Hurwitz et al. 2004; Giantonio et al. 2007),
metastatic ovarian cancer (Pujade-Lauraine et al. 2014), metastatic clear cell renal
cell carcinomas (mRCC) (Lonser et al. 2003), recurrent GBM (Friedman et al.
2009; Cloughesy et al. 2010) and NSCLC (Sandler et al. 2006; Soria et al. 2012).

2.10.2 Ramucirumab
Ramucirumab is a fully humanized monoclonal antibody targeting the extracellular
domain of VEGF receptor-2 (VEGFR-2). Ramucirumab has been approved as
monotherapy and in combination with paclitaxel chemotherapy for the treatment of
patients with advanced gastric or GEJ adenocarcinoma whose disease has pro-
gressed on fluoropyrimidine- or platinum-containing chemotherapy based on the
findings of the placebo-controlled REGARD (Fuchs et al. 2014) and RAINBOW
(Wilke et al. 2014) trials, respectively.

In late 2014, ramucirumab was approved in combination with docetaxel as
second-line therapy for patients with metastatic NSCLC who have received
platinum-based chemotherapy. Approval was based on the findings of the REVEL
study (Garon et al. 2014).

The efficacy of ramucirumab as second-line treatment in combination with
FOLFIRI in patients with mCRC who progressed after first-line therapy with
bevacizumab and FOLFOX chemotherapy was addressed in phase III RAISE trial
(Tabernero et al. 2015). In view of the modest but significant benefit, ramucirumab
was approved for use as second-line therapy in combination with FOLFIRI in 2015.

Current Development of Monoclonal Antibodies in Cancer Therapy 37



Toxicities Associated with Anti-VEGF Therapies
Bevacizumab and ramucirumab are generally well tolerated; discontinuation rates
due to bevacizumab-related toxicity across all studies are between 8.4 and 21%
(Braghiroli et al. 2012). Hypertension is the most common adverse event associated
with anti-VEGF therapies (Spratlin et al. 2010). A meta-analysis showed the
incidence of all-grade hypertension in patients receiving bevacizumab in variety of
tumour types was 23.6% with 8% being grade � 3 (Ranpura et al. 2010). Due to the
high incidence of fatal pulmonary haemorrhage (31%), bevacizumab is con-
traindicated in patients with squamous cell NSCLC (Johnson et al. 2004). The
incidence of � grade 3 proteinuria ranged from 0.7 to 7.4% across clinical trials
(Liu et al. 2010b); the incidence increased when using bevacizumab in combination
with chemotherapy; using higher dosages of bevacizumab and tumour type, renal
cell carcinoma was associated with the highest risk (cumulative incidence 10.2%)
(Wu et al. 2010). While the exact mechanism of proteinuria is unclear and is likely a
maybe a class effect of VEGF inhibitors (Eremina et al. 2003; Sugimoto et al.
2003). Fatal hemorrhage is more likely to occur in patients receiving bevacizumab
compared to those on chemotherapy only, with the incidence of grade � 3 hem-
orrhagic events 0.4–6.9% (Liu et al. 2010b; Hapani et al. 2010). The risk of
bleeding was more with higher doses of bevacizumab and in patients with NSCLC
(11.5%). Patients with primary brain tumours are not at higher risk of haemorrhage
when compared to patients with other tumour types (Hapani et al. 2010). Mecha-
nisms of bevacizumab-induced haemorrhage include impaired platelet activation,
endothelial damage affecting vascular integrity, and deregulation of nitric oxide
affecting platelet–endothelium interaction (Brandes et al. 2015). Patients treated
with bevacizumab are at increased risk of venous and arterial thromboembolism,
with an overall incidence of approximately 7.5 and 3.8%, respectively (Semrad
et al. 2007; Scappaticci et al. 2007). The risk of developing an arterial throm-
boembolic event during treatment was increased in patients with a prior history of
thromboembolism and diabetes and in elderly patients (Scappaticci et al. 2007).
While the incidence of gastrointestinal perforation due to bevacizumab treatment is
less than 1%, it is associated with a high mortality rate of 21.7%. Patients receiving
a higher dose of bevacizumab, prior to radiation treatment, and those with GBM,
colorectal, ovarian and renal cell cancer were at higher risk (Liu et al. 2010b;
Hapani et al. 2009). Consistent with bevacizumab’s mechanism of action, wound
breakdown rates range 0–6% and is due to impaired cicatrization and platelet
activation, mechanisms vital in wound repair (Liu et al. 2010b). Other rare but
serious complications include posterior reversible encephalopathy syndrome. The
addition of ramucirumab to chemotherapy resulted in higher number of grade � 3
toxicities when compared to chemotherapy alone; in particular, a higher incidence
neutropenic events, leucopenia, hypertension and fatigue were reported (Wilke
et al. 2014; Garon et al. 2014; Tabernero et al. 2015).

Mechanisms of Resistance to Anti-VEGF Antibodies
A number of mechanisms of resistance to VEGF inhibitors have been proposed and
covered in detail in a number of review papers (Van Beijnum et al. 2015; Bergers
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and Hanahan 2008). Some of the key mechanisms are discussed below. The acti-
vation of angiogenesis pathways can occur through the upregulation of alternate
pro-angiogenic growth factors including angiopoietins, fibroblast growth factors
(FGFs), transforming growth factors (TGFs) and placental growth factor (PlGF).
Moreover, inhibition of a specific growth factor has shown to induce the expression
of other growth factors depending on the tumour type. The expression of many
growth factors has shown to be induced by hypoxia in preclinical and clinical
models, which occurs as a result of the anti-angiogenic therapy. Another mecha-
nism of resistance proposed is the infiltration of bone-marrow-derived cells into the
tumour microenvironment which leads to tumour growth and angiogenesis through
VEGF-independent pathways. These cells include monocytes/macrophages,
myeloid-derived suppressor cells (MDSC), endothelial progenitor cells (EPC) and
cancer-associated fibroblasts (CAF) (Ferrara 2010). Disruption of endothelial cell
progenitor function by anti-VEGFR2 monoclonal antibodies results in decreased
angiogenesis in tumour xenografts and inhibits tumour growth (Shaked et al. 2005).
Pericytes or periendothelial cells regulate endothelial differentiation and prolifera-
tion and stabilize newly formed vessels (Teicher and Ellis 2008). Moreover, they
have shown to have a protective effect on endothelial cells from anti-angiogenic
therapies and have been implicated in clinical resistance to these agents (Bergers
and Hanahan 2008). Other mechanisms by which tumour cells evade effects of
anti-VEGF therapy is through the development of different growth patterns (Hillen
and Griffioen 2007) including intussusceptive angiogenesis, vessel co-option and
vasculogenic mimicry (Van Beijnum et al. 2015).

2.11 Immunotoxins

Denileukin diftitox is the first FDA-approved immunotoxin for the treatment of
recurrent cutaneous T cell lymphoma (CTCL). This fusion protein–toxin combines
the truncated form of DT (DAB389) to IL-2 protein, enabling the targeting of the
CD25 subunit of the IL-2 receptor (Re et al. 1996). In the pivotal phase III trial,
30% of the 71 patients with pretreated CTCL randomized to two doses of deni-
leukin diftitox had an objective response (20% CR; 10% PR) with a 6.9-month
median duration of response. No difference in efficacy was noted between the two
doses. Toxicities reported included flu-like symptoms, acute infusion-related
events, VLS and elevations of hepatic transaminases. Nearly all patients developed
HATA by the second treatment (Olsen et al. 2001). The potency of denileukin
diftitox is limited because of the lack of high affinity IL-2 receptors in a large
percentage of cases, usually owing to lack of CD122 (Kreitman 2009). Denileukin
diftitox has also been evaluated in combination with other treatments for haema-
tological and solid cancers including melanoma (Telang et al. 2011), non-small cell
lung cancer (NSCLC) (Gerena-Lewis et al. 2009), pancreatic (NCT00726037; this
study has been terminated) and ovarian cancers (Barnett et al. 2006). In NSCLC,
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high levels of soluble IL-2R have been associated with early recurrence and a
poorer outcome (Naumnik and Chyczewska 2000; Kawashima et al. 2000), while
the inhibitory effect of denileukin diftitox on human regulatory T cells resulted in
clinical improvements in patients with ovarian cancer and melanoma.

2.12 Radioimmunotherapy

2.12.1 Iodine-131 Recombinant Chimeric Tumour Necrosis
Therapy

Iodine-131 recombinant chimeric tumour necrosis therapy (131I-chTNT) is the first
radioimmunoconjugate to be approved in 2003, for the treatment of advanced lung
cancer by the China Food and Drug Administration. 131I-chTNT has not been
approved for this indication in the USA or European Union (EU). TNT-1 targets an
intracellular histone/DNA epitope present in necrotic and degenerating areas of
tumours. In the pivotal study, 62 of a total of 107 patients with treatment-refractory
solid tumours received two doses of 131I-chTNT, while another 45 patients received
an intratumoral injection. An ORR of 34.6% was achieved (CR in 3.7% and PR
30.8%) in all patients and 33% in patients with NSCLC. Due to the study design,
the impact of treatment on OS is not established.

2.12.2 Ibritumomab Tiuxetan
Ibritumomab tiuxetan comprises of the murine IgG1 anti-CD20 antibody ibritu-
momab bound to tiuxetan, a chelator agent, covalently linked to the radiolabeled
isotope 90Y (Witzig 2002). Y90 is pure emitting beta radioisotope with a pene-
tration of only 5–10 mm at an energy of 2.3 MeV (Witzig 2002). Initial approval
for ibritumomab tiuxetan was based on the findings of the pivotal phase III study
(Wiseman et al. 2002), in which patients with relapsed or refractory disease were
randomized to receive either Y90 ibritumomab tiuxetan or rituximab. Compared to
rituximab, patients that received ibritumomab tiuxetan experienced higher ORR,
time to next therapy and time to progression, with greatest benefit seen in patients
with follicular histology (Gordon et al. 2004).

In a phase III trial (First-Line Indolent trial) (Hagenbeek et al. 2007; Morsch-
hauser et al. 2013), the benefits of ibritumomab tiuxetan as consolidation therapy
after induction therapies was evaluated in patients with advanced-stage follicular
lymphoma in first remission. After a median follow-up of 7.3 years, PFS was
significantly improved with ibritumomab tiuxetan with a prolonged median time to
next treatment. The beneficial effects were superior in patients that experienced a
PR after induction treatment compared with patients that had a CR (Morschhauser
et al. 2008, 2013). It should be noted however only 14% of subjects received
rituximab during the induction phase. The efficacy and safety of ibritumomab
tiuxetan as consolidation therapy post-chemotherapy has been shown by several
additional trials (Hainsworth et al. 2009; Jacobs et al. 2008; Provencio et al. 2014).
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Common Toxicities
Common toxicities reported with radioimmunotherapy (RIT) are infusion reactions,
cytopenias, and cutaneous and mucocutaneous reactions, with discontinuation of
treatment required in cases where toxicities have prolonged and severe (Rizzieri
2016). Cytopenias are commonly seen 4–6 weeks post-treatment, with recovery 9–
20 days after nadir; however, severe cytopenias persisting more than 12 weeks can
occur and are influenced by the presence of bone marrow involvement and prior
treatment (Witzig et al. 1999; Knox et al. 1996). There is an increased incidence of
myelodysplastic syndrome (MDS) and acute myeloid leukaemia (AML) in patients
treated with RIT. In the FIT trial, after a median follow-up of 7.3 years, 4.2%
patients treated with RIT consolidation developed treatment-related MDS/AM, with
a median time from randomization to diagnosis of MDS/AML 57 months (range
22–84) (Morschhauser et al. 2013). Previous exposure to fludarabine-containing
regimens and an abnormally low baseline platelet count are associated with sig-
nificantly higher rates of MDS/AML. In another study in elderly patients with NHL
who underwent an autograft after high-dose radioimmunotherapy (HD-RIT) the
5-year cumulative incidence of sMDS/AML was 8.2% (Guidetti et al. 2011).

2.13 Trifunctional Antibody

Catumaxomab was the first-in-class trifunctional antibody to be approved in 2009
in the EU for the intraperitoneal\treatment of malignant ascites secondary to
epithelial cancers. It is characterized by its unique ability to target epithelial cell
adhesion molecules (EpCAM) on tumour cells, CD3 antigen on T cells, and type I,
IIa, and III Fcc receptors on accessory cells (Ruf et al. 2007). Catumaxomab exerts
its anti-tumour effects via T-cell-mediated lysis, ADCC and phagocytosis via
activation of Fcc receptors on accessory cells (Zeidler et al. 1999, 2000). In a
pivotal phase II/III study (Heiss et al. 2010), patients were randomized to receive
catumaxomab plus paracentesis or paracentesis alone. The primary endpoint was
puncture-free survival (defined as the time after last infusion to first need for
therapeutic paracentesis or death, whichever occurred first). Treatment with catu-
maxomab significantly prolonged puncture-free survival (median 46 vs. 11 days;
p < 0.0001) and median time to next paracentesis (77 vs. 13 days; p < 0.0001). In
addition, there was a trend towards prolonged OS with catumaxomab.

Toxicities Associated with Catumaxomab
Catumaxomab was generally well tolerated, over 80% of patients received the full
treatment course, and most adverse events were reported as low grade (Heiss et al.
2010). The most common drug-related adverse events were cytokine-release-related
symptoms. Other toxicities included transient derangement of liver function and
transient lymphopenia, lymphocytosis and anaemia. Symptomatic grade 3/4
adverse reactions were experienced by 37.5% of the catumaxomab patients in the
pivotal study, and most were managed with symptomatic treatment.
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3 Novel Antibodies

Despite the success of monoclonal antibodies, patients do not adequately respond to
monospecific therapy, and resistance to treatment or tumour recurrence is often
observed.

3.1 Bispecific Antibodies

Compared to monotherapy, using either two antibodies to target a receptor or
combinatorial approaches with monoclonal antibodies and standard therapies is
more effective and may abrogate resistance. Previous strategies to target dual
domains of the same receptor have typically involved two different antibodies.
Bispecific antibodies (bsAbs) are uniquely developed antibodies capable of binding
two different epitopes, on the same or different antigens. Examples of novel bis-
pecific antibodies in development are summarized in the table. Bispecific antibodies
are produced through a variety of methods including through quadroma (hybrid
hydrioma) technology, knobs-into-holes approach, CrossMAb approach, molecular
cloning techniques and dual-variable-domain (DVD) immunoglobulin approach.
There are two major classes of bispecific antibodies: immunoglobulin-G (IgG)-like
bsAbs and small single-chain Fv (scFv)-based bsAbs. The IgG-like bispecific
antibodies have a conserved constant domain and thus maintain Fc-mediated
effector functions and IgG-like pharmacokinetic properties. Small scFv-based or
diabody-based bsAbs are genetically engineered recombinant antibodies lacking a
constant domain. They are characterized by a short half-life, high tumour specificity
and tissue penetration, making them more attractive as potential therapeutics than
IgG-like bsAbs. The structure of ScFvs depends on linker length, antibody
sequence and external factors and is designed for use as effector cell recruiters, in
particular as T cell engagers.

A promising new development is the construction of a novel bi- and tri-specific
immunotoxins using anti-CD19 and anti-CD22 antibody fragments, with preclinical
models showing improved therapeutic efficacy than monomeric or bivalent
immunotoxins made with anti-CD19 and anti-CD22 sFv alone (Vallera et al. 2005;
Flavell et al. 1997; Herrera et al. 2000). In another study, a bispecific immunotoxin
comprising an anti-HER2 scFv fused to a diphtheria toxin–anti-EpCAM
immunotoxin was generated for the treatment of solid tumours overexpressing
HER2 and EpCAM (Stish et al. 2009). Compared with monospecific immuno-
toxins, increased cytotoxicity towards tumour cells expressing both antigens was
observed in vitro and in xenograft tumour models. An obvious concern with this
approach is the potential of enhanced toxin-related side effects with the delivery of
two mAbs.
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3.2 Antibody-Conjugated Therapies

By utilizing the specificity of monoclonal antibodies, potent therapeutic agents
linked to antibodies can be directly delivered into tumour cells, minimizing toxicity
and increasing therapeutic efficacy (Scott et al. 2012). Antibody-conjugated ther-
apies (ACTs) comprise of three basic components: antibody, linker and payload.
The effectiveness of an ACT is dependent on a number of critical factors relating to
each component. These include antigen specificity and high expression of the target
antigen on tumour cells, a homogeneous expression of antigen within the tumour
microenvironment and increased copy number ratio of surface antigen on tumour
populations (Scott et al. 2012; Teicher and Chari 2011). Stability, site of conju-
gation and final drug/antibody ratio (DAR) are essential parameters that impact on
toxicity, efficacy and pharmacokinetic properties of the ACT, while rapid inter-
nalization of antibody conjugates and linker stability limit off-target toxicity
(Bander 2013). Furthermore, this antigen should not be secreted back into the
circulation limiting the potential for off-target exposure (Ritchie et al. 2013). The
action of the payload once it has been released from the antibody carrier vehicle
then defines the outcome of the therapeutic agent. Selection of a mAb with ther-
apeutic efficacy of its own is also highly desirable as seen with trastuzumab within
the ACT TDM-1 (Hurvitz et al. 2013; Dieras et al. 2010). The mechanisms of
action of ACTs are summarized in Fig. 1, and examples of novel ADC in devel-
opment are shown in Table 3. Significant strides have been made in the develop-
ment of this class of therapeutics, and an overview of some promising agents in
advanced clinical testing is provided here.

3.2.1 Antibody–Drug Conjugates
The monoclonal antibody, 806 (mAb806), has shown to bind to a conformationally
exposed region of EGFR that is only expressed in tumour cells (Gan et al. 2012). In
vitro studies demonstrated the ability of mAb806 to inhibit EGFR activation and
signalling, inhibit proliferation and induce apoptosis (Gan et al. 2012). It has sig-
nificant therapeutic efficacy as monotherapy and in conjunction with other thera-
peutics, as well as remarkable tumour specificity and uptake in tumour models
(Johns et al. 2002). ABT-414 comprises the mAb806 linked to a cytotoxic payload
of monomethyl auristatin F (MMAF). Preclinical data shows activity in tumour
models overexpressing wild-type EGFR, EGFR amplification or EGFRvIII muta-
tion (Luwor et al. 2001). A large phase I trial (Lassman et al. 2015) evaluated
ABT-414 with radiotherapy and temozolomide (TMZ) in patients with newly
diagnosed glioblastoma (GBM) (Arm A), with TMZ in patients with newly diag-
nosed glioblastoma who have just completed radiation and TMZ or recurrent GBM
(Arm B) or as monotherapy in patients with recurrent GBM (Arm C). Almost a
third of patients with recurrent GBM treated with ABT-414 as monotherapy
(Arm C) were progression-free at six months (Lassman et al. 2016), when given in
combination with temozolomide (Arm B) a response rate of 28% including a
complete response which is ongoing at 20 months was reported. In patients with

Current Development of Monoclonal Antibodies in Cancer Therapy 43



Table 3 Examples of novel bispecific antibodies in clinical development

Antibody Target Indication Development phase

Bispecific trifunctional antibody

Catumaxomab EpCAM
CD3

Intraperitoneal treatment of malignant
ascites

Approved

Ertumaxomab HER2
CD3

HER2-overexpressing/amplified tumours Phase I (Haense et al. 2016)

Bispecific T cell engager

Blinatumomaba CD19
CD3

Relapsed or refractory ALL Approved (Topp et al. 2015)

Solitomab
(MT110)

EpCAM
CD3

Solid tumours Phase I completed
(NCT00635596)

AMG 330 CD33
CD3

Relapsed or refractory AML Phase I recruiting
(NCT02520427)

AMG-212
BAY-2010112
MT-112

PSMA
CD3

Hormone-refractory prostate cancer Phase I completed recruiting
(NCT01723475)

MT111
(MEDI-565)

CEA
CD3

Gastrointestinal adenocarcinoma Phase I completed
(NCT01284231)

CrossMAb

Vanucizumab Ang2
VEGF

Untreated metastatic colorectal cancer—in
combination with FOLFOX

Phase II—completed
(NCT02141295)

Solid tumours—monotherapy and in
combination with atezolizumab

Phase I—completed
recruitment (NCT01688206)

Solid tumours—in combination with a
novel anti-CD40 antibody (RO7009789)

Phase I (NCT02665416)

Solid tumours—in combination with other
treatments

Phase I (NCT02715531)

Immune-mobilizing monoclonal T cell receptors against cancer (ImmTACs)

IMCgp100 CD3
gp100

Malignant melanoma Phase I—completed
(NCT01211262;
NCT01209676)

Uveal melanoma Phase I recruiting
(NCT02570308)

Cutaneous melanoma—in combination
with durvalumab and/or tremelimumab

Phase I/II recruiting
(NCT02535078)

Tetravalent bispecific tandem diabody (TandAb)

AFM11 CD19
CD3

Relapsed or Refractory Adult B-precursor
ALL

Phase I recruiting
(NCT02848911)

AFM13

Dual-affinity re-targeting (DART)

MGD006 CD3
\CD123

DVD-Ig

ABT-165
aIn July 2017, the FDA approved blinatumomab for the treatment of relapsed or refractory B cell
precursor ALL in adults and children
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newly diagnosed GBM, the median PFS was 6.1 months and the median overall
survival has not been reached. ABT-414 is currently in phase II/III registration
trials in GBM patients (INTELANCE I (NCT02573324), INTELLANCE II
(NCT02343406)).

Labetuzumab govitecan (IMMU-130) is a conjugate of a humanized antibody to
carcinoembryonic antigen-related cell adhesion molecule 5 (CEACAM5), linked to
the active metabolite of irinotecan, SN-38. Metastatic colon xenograft models
treated with IMMU-130 showed significant anti-tumour activity and improved
median survival compared to untreated mice and are superior to 5FU/leucovorin
chemotherapy. Furthermore, combining IMMU-130 with bevacizumab resulted in
improved efficacy (Govindan et al. 2015). After an initial phase I dose escalation
study (Segal et al. 2013) in patients with treatment-refractory mCRC, four dose
schedules of IMMU-130 were evaluated in phase II portion of the study
(NCT01605318). Patients had a median of five prior therapies, and all patients had
prior irinotecan-containing therapy. Most frequent treatment-related AEs were
nausea, fatigue, vomiting and diarrhoea. Most common grade 3/4 AEs were neu-
tropenia (15%), anaemia (6%) and diarrhoea (2%). The interim PFS and OS rates
were highest in the 10 mg/kg cohort with a median PFS 4.6 months and median OS
9.3 months (Dotan et al. 2016). This dose has been taken forward for further
clinical evaluation.

Sacituzumab govitecan (IMMU-132) is an antibody–drug conjugate composed
of the active metabolite of irinotecan, SN-38, conjugated to an anti-Trop-2 antibody
(Goldenberg et al. 2015). Sacituzumab govitecan has significant anti-tumour
activity in a variety of Trop-2-positive xenograft models, including NSCLC, pan-
creatic, colon, gastric cancers and triple-negative breast cancer (TNBC) (Cardillo
et al. 2011, 2015). Furthermore, combining IMMU-132 with a PARP inhibitor
resulted in synergistic growth inhibition and anti-tumour activity in TNBC models
irrespective of BRCA1/2 status when compared to monotherapy (Cardillo et al.
2017). In a phase I, heavily pretreated patients with TNBC treated with sacituzumab
govitecan had an ORR 30%, including two patients with complete responses. The
median response duration was 8.9, with responses occurring early, with a median
onset of 1.9 months. Median PFS was 6.0 months, and median OS 16.6 months.
There were three durable responses seen that lasted 13–21 months. Grade � 3
adverse events included neutropenia (39%), leucopenia (16%), anaemia (14%) and
diarrhoea (13%) (Bardia et al. 2017). In an ongoing phase I/II study
(NCT01631552), sacituzumab govitecan has shown clinical activity across a variety
of pretreated tumour types (Bardia et al. 2015; Tagawa et al. 2017; Camidge et al.
2016; Starodub et al. 2015). Based on the encouraging results from phase II study,
sacituzumab govitecan received Breakthrough Therapy designation from FDA for
the treatment of patients with triple-negative breast cancer who have failed at least 2
prior therapies for metastatic disease. A phase III study is being planned
(NCT02574455).

Glembatumumab vedotin is a fully humanized monoclonal ADC that targets
glycoprotein non-metastatic b (gpNMB), a transmembrane protein involved in
metastasis and invasion (Maric et al. 2013). The gpNMB is shown to be
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overexpressed in a variety of tumour types including basal/triple-negative subtype
breast cancer, melanoma, lung, pancreatic, head and neck cancer or osteosarcoma
and shown to poor prognostic marker in patients with breast cancer (Rose et al.
2010; Halim et al. 2016). It is composed of the gpNMB-targeting antibody, CR011,
linked to the potent cytotoxic, monomethyl auristatin E (MMAE) (Tse et al. 2006).
Preclinical studies have shown glembatumumab vedotin inhibited the growth of
GPNMB-positive melanoma cells in vitro and induced tumour regression in mel-
anoma xenograft models (Tse et al. 2006; Pollack et al. 2007). A phase II,
open-label study of glembatumumab vedotin in patients with advanced melanoma
who had progressed on prior immune checkpoint therapy and BRAF/MEK targeted
agents, if indicated, showed an objective response in 11% patients with a median
duration of response 6.0 months. More than half the patients experienced disease
control and tumour shrinkage. The median PFS was 4.4 months. A positive cor-
relation between development of skin toxicity and response was noted (Ott et al.
2016). In a phase I/II study, heavily pretreated patients with advanced breast cancer,
including patients with triple-negative disease, treatment with glembatumumab
vedotin resulted in tumour shrinkage as well as palliation of bone pain (Peacock
et al. 2009). The pivotal phase II study, METRIC (NCT01997333), is currently
recruiting patients with TNBC, and results are keenly awaited. Glembatumumab
vedotin is also being evaluated in uveal melanoma (NCT02363283).

PSMA ADC is fully humanized monoclonal antibody linked via a
protease-cleavable linker to the cytotoxic component, MMAE. PSMA ADC
showed anti-tumour activity in prostate cancer-derived xenografts which correlated
with PSMA expression (DiPippo et al. 2015). A phase I study involving patients
with taxane refractory metastatic prostate cancer (mCRPC) confirmed tolerability of
PSMA ADC with main grade 3/4 toxicities neutropenia and peripheral neuropathy
(Petrylak et al. 2011). Anti-tumour activity and reductions in circulating tumour
cells and PSA were seen with PSMA ADC treatment in patients with mCRPC that
had progressed following treatment with abiraterone and/or enzalutamide in a phase
II study. In this study, a third of patients were chemo-naïve (Petrylak et al. 2015).
PSMA ADC showed no activity in patients with progressive GBM and was
associated with dose-limiting toxicity (Elinzano et al. 2016).

3.3 Immunotoxins

A promising new development is the construction of a novel bi- and tri-specific
immunotoxins using anti-CD19 and anti-CD22 antibody fragments, with preclinical
models showing improved therapeutic efficacy than monomeric or bivalent
immunotoxins made with anti-CD19 and anti-CD22 sFv alone (Vallera et al. 2005;
Flavell et al. 1997; Herrera et al. 2000). In another study, a bispecific immunotoxin
comprising an anti-HER2 scFv fused to a diphtheria toxin–anti-EpCAM
immunotoxin was generated for the treatment of solid tumours overexpressing
HER2 and EpCAM (Stish et al. 2009). Compared with monospecific immuno-
toxins, increased cytotoxicity towards tumour cells expressing both antigens was
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observed in vitro and in xenograft tumour models. An obvious concern with this
approach is the potential of enhanced toxin-related side effects with the delivery of
two monoclonal antibodies.
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Clinical Experience with Bispecific
T Cell Engagers

Nicola Gökbuget

1 Construction and Mechanism of Action

Bispecific T cell engager (BiTE) antibodies consist of two different single-chain Fv
fragments, being specific for a target on a malignant cell on one arm and for CD3
on the other arm (Dahlen et al. 2018). CD3 is a characteristic T cell antigen, which
is part of the T cell receptor signaling complex (Krshnan et al. 2016). Cytotoxic T
cells are especially important effectors in this scenario. If the linker molecule is very
small, T cells are brought very close to the target cells, leading to cell lysis. In
principle, different target antigens in hematologic malignancies or solid tumors can
be addressed by these constructs such as EpCAM, HER2/neu, EGFR, CEA, CD33,
CD19, EPHA2, PSMA, BCMA, and MCSP (or HMW-MAA) (Frankel and
Baeuerle 2013).

Most clinical experience has been obtained with the bispecific antibody construct
blinatumomab (Loffler et al. 2000; Bargou et al. 2008). The following review will
therefore focus mainly on this specific compound.

The malignant target-specific arm of blinatumomab binds to any CD19-positive
B lymphocyte. CD19 is a B-lineage surface antigen, which is expressed throughout
B cell development except for the terminally differentiated plasma cell (Carter and
Fearon 1992; Nadler et al. 1983). The other part of the antibody binds to
CD3-positive T cells (Loffler et al. 2003). Both fragments are joined by a glycine–
serine linker (Loffler et al. 2000). This design allows for optimal rotation and
thereby enables a close interaction between the T cell and leukemia cells. Through
binding, T cells are activated, start cytokine excretion, and direct cytotoxicity
without co-stimulation (Dreier et al. 2002). Thus, the compound is able to induce a

N. Gökbuget (&)
Department of Medicine II, University Hospital Goethe University, Theodor Stern Kai 7,
60590 Frankfurt, Germany
e-mail: goekbuget@em.uni-frankfurt.de

© Springer Nature Switzerland AG 2020
M. Theobald (ed.), Current Immunotherapeutic Strategies in Cancer,
Recent Results in Cancer Research 214,
https://doi.org/10.1007/978-3-030-23765-3_2

71

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-23765-3_2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-23765-3_2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-23765-3_2&amp;domain=pdf
mailto:goekbuget@em.<HypSlash>uni-frankfurt</HypSlash>.de
https://doi.org/10.1007/978-3-030-23765-3_2


T cell response in an MHC-independent manner and thereby circumvents a number
of frequent escape mechanisms. Importantly, T cell activation appears only in the
presence of CD19-positive target cells (Kufer et al. 2001). Blinatumomab has a
higher affinity to CD19 compared to CD3. Therefore, the antibody construct
preferably binds to CD19 and T cells can move from one B cell to another, per-
forming an effective serial lysis (Dreier et al. 2002; Hoffmann et al. 2005, 2011).
Blinatumomab is able to establish tight cytolytic synapses between effector cells
and target cells (Offner et al. 2006). This leads to a perforin-/granzyme-mediated
destruction of the target cells (Gruen et al. 2004; Conter et al. 2010). T cell acti-
vation and proliferation is polyclonal and involves CD8- and CD4-positive cells.
T cells express activation markers as well as adhesion molecules on their surface
(Nagorsen and Baeuerle 2011; Wolf et al. 2005). The activated T cells release
inflammatory cytokines such as IL-6, IL-10, and Interferon-c with dose-dependent
peak concentrations (Hoffmann et al. 2005; Brandl et al. 2007; Brischwein et al.
2006). T cell activation markers such as CD69 and CD25 are increased in the T cell
fraction upon recovery (Bargou et al. 2008). Overall, the mechanism of action relies
on the presence of at least a low number of functional T cells of the patient.

2 Pharmacokinetics and Pharmacodynamics
of Blinatumomab

Blinatumomab is a small molecule with a molecular weight of 55 kDa (Loffler et al.
2000; Nagorsen and Baeuerle 2011; Nagorsen et al. 2009) [reviewed in (Goebeler
and Bargou 2016)]. The half-life is approximately 2 h. It is cleaved in circulation
into amino acids and does not undergo renal or hepatic clearance (Klinger et al.
2016a). Due to its short half-life, blinatumomab has to be administered as a con-
tinuous infusion in order to maintain constant activity. The usual current application
mode is a four-week continuous infusion, followed by a two-week treatment-free
interval. Patients are usually monitored as inpatients for at least 3–7 days at the start
of therapy or at dose escalation. In the outpatient setting, the continuous infusion
usually requires implanted port and mini-pump systems.

Mean steady-state concentration (Css) of blinatumomab depends on dose
(9 µg/d vs. 28 µg/d) and ranges between 211 pg/ml versus 621 pg/ml. At the start
of infusion, inflammatory cytokines such as Interferon-c, TNF, IL-2, IL6, and IL-10
increase. In parallel, a depletion of B cells is observed (Bargou et al. 2008).

Dosing in earlier trials was based on body surface with 5 µg/m2/d as starting
dose and 15 µg/m2/d as final dose (Topp et al. 2015a). Later, a fixed schedule with
corresponding doses of 9 and 28 µg/d was used (Kantarjian et al. 2017) in adults. In
children, the dosing based on body surface was maintained. In non-Hodgkin’s
lymphoma (NHL), 5–60 µg/m2/d or dosing regimes up to 112 µg/d were tested
with stepwise dose escalation (Goebeler and Bargou 2016; Viardot et al. 2016).
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3 Clinical Efficacy of Blinatumomab

Clinical activity of blinatumomab was first tested in relapsed or refractory (R/R)
NHL, where it showed efficacy in very low doses. The observed activity in NHL
cases with bone marrow involvement was of specific interest. Subsequent clinical
development focused on acute lymphoblastic leukemia (ALL). B-precursor ALL
constitutes 70–80% of all ALL cases, and CD19 is expressed on the blast cells in
more than 95% of the cases. Therefore, blinatumomab was tested for R/R
B-precursor ALL and B-precursor ALL with persistent minimal residual disease
(MRD), and the first experience was gained in newly diagnosed ALL [reviewed in
Goebeler and Bargou (2016), Wilke and Gökbuget (2017), DasGupta et al. (2018)].

3.1 Relapsed/Refractory Non-Hodgkin’s Lymphoma

The first application of blinatumomab took place in patients with R/R NHL (Bargou
et al. 2008). The trial included patients with different lymphoma entities.
Thirty-eight patients received blinatumomab at doses from 0.0005 to 0.06 mg/m2

per day. Eleven major responses were observed including four complete responses.
Partial and complete tumor regressions were first observed at a dose level of
0.015 mg (Table 1). Responses were reported for all lymphoma entities (Bargou
et al. 2008).

Overall, 76 patients with different entities of R/R NHL were treated in an
extended phase I trial between 2004 and 2011. Dose levels of 0.5–90 lg/m2/d for
4–8 weeks were tested during the dose-finding phase of the trial which included 42
patients. The maximum tolerated dose (MTD) was defined as 60 lg/m2/d, i.e.,
112 lg/d flat dose. Additional 34 patients were treated with the dose of 60 lg/m2/d,
and stepwise dosing in different variations was tested such as single-step,
double-step, and the use of pentosan polysulfate as a potential strategy to mitigate
neurologic effects. Thus, the target dose of 60 µg/m2/d was administered as a
constant (flat) dose, single-step (starting with 5 µg/m2/d for 7 days) or double-step
dose escalation (starting with 5 µg/m2/d for 7 days, then 15 µg/m2/d for 7 days
until reaching 60 µg/m2/d). Most patients, however, were treated with the latter
dose escalation schedule.

At a dose of 60 µg/m2/day, the overall response rate was 69% in 34 evaluable
patients (37% CR/CRu and 31% PR). Notably, no responses were observed at doses
lower than 15 µg/m2/day (corresponding to 30 µg/day). Neurologic events of grade
3 were observed in 22% of the patients (Goebeler and Bargou 2016).

A phase II trial included patients with R/R diffuse large B cell lymphoma
(DLBCL). Again, the definition of a tolerable and effective dosing schedule was
one major goal of the trial. The target dose was 112 µg/d as a continuous infusion
for up to 8 weeks, followed by a four-week treatment-free interval. Patients in
cohort I were treated with 9 µg/d during week 1, followed by 28 µg/d for week 2
and 112 µg/d thereafter. In a second cohort, patients were treated with a flat dose of
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112 µg/d from day 1. Nine patients were included in cohort I. Cohort II was
stopped after the inclusion of two patients since both patients had developed grade
III neurologic events. Fourteen patients were treated with the dosing schedule
defined in cohort I in the third cohort. Patients had been heavily pretreated with a
median of three prior treatment lines. Twenty-one patients were evaluable for
response with an overall response rate of 43 and 19% complete remissions after one
cycle (Viardot et al. 2016).

Overall in NHL with predominantly extramedullary involvement, higher doses
appear to be required compared to ALL with bone marrow involvement. For tol-
erability, several dose steps were required. The delay until the achievement of target
dose could be a disadvantage in aggressive disease subtypes. Treatment discon-
tinuations due to neurologic events and the prolonged period to reach effective dose
remained the major issues for practicability of blinatumomab treatment in R/R
NHL. After promising data have been reported for CAR T cells in NHL and the
marketing authorization for two compounds, the role of blinatumomab will have to
be newly defined in the lymphoma setting [reviews in Watkins and Bartlett (2018),
Sanders and Stewart (2017)].

3.2 Relapsed/Refractory Acute Lymphoblastic Leukemia

R/R ALL is characterized by a very poor prognosis. This applies particularly to
early relapses during ongoing chemotherapy and refractory relapses, i.e.,
non-response to a first salvage approach (Gökbuget 2017). According to the current
standard, patients with R/R ALL receive a remission induction therapy and then
become candidates for an allogeneic stem cell transplantation (SCT) as ultimate
curative treatment. SCT is a treatment consisting of a conditioning regimen and the
donor cell transfer which is not well standardized. It is associated with a consid-
erable procedure-related mortality depending on age, duration of follow-up, and
several other factors.

The obvious medical need and the promising results in NHL with bone marrow
involvement encouraged the evaluation of blinatumomab in R/R ALL with par-
ticularly poor prognostic features. The initial goal was to induce a complete
remission (CR) without the persistent minimal residual disease (MRD) in order to
offer the patients a subsequent SCT. More recently, the need for subsequent SCT
has been debated due to the high mortality.

The optimal dosing schedule was defined in a phase II study with three cohorts
and different schedules for dose increase. Overall, 36 patients were treated. In this
trial also patients with late relapses, characterized by a more favorable prognosis,
were included. For patients with higher leukemia burden, a prephase treatment with
dexamethasone and cyclophosphamide was recommended. Whereas a starting dose
of 15 µg/m2/d (corresponds to 28 µg/d flat dose) was associated with the highest
rate of adverse events, a stepwise increase with a starting dose of 5 µg/m2/d and
increase to 15 µg/m2/d after one week showed the lowest rate of adverse events.
A further dose increase in the third step to 30 µg/m2/d did not appear to improve the
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response rates. The overall rate of complete hematologic remission (CR) and CR
with incomplete recovery (CRi) was 69%. The median overall survival was around
9 months (Topp et al. 2014). Selected patients, who achieved an MRD-negative
remission in this trial, achieved long-term survival (Zugmaier et al. 2015).

A large international phase II study was conducted subsequently and focused on
patients with unfavorable relapse characteristics only, i.e., early relapses or
refractory diseases and relapses after SCT. The CR/CRi rate was 43% in 189
patients a median age of 39 years (Topp et al. 2015a). The median survival was
6.1 months. 82–88% of the patients with CR/CRi reached a negative MRD status.
40–52% of the patients with CR/CRi proceeded to SCT. In an attempt to analyze
the impact of SCT on long-term outcome, censoring of patients at the time point of
SCT was performed in the Kaplan–Meier analysis. There was no difference in terms
of outcome for whether SCT was censored or not (Topp et al. 2015a). Based on the
promising response rates in a phase II trial, the regulatory authorities in USA,
Europe, and other countries provided marketing authorization for blinatumomab in
relapsed/refractory Ph-/BCR-ABL-negative B-precursor ALL.

Ph-/BCR-ABL-positive ALL is the most frequent molecularly defined subgroup
of adult ALL and contributes approximately 25% of the cases. Although treatment
options have been improved considerably in the past decade after the introduction
of tyrosine kinase inhibitors directed to the BCR-ABL gene fusion, still patients
relapse, e.g., due to resistance-inducing mutations. Ph-/BCR-ABL-positive ALL is
a subgroup of B-precursor ALL and usually CD19-positive. Thus, immunotherapy
is an attractive additional targeted treatment approach. Blinatumomab was tested in
a patient population mostly resistant to several lines of tyrosine kinase inhibitors.
The CR/CRi rate was 36 with 86% complete MRD response in CR/CRi patients and
thus similar to Ph-negative ALL; the overall survival was 7.1 months (Martinelli
et al. 2017).

Blinatumomab was also evaluated in a phase I/II trial for relapsed pediatric
B-precursor ALL. Again, the patient population was characterized by specifically
unfavorable prognostic features. 61% of the patients had a relapse after prior SCT.
The phase I part of the trial with 49 patients confirmed the maximum tolerated dose
of 15 lg/m2/d with a starting dose of 5 lg/m2/d and a dose increase to 15 lg/m2/d
after one week of treatment. Forty-four patients were treated in the phase II part of
the trial accounting for a total of 70 patients treated with the recommended dose.
39% achieved a CR within the first two cycles. 52% of the CR patients achieved a
complete MRD response, and the median overall survival was 7.5 months (Von
Stackelberg et al. 2016).

In the next development phase, blinatumomab was evaluated in adult ALL in a
randomized large international trial for R/R ALL in comparison with standard of
care chemotherapy. The options for standard of care (SOC) included a number of
different regimens (FLAG ± anthracycline, high-dose cytarabine, high-dose
methotrexate, or clofarabine-based regimens). The randomization was 2:1 for bli-
natumomab without option for cross-over. Again, the patient population was
characterized by prognostically unfavorable features, e.g., around 40% patients with
prior SCT and 60% patients beyond first salvage. Overall, 405 patients (271 for
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blinatumomab and 134 for standard of care) were included. CR/CRi rates were 46%
for blinatumomab versus 28% for SOC. The median survival time for the
blinatumomab-treated patients was significantly superior with 7.8 months com-
pared to 4.0 months for SOC (Kantarjian et al. 2017). Thus, the trial confirmed the
very poor outcome with SOC therapy and yielded similar results for blinatumomab
as reported in the earlier phase trials.

Additional background data were provided in a retrospective trial with historical
data on R/R ALL compiled from several adult ALL study groups and large centers.
With different statistical methods such as weighted analysis and propensity score
analysis, an advantage for patients treated with blinatumomab compared to SOC
was detected in terms of response rate and overall survival (Gökbuget et al. 2016).

Overall, blinatumomab yielded promising CR/CRi rates in poor prognostic
subgroups of adult and pediatric R/R ALL. In most cases, responses occurred
quickly within one cycle of therapy and were deep remissions with an MRD
response in around 80% of the cases. For many patients, the achievement of CR
offered a bridge to transplantation. However, overall median survival was still
around 6–7 months, which is due to relapses without SCT or after SCT and also to
mortality after SCT; the latter is most probably not correlated to blinatumomab
treatment.

More recently, the combination strategies have been tested in R/R ALL. In one
trial, the low-dose chemotherapy was combined with the CD22 antibody, ino-
tuzumab ozogamicin (Kantarjian et al. 2016), at different dose levels and schedules
in first salvage of R/R ALL. After an amendment, blinatumomab was added to this
backbone and replaced four consolidation cycles with chemotherapy. Due to the
different schedules, the interim results of this approach are difficult to interpret
(Jabbour et al. 2018). Other combination strategies are ongoing in clinical trials for
adult and pediatric ALL (Table 2).

Table 2 Active or planned interventional clinical trials with blinatumomaba

NCT
numberb

Regimen Stage Age
(yrs)

Planned
number

Planned
period

02744768 Dasatinib, prednisone, Blina (Ph+) de
novo

� 18 60 2017–
2021

02877303 Hyper CVAD and Blina de
novo

� 14 60 2016–
2020

02458014 Blina in MRD-positive ALL de
novo

� 18 40 2015–
2020

03114865 Blina maintenance after SCT de
novo

� 18 12 2017–
2020

03109093 Blina in MRD-positive ALL de
novo

� 18 60 2017–
2021

a03751709 Blina and haploidentical mismatch cell
therapy

– � 18 10 2018–
2022

03523429 Chemotherapy and Blina consolidation in
HR ALL

de
novo

18–55 38 2018–
2025
(continued)
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Table 2 (continued)

NCT
numberb

Regimen Stage Age
(yrs)

Planned
number

Planned
period

02807883 Blina maintenance after SCT de
novo

18–70 30 2016–
2021

03709719 Blina in HR ALL de
novo

18–59 95 2018–
2028

03367299 Sequential chemotherapy and Blina de
novo

18–65 149 2018–
2023

02003222 Chemotherapy versus Blina in
consolidation

de
novo

30–70 509 2015–
2020

03541083 Blina prephase and chemotherapy de
novo

18–70 80 2018–
2026

01371630 Chemotherapy, inotuzumab, and Blina de
novo

56–74 256 2011–
2019

a03480438 Chemotherapy and Blina de
novo

56–74 50 2018–
2021

03263572 Blina and ponatinib (Ph+) de
novo

� 60 60 2017–
2023

02143414 Blina and chemotherapy or Blina and
dasatinib (Ph+)

de
novo

� 65 44 2015–
2021

03643276 Chemotherapy and Blina consolidation
(randomized)

de
novo

<18 5000 2012–
2028

03117751 Chemotherapy and Blina or others de
novo

<18 1000 2017–
2026

02877303 Blina and inotuzumab R/R
de
novo

� 18 64 2018–
2021

03476239 Blina in Chinese ALL patients R/R � 18 120 2017–
2021

a03628053 Tisagenlecleucel versus Blina or
inotuzumab (randomized)

R/R � 18 220 2019–
2022

03160079 Blina and pembrolizumab in ALL with
high marrow count

R/R � 18 24 2017–
2022

02997761 Ibrutinib and Blina R/R � 18 20 2017–
2021

03518112 Chemotherapy and Blina R/R � 18 44 2018–
2029

02879695 Blina and nivolumab w/o ipilimumab R/R � 16 30 2017–
2021

02101853 Blina versus chemotherapy (randomized) R/R 1–30 598 2014–
2022

02393859 Blina versus chemotherapy (randomized) R/R <18 202 2015–
2023

Blina—blinatumomab; Ph+—Ph-/BCR-ABL-positive ALL; R/R—relapsed/refractory; yrs—years;
MRD—minimal residual disease
aIn preparation
bAvailable through clinicaltrials.gov
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3.3 Minimal Residual Disease of Acute Lymphoblastic
Leukemia

The minimal residual disease can be evaluated by quantitative assays in more than
90% of the cases of ALL (Campana and Pui 2017). In patients with complete
hematologic remission after the initial treatment phase, the persistence of MRD is
the most unfavorable prognostic factor for relapse (Campana and Pui 2017; Gök-
buget et al. 2012; Berry et al. 2017). This means that patients with persistent or
recurrent MRD are prone to relapse due to their highly chemotherapy-resistant
disease despite continued treatment. Even SCT may not abrogate completely the
negative impact of MRD. Many groups and guidelines define an indication for SCT
in this high-risk situation. Fortunately, patients are still in hematologic remission,
with a low leukemia burden and generally in good condition. Therefore, the
treatment of upcoming ALL relapse in the stage of the minimal residual disease
could be a promising new approach.

The first trial with blinatumomab in ALL was conducted in MRD-positive ALL.
Patients were in complete hematologic remission with detectable disease above a
level of 10−4, i.e., 0.01%. MRD testing was performed in a reference laboratory
with quantitative PCR according to standardized criteria. The primary endpoint was
complete MRD response defined as a negative MRD status confirmed with a
sensitivity of at least 10−4. In 20 evaluable patients with MRD above 10−4, 80%
achieved a complete MRD response (Topp et al. 2011). Three responses were
observed in five evaluable patients with Ph-/BCR-ABL-positive ALL. Long-term
follow-up confirmed a relapse-free survival of 61%. Overall, four patients with
complete MRD response remained in long-term remission without SCT or further
therapy (Topp et al. 2012).

Subsequently, a larger international trial was conducted in MRD-positive ALL.
In contrast to the first trial, the MRD level had to be above 10−3, i.e., 0.1%. The trial
included patients in the first remission but also one-third of patients with persistent
MRD after salvage therapy for a prior hematologic relapse. Dosing was different
compared to the R/R setting. The starting dose was 15 lg/m2/d without dose
increase after one week but with the option for a dose reduction to 5 lg/m2/d in
case of toxicities. 78% showed complete MRD response (Gökbuget et al. 2018a).
The median survival was 36.5 months compared to approximately 6 months in R/R
ALL. The median relapse-free survival was superior in patients treated in first CR
(24.6 months) compared to second or later CR (11 months). The study also
demonstrated a significant advantage in terms of the overall survival for those
patients who achieved a complete MRD response after one cycle (35.2 months)
compared to those without (7.1 months). Overall, 67% of the patients received an
SCT during follow-up in ongoing CR (Gökbuget et al. 2018a).

A recent follow-up of these data confirmed the promising data with a median
overall survival of 36.5 months after a median follow-up of 36.5 months. The
median survival was not reached in patients with a complete MRD response
compared to 12.5 months in MRD non-responders. Comparing patients with and
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without subsequent SCT, the proportion of survivors was 40% in transplanted and
33% in non-transplanted patients (Gökbuget et al. 2018b).

Overall, the use of blinatumomab in the MRD setting yielded favorable results in
terms of responses, survival, and duration of remission, particularly if compared to
the R/R setting. Based on these data, the regulatory authorities in the USA and
Europe granted marketing authorization for blinatumomab in MRD-positive ALL.

Whereas the majority of patients received a subsequent SCT, preliminary results
indicate that some patients stayed in long-term remission without any further
therapy after blinatumomab. However, currently, there is no approach to predict
long-term response to blinatumomab only. A prerequisite for this treatment
approach is to establish an MRD assay in all patients with newly diagnosed ALL
and to follow up for MRD regularly.

3.4 Newly Diagnosed Acute Lymphoblastic Leukemia

Based on the promising data from R/R and MRD-positive ALL, the first trials have
been started for newly diagnosed ALL (Table 2). A US phase III trial in older
patients with de novo ALL tests the impact of blinatumomab consolidation inde-
pendent of MRD status and/or subsequent SCT in a randomized design
(NCT02003222). The approach to administer blinatumomab in patients who remain
MRD-positive during first-line treatment is further evaluated by several groups
(NCT02458014; NCT03109093). Other trials with blinatumomab in combination
with chemotherapy, i.e., consolidation in high-risk patients with de novo ALL or
other sequential strategies, are underway (NCT02877303; NCT03523429;
NCT03709719; NCT03367299). In a trial for younger patients, four alternating
cycles of the intensive hyper-CVAD regimen were followed by four consecutive
cycles of blinatumomab and a maintenance phase. The number of evaluable
patients was still low (N = 14) and follow-up short. Preliminary data indicate that
the regimen was tolerable and effective (Richard-Carpentier et al. 2018).

One ongoing trial evaluates the use of blinatumomab in prephase treatment
(NCT03541083). Maintenance after SCT is addressed in clinical trials as well
(NCT02807883; NCT03114865). A large pediatric first-line trial compares blina-
tumomab and chemotherapy in defined high-risk subgroups in consolidation
(NCT03643276), and another non-randomized trial combines blinatumomab with
other targeted agents (NCT03117751; NCT02807883). In older patients with ALL,
the sequential application of dose-reduced chemotherapy and blinatumomab may
be a promising approach (NCT01371630; NCT03480438). The first interim results
were reported for a trial in patients older than 65 years. Treatment was based on
blinatumomab for 1–2 cycles of induction until the achievement of CR. Patients
received then three additional consolidation cycles with blinatumomab, followed by
18 months of intensified maintenance therapy. The rate of CR/CRi in 29 eligible
patients with a median age of 75 years was 66%, whereas the treatment was tol-
erable and no induction death occurred. These results look promising for a
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difficult-to-treat patient population, but follow-up data have to be awaited (Advani
et al. 2018).

In Ph-positive ALL, studies with sequential application of tyrosine kinase
inhibitors and blinatumomab are of interest (NCT02744768; NCT03263572;
NCT02143414). Overall, a variety of approaches is evaluated in de novo ALL. It
remains open whether and how advantages can be demonstrated compared to
standard therapies, since most trials are not randomized and too small in terms of
patient number to allow reasonable comparisons.

4 Safety and Tolerability of Blinatumomab

The most frequent adverse events with grade III or more observed with blinatu-
momab result most probably from cytokine release such as febrile neutropenia,
infection, pyrexia, and hematological toxicities (Topp et al. 2015a; Kantarjian et al.
2017; Viardot et al. 2016; Goebeler et al. 2016; Gökbuget et al. 2018a). Peripheral
edema and fatigue were also common, but these events never exceeded grade 2
(Topp et al. 2015a; Kantarjian et al. 2017; Viardot et al. 2016; Goebeler et al. 2016;
Gökbuget et al. 2018a). Fever and asthenia are known effects of cytokine release.
At infusion start and in correlation with cytokine release, patients may develop
considerable increases of C-reactive protein without the presence of infection. Other
transient effects may be due to redistribution of cells such as thrombocytopenia.
Liver enzymes may show a transient increase as well and usually do not require
infusion interruptions. Fatal adverse events described in clinical trials were mostly
attributed to progressive disease or relapse or to events after subsequent SCT or due
to infections. The latter are in most cases due to preexisting cytopenias in heavily
pretreated patient populations, cytopenias induced by blinatumomab, or caused by
lack of response. In case of long-term use, blinatumomab is important to consider
that lymphopenia as well as decrease of immunoglobulin serum levels may be
induced. Central venous line or infusion devices may also be the cause of an
infection and should be inspected regularly by healthcare professionals [reviewed in
Wilke and Gökbuget (2017)]. For clinical handling, neurologic events and cytokine
release are of greatest importance.

Cytokine Release Syndrome
Cytokine release syndrome (CRS) is a frequent effect of immunotherapies and was
observed in early trials with blinatumomab in ALL (Topp et al. 2014). With pre-
phase treatment in patients with higher leukemia load, dose step, and pretreatment
with dexamethasone, the incidence of CRS is less than 5% (Topp et al. 2015a;
Kantarjian et al. 2017). In case of signs and symptoms despite the above-mentioned
approaches, treatment can be discontinued immediately. The IL6 antibody tocili-
zumab, which is frequently used in the context of CAR T cell therapy (Neelapu
et al. 2018), may be applied in severe cases, although this is rarely needed. There is
one report of hemophagocytic lymphohistiocytosis in a pediatric patient during
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blinatumomab treatment, which could be controlled by tocilizumab infusion
(Teachey et al. 2013).

Neurologic Adverse Events
Throughout all disease entities and treatment schedules 52–71% of all patients
developed neurologic events (Topp et al. 2015a; Kantarjian et al. 2017; Viardot
et al. 2016; Goebeler et al. 2016; Gökbuget et al. 2018a). They ranged from mild
disorders like tremor, headache, and dizziness to severe symptoms of
encephalopathy and seizures. Encephalopathies may start with early signs like an
increasing tremor and aphasia and can have a variety of clinical manifestations such
as confusion, ataxia, dysarthria, aphasia, cognitive disorders, somnolence, and
coma. The syndrome is often associated with several symptoms. In most cases, the
symptoms are completely reversible. Often, early intervention with dexamethasone
can be helpful. In other cases, treatment is interrupted and started after reconsti-
tution at a lower dose [reviewed in Wilke and Gökbuget (2017)].

Neurotoxicities have been observed with other CD19-directed therapies, par-
ticularly with chimeric antigen receptor-modified (CAR) T cells (Neelapu et al.
2018). After these therapies, even fatal brain edema has been observed (Torre et al.
2018). For blinatumomab, the highest incidences of neurotoxicities have been
observed in NHL patients at higher doses (Viardot et al. 2016; Goebeler et al.
2016).

The pathogenetic mechanisms are probably similar to those observed with
CAR T cell therapies, though less frequent and less severe, and still not fully
understood. In a recent survey on 133 adults treated with CD19 CAR T cells, a
number of factors were associated with increased risk of neurologic events such as
ALL versus other malignancies, high CD19+ cells in bone marrow, high CAR T
cell dose, cytokine release syndrome, and preexisting neurologic comorbidities.
Further investigations revealed that patients with severe neurotoxicity demonstrated
evidence of endothelial activation, including disseminated intravascular coagula-
tion, capillary leak, and increased blood–brain barrier permeability. The latter was
associated with higher concentrations of systemic cytokines in the cerebrovascular
fluid (Gust et al. 2017).

Thus, most probably neurologic events are correlated to a cytokine release by
activated T cells within the CNS. This effect may be induced by an altered blood–
brain barrier, which may occur after the adhesion of activated T cells to the
endothelium of brain vessels. It may also be induced by the presence of target cells
in the CSF, which may be submicroscopic. In patients with NHL, the risk of
neurologic events was associated with a low peripheral blood B/T cell ratio leading
to the hypothesis that in the presence of less target cells in circulation more acti-
vated T cells migrate to tissues (Viardot et al. 2016).

The use of dexamethasone may limit the T cell cytokine activity. In NHL,
pentosan polysulfate (PPS) was tested (Smits and Sentman 2016). PPS is a
P-selectin antagonist which may decrease the adhesion of circulating T cells to the
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blood vessel endothelium and thereby reduce the migration of activated T cells into
the CSF.

In a pathogenetic model for neurologic events, the mechanisms and potential
mitigation strategies were tested (Klinger et al. 2016b). In this flow chamber model,
the addition of blinatumomab induced reduced T cell rolling velocity and increased
T cell adhesion to the endothelial cells by upregulation of P-selectin and ICAM-1
adhesion molecules on endothelial cells. The effect was reversed by the addition of
substances interfering with this interaction, e.g., PPS, minocycline (Klinger et al.
2016b). Overall, the authors suggested a stepwise model for the pathogenesis of
neurologic adverse events starting with increased endothelial adhesiveness of
activated T cells, activation of endothelium by these T cells, extravasation of T cells
and attraction of further circulating leukocytes, cytokine release by extravasated T
cells in the brain including further transient neuroinflammation which may be
increased by attracted other leukocytes (Klinger et al. 2016b).

Neurologic adverse events are usually quickly reversible after interruption of
treatment, and the reoccurrence of seizures may be prohibited by seizure prophy-
laxis. Encephalopathies may reoccur even after dose reduction and lead to per-
manent discontinuation in some patients. Therefore, the identification of risk factors
and mitigation strategies for neurologic adverse events is of utmost importance for
all T cell-activating therapies.

5 Prognostic Factors and Potential Mechanisms
of Resistance

So far, the potential mechanisms of primary resistance or relapse after blinatu-
momab are poorly understood. In the setting of MRD, no pretreatment factor was
associated with non-response. Long-term outcome was poorer in patients who did
not respond to blinatumomab and in patients treated in a more advanced disease
stage, i.e., later complete remission compared to first remission (Gökbuget et al.
2018a). In R/R ALL, several trials showed a lower rate of CR/CRh in patients with
a higher degree of bone marrow blast infiltration, i.e., >50%. In the large phase II
trial, the CR/CRh rate was 29% compared to 73% in patients with more or less than
50% bone marrow infiltration, respectively (Topp et al. 2015a). In the randomized
trial of blinatumomab, the CR/CRi rates were 34% versus 65% and the median
survival times 5.0 versus 11 months, respectively (Kantarjian et al. 2017). As
another sign of higher leukemia load, increased LDH levels at relapse were found to
be unfavorable (Duell et al. 2017). Lower leukemia load can also contribute to
better tolerability, particularly lower incidence of cytokine release syndrome.
Similar observations were also described for other immunotherapies. It remains
open to discussion, whether the higher efficacy in lower level disease is a result of a
more favorable effector-to-target cell ratio or due to different disease biology. At
least in relapse after SCT, the effector-to-target ratio may have a role for efficacy
(Schlegel et al. 2014).
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The outcome with blinatumomab in the R/R setting is also better in less
advanced stages of disease. Thus, the CR/CRi rates were 40% versus 53% in
patients treated in first compared to second salvage of R/R ALL, and the corre-
sponding median survival rates were 11 versus 5 months (Kantarjian et al. 2017).
The reason is probably that with each line of salvage additional mutations are
induced and that these mutations induce not only drug resistance but also general
resistance mechanisms as inhibition of apoptosis.

A larger retrospective analysis of 65 patients with R/R confirmed high leukemia
burden (bone marrow blasts >50%), history of prior extramedullary ALL, and
current extramedullary ALL as predictors of lower CR rate. 41% of the refractory
patients showed evidence of extramedullary progression and negative or dim
expression of CD19 in 41% of the cases. Also, 40% of the relapses were located in
the extramedullary compartment and CD19 was negative or dim in 41% of the
relapse cases (Aldoss et al. 2017). Thus, another potential mechanism is the origin
of relapses from ‘sanctuary’ sites, i.e., regions less accessible to cells of the immune
system as relapses in CNS, testis, and other extramedullary sites were observed
(Topp et al. 2012, 2015b). It can be debated whether a better control of extra-
medullary sites of ALL might be achieved by the use of higher doses such as in
NHL trials.

Data on immunologic factors for the prediction of response and resistance are
scarce. A higher rate of T cell expansion was observed in long-term survivors after
blinatumomab treatment (Zugmaier et al. 2015). A higher percentage of
CD3-positive T cells and lower levels of regulatory T cells (Treg) were described as
well (Duell et al. 2017).

PD-L1 expression and upregulation on lymphoblasts and the bone marrow
microenvironment at baseline and in response to cytokines including those released
upon blinatumomab exposure may inhibit T cell function through the PD-1 receptor
and lead to resistance to blinatumomab (Feucht et al. 2016). The efficacy of bli-
natumomab may thus be increased by approaches to reduce the number of Tregs,
e.g., by the use of immunosuppressive compounds like cyclophosphamide (Le and
Jaffee 2012). Prephase treatment with dexamethasone and cyclophosphamide was
part of an early trial with blinatumomab (Topp et al. 2014).

There is also some evidence that inhibition of PD-1/PD-L1 might increase the
efficacy and reduce the primary and secondary resistance of blinatumomab (Kobold
et al. 2018). Blockade of PD-1 and/or PD-L1 has improved T cell responsiveness
in vitro (Feucht et al. 2016; Laszlo et al. 2015). A case report on a pediatric non-
responder to blinatumomab demonstrated a reduction of leukemic burden from 45 to
1% after a combination of blinatumomab and pembrolizumab (Feucht et al. 2016).
Consequently, the combination with nivolumab, ipilimumab (NCT02879695), or
pembrolizumab (NCT03160079) is currently under investigation.

Secondary resistance may also be induced by disease correlated mechanisms.
Thus, continued treatment directed to only one target may induce clonal selection
such as CD19 loss (Ruella and Maus 2016) due to different mechanisms such as
loss of the extracellular domain of CD19 (Sotillo et al. 2015), conformational
changes of the extracellular domain of CD19 due to mutations (Yu et al. 2017), and
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intracellular accumulation of CD19 after the loss of a chaperone molecule (CD81)
(Braig et al. 2017). Interestingly, relapse in MLL-rearranged B-precursor ALL,
which is associated with a very early immature phenotype, may be associated with a
lineage shift to acute myeloid leukemia (Gardner et al. 2016; Rayes and Abdu-
elkarem 2016).

Further analyses on the impact of genetic aberrations on response and resistance
to blinatumomab are ongoing. One trial of 29 patients with pediatric or adult ALL
showed high response rates (83%) in Ph-like ALL with CRLF2 aberrations and
60% in other cases of Ph-like ALL, which is a molecular subtype of ALL with
reported poor prognosis. Further analysis revealed that reduced infiltration of
cytotoxic CD8+ T cells was correlated with non-response to blinatumomab (Zhao
et al. 2018).

Generally, the use of single-target treatments in an aggressive and biologically
unstable disease like ALL bears a high risk for different types of resistance.
Therefore, the combination of different targeted strategies, e.g., with other antibody
treatments such as the conjugated CD22 antibody inotuzumab (NCT02877303) or
with tyrosine kinase inhibitors in Ph-/BCR-ABL-positive ALL (NCT02744768,
NCT03263572) or the sequential treatment with chemotherapy are suitable
approaches. This includes the use of conventional maintenance chemotherapy after
treatment with blinatumomab in order to use the relapse risk.

In the majority of patients with R/R ALL, an SCT in complete remission is
considered as standard of care, and in many cases, blinatumomab was administered
for remission induction and bridge to transplantation. However, the mortality of
SCT in patient cohorts with a median age of 45 and more is considerable. As a
result at the current follow-up of the trials, a clear advantage of subsequent SCT is
difficult to detect; this may change with longer follow-up.

6 Summary and Outlook

Bispecific T cell engagers represent a new class of promising compounds for
malignant disease. They represent a hybrid approach between antibody treatment
and cell therapy. Experience is most prominent with blinatumomab in R/R and
MRD-positive ALL, but the treatment principle may be suitable for a variety of
malignancies.

Immunotherapy in general and the redirection of T cells to CD19-positive leu-
kemia cells provide an alternative mechanism of action, which can yield antileu-
kemic activity even in patients with chemotherapy-refractory disease. This applies
for different subtypes of ALL such as unfavorable relapses of Ph-/
BCR-ABL-negative ALL, Ph-/BCR-ABL-positive ALL, and pediatric ALL.

Response rates were lower in patients in later stages of disease and in patients
with higher tumor load. Resistance may be due to intrinsic inhibition of T cell
expansion and escape mechanisms such as target loss. Survival rates after treatment
with blinatumomab in R/R ALL are superior to chemotherapy but not satisfactory.
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The best results were achieved in MRD-positive ALL, i.e., a lower leukemia load.
The current development goes into the direction of first-line therapy, where bli-
natumomab is integrated in a multi-drug multi-target treatment backbone. In R/R
ALL, the reduction of leukemia burden by a prephase treatment is currently
investigated.

The application of blinatumomab as a continuous infusion and risk of adverse
events such as infection, neurotoxicity, and cytokine release syndrome make it
advisable that patients are treated in centers with experience of blinatumomab
treatment. Usability may in the future be improved by other ways of applications—
instead of a four-week continuous infusion. It is important, however, that prolonged
half-life compounds would also reduce the flexibility of treatment steering in case
of toxicities.

One major unsolved question refers to the role of SCT after remission induction
with blinatumomab either in R/R setting or in MRD-positive ALL. The
transplant-associated mortality is considerable particularly in older patients,
whereas relapse risk is high in patients without subsequent SCT. Overall, it may be
reasonable to avoid high-risk transplant procedures such as mismatch transplanta-
tions or full conditioning regimens in older patients on the one hand. On the other
hand, the treatment should be continued in patients who do not qualify for SCT,
e.g., sequential multi-agent consolidation and maintenance treatments.

The available data on the activity of blinatumomab in high-risk subpopulations
such as Ph-positive ALL, Ph-like ALL, or MLL-rearranged ALL are still scarce and
of great interest.

In newly diagnosed ALL, it remains to be demonstrated whether blinatumomab
in combination with dose-reduced chemotherapy yields similar or better results in
older ALL patients compared to standard chemotherapy. Even for younger patients,
the potential to reduce cytotoxic chemotherapy by the use of blinatumomab or other
antibodies is of great interest. Given the promising potential of the compound, it
will be a challenge to design convincing clinical trials for the first-line treatment.
This is essential, because blinatumomab is a drug with an extraordinary high price.
Further expansion of use will also depend on the results of controlled clinical trials
in earlier lines of treatment and probably on pricing policy.

The future will also show whether results in R/R ALL or other treatment situ-
ations can be further improved by the combination of different antibody treatments,
e.g., inotuzumab ozogamicin. Furthermore, the position of blinatumomab in treat-
ment algorithm will also be compared to other approaches including inotuzumab
ozogamicin and CAR T cells.

The development of reliable biomarkers will be essential not only for prediction
of response but also for further treatment optimization.

Further optimization of bispecific T cell engagers may take place in several
directions [reviewed in Velasquez et al. (2018)] with the particular goal to over-
come potential limitations of these treatments such as the development of
antigen-loss variants, limited T cell activation, or immunosuppressive effects of
tumor environment. The risk of target loss may be reduced by combination ther-
apies with other antibodies or by the development of trispecifics. Limited T cell
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activation may be induced by the secretion of inhibitory molecules by malignant
cells such as TGFb or PD-L1 and/or the attraction of Tregs (Velasquez et al. 2018).
The blockade of PD-1 and/or PD-L1 may be an option (Feucht et al. 2016; Laszlo
et al. 2015). Due to the potentially severe adverse events, this approach should be
tested in clinical trials. The accumulation of Tregs may be addressed by the
application of low doses of cyclophosphamide (Le and Jaffee 2012).

The future will show whether the current compounds can be further optimized
and whether the treatment principle can be successfully translated to other malig-
nant diseases including solid tumors. Current ongoing trials for different targets
such as EpCAM, HER2, or Mucin 1 are summarized in Runcie et al. (2018). In
acute myeloid leukemia, CD123- and CD33-directed T cell engagers are tested in
clinical trials (NCT02715011; NCT02520427).
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Advances and Challenges of CAR T
Cells in Clinical Trials

Astrid Holzinger and Hinrich Abken

Abbreviations

CAR Chimeric antigen receptor
CRS Cytokine release syndrome
CTLA-4 Cytotoxic T lymphocyte-associated antigen-4
EGFR Epithelial growth factor receptor
GMP Good manufacturing practice
IFN Interferon
Ig Immunoglobulin
IL Interleukin
MHC Major histocompatibility complex
PD-1 Programmed cell death-1
scFv Single-chain fragment of variable region
TCR T cell receptor

1 Introduction

The concept of adoptive cell therapy with specifically redirected T cells is based on
the observation that the immune system can control malignant diseases in the long
term. In particular, tumor-infiltrating lymphocytes isolated from melanoma lesions,
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extensively amplified ex vivo, and re-administered to the patient are capable to
induce tumor regression and even long-term remission in a substantial number of
patients (Dudley et al. 2002). However, the antigen specificity of such isolated and
amplified T cells is assumed to be predominantly tumor-specific, although fre-
quently not known. To provide defined specificity in targeting cancer cells, patient’s
T cells are engineered with a transgenic chimeric antigen receptor (CAR), as dis-
cussed herein, or with T cell receptor (TCR) chains. The CAR is a recombinant
composite transmembrane molecule which consists in the extracellular moiety of an
antigen-binding domain and in the intracellular moiety of signaling domains cap-
able to initiate T cell activation upon antigen engagement. The redirected activation
of T cells and their therapeutic efficacy against cancer depend on multiple
parameters including the CAR design, the CAR signaling, the binding affinity, the
number of antigens on target cells, the spatial accessibility of the targeted antigen
epitope, the maturation stage of T cells, and preconditioning of the patient’s
immune system. In the following, we summarize the major aspects and discuss
developments in addressing the challenges of adoptive CAR T cell therapy in the
clinical context.

2 The Evolution of the Prototype Chimeric Antigen
Receptor

Adoptive cell therapy of cancer aims at redirecting T cells specifically toward the
tumor lesion. Due to the limited number of available TCRs with known specificity
for tumors and the frequent loss of major histocompatibility complex (MHC) pre-
sented antigen by cancer cells, a strategy was needed to overcome the limitations
and to adapt the concept to a variety of targets. In this situation, Zelig Eshhar and
colleagues (Weizmann Institute of Science) demonstrated that a composite receptor
molecule with an antibody-derived binding domain in the extracellular domain and
a TCR-derived signaling domain in the intracellular domain is capable of both
recognizing a specific antigen on target cells and activating engineered T cells upon
antigen engagement (Gross et al. 1989). Such modularly composed chimeric
antigen receptor (CAR), at first named “T-body” or “immunoreceptor,” allows
targeting of a broad variety of antigens and signaling through various domains and
combinations thereof initiating defined T cell functions. The prototype CAR is
composed of a single-chain fragment of variable region (scFv) antibody for binding
in the extracellular domain, a spacer of various lengths bridging to the trans-
membrane domain, and a signaling moiety mostly derived from the TCR CD3f
intracellular chain with or without linked costimulatory domain. The scFv is
engineered by joining the heavy and light chain variable (V) regions of an antibody
by a linker, which provides some flexibility, in the order VH-linker-VL or VL-
linker-VH. The primary activating domain is mostly the CD3f intracellular chain or
a downstream kinase of the TCR; the Fc e receptor-I (FceRI) signaling chain is also
used. The “first-generation” CARs contain only the primary signal (signal-1), while
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the “second-generation” CARs in addition contain a costimulatory domain
(signal-2), like CD28, 4-1BB, OX40, ICOS, or CD27. The CD28 and 4-1BB
domain are usually at the membrane proximal position followed by CD3f in the
distal position; OX40 is also active in the membrane distal position. The
first-generation CAR T cells have limited activation potential, while both signal-1
and signal-2 are required for inducing full T cell activation (Alvarez-Vallina and
Hawkins 1996; Finney et al. 1998; Hombach et al. 2001); the second-generation
CAR T cells show durable in cytokine release, amplification, and anti-tumor
activity and are currently in clinical exploration. The “third-generation” CARs
contain a combination of costimulatory domains along with the primary signal and
provide benefit for T cells progressed in terminal maturation (Hombach et al. 2013).

The different costimulatory domains impact T cell activity and persistence in a
different fashion. In particular, CD28 costimulation increases glucose uptake and
ATP generation, while 4-1BB increases catabolism and mitochondrial respiratory
chain capacities (Kawalekar et al. 2016). The differences in metabolic addiction are
due to different signaling pathways initiated by CD28 and 4-1BB costimulation.
CD28 activates the PI3K/Akt/mTOR signaling pathway which stimulates aerobic
glycolysis (Frauwirth et al. 2002), and 4-1BB stimulates the Wnt/b-catenin pathway
which is linked to oxidative phosphorylation and fatty acid oxidation (Kawalekar
et al. 2016). Canonical Wnt/b-catenin favors the formation of central memory cells
and long-term survival of T cells, while CD28-induced PI3K/Akt signaling sustains
the immediate response effector cell phenotype (van der Windt and Pearce 2012;
van der Windt et al. 2012; Pearce et al. 2009; Sukumar et al. 2013; Gattinoni et al.
2009). Accordingly, Akt inhibition during ex vivo priming and expansion triggers a
central memory T cell phenotype with high levels of fatty acid oxidation and finally
improved anti-tumor activities (van der Waart et al. 2014). After repetitive stimu-
lation, CD28 CAR T cells are converted to CD45RO+ CCR7− effector memory
cells, while 4-1BB CAR T cells predominantly show a CD45RO+ CCR7+ central
memory phenotype (Kawalekar et al. 2016) with extended persistence in the blood
(Hombach and Abken 2007; Zhang et al. 2015; Wang et al. 2016).

The modular composition of the prototype CAR has advantages for the use in
adoptive cell therapy of various diseases.

(a) As a consequence of targeting by an antibody, the target recognition is
independent of MHC presentation of antigen which is frequently deficient in
cancer cells. Any antigen can basically be targeted including non-classical T
cell antigens like carbohydrates, lipids, or structural variants of an antigen as
far as a binding molecule is available.

(b) The CAR-recognized antigen needs to be on the surface of the target cell;
intracellular antigens are usually not visible to CAR T cells. However, the
CAR T cell can gain TCR-like specificity by binding toMHC-presented peptide
through an antibody and thereby sense intracellular antigens, e.g., NY-ESO-1
peptide presented by HLA-A2 (Stewart-Jones et al. 2009; Ma et al. 2016).

(c) The use of a scFv single-chain antibody with linked heavy and light chain
variable regions allows the design of a one-polypeptide-chain CAR. Since a
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number of scFvs loose specificity and affinity compared with the native
antibody, an alternative CAR is composed of two chains, i.e., the Ig heavy
chain with the variable and constant region is linked to the transmembrane and
signaling CAR moieties, while the Ig light chain is co-expressed and spon-
taneously associates with the heavy chain forming a fully functional antibody
for CAR targeting (Faitschuk et al. 2016a).

(d) Naturally occurring binding domains or ligands are alternatively used for CAR
targeting, including mutated IL-13 for targeting IL-13 receptor-a2 which is
overexpressed by a broad variety of solid tumors but less by healthy tissues
(Kahlon et al. 2004; Kong et al. 2012; Krebs et al. 2014). Alternatively,
recombinant binding domains can be integrated into the CAR-like designed
ankyrin repeat proteins (DARPins), which are composed of 33 amino acids
ankyrin repeats and form a b-turn followed by two antiparallel a-helices and a
loop reaching the b-turn of the next repeat (Hammill et al. 2015). Adnectin,
derived from fibronectin, was used for CAR targeting epithelial growth factor
receptor (EGFR) with high selectivity for high versus low expressing cells
(Han et al. 2017).

(e) The spacer in the extracellular CAR moiety between the scFv and the trans-
membrane domain requires empiric optimization with respect to antigen
binding and T cell activation. Assumed the optimal CAR T cell activation
requires a distance of about 15 nm to the target cell as does the TCR (Grakoui
et al. 1999), a longer spacer is capable to target an epitope near the target cell
membrane, while a smaller spacer is optimal for a more distal epitope. The
distance of the binding domain to the membrane can substantially be varied by
using spacer of various lengths, e.g., IgG1 CH1–CH2–CH3 or CH2–CH3 or
CH3 (Srivastava and Riddell 2015).

(f) CARs comprising the CD3f transmembrane domain engage signaling com-
ponents of the TCR/CD3 complex and further downstream kinases which
makes CAR T cell activation highly efficient (Bridgeman et al. 2010). However,
the CAR is also functional in TCR knockout cells (Torikai et al. 2012) and in
non-T cells like NK cells indicating that the signaling domain alone is sufficient
to associate with kinases and to initiate a productive signaling cascade.

3 The Growing Family of CARs

(a) TRUCK: a CAR T cell releasing a transgenic product

CAR T cells can be used as “living factories” to release a transgenic polypeptide
product “on demand” upon CAR signaling. The so-called TRUCKs (Chmielewski
et al. 2014), the “fourth-generation” of CAR cells, are CAR T cells engineered with
a constitutive or inducible expression cassette aiming at delivering the transgenic
protein in therapeutic concentrations in the targeted tissue, while the concentrations
in the periphery remain low. The strategy is of particular interest to combine the
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redirected CAR T cell attack with the action of a locally deposited, biologically
active protein while avoiding systemic toxicity. Technically, the induced protein
expression is under control of the NFAT6-IL-2 minimal promoter which is activated
upon CAR signaling. So far, the release of transgenic cytokines by CAR T cells was
reported, for instance, IL-12 or IL-18 (Chmielewski and Abken 2015, 2017;
Pegram et al. 2014; Chmielewski et al. 2011; Pegram et al. 2012; Hu et al. 2017;
Kunert et al. 2017); other cytokines or proteins are also feasible. CAR IL-12 T cells
(IL-12 TRUCKs) recruited and activated an innate immune response in the targeted
tumors (Chmielewski et al. 2011), resisted suppression by Treg cells (Pegram et al.
2012), and showed an increased cytokine release and expansion (Koneru et al.
2015a). CAR T cells targeting Muc16 and secreting IL-12 are currently tested in a
clinical trial (NCT02498912) (Koneru et al. 2015b); other transgenic cytokines are
also evaluated. For instance, IL-15 improved T cell amplification and anti-tumor
activity (Xu et al. 2016), however, is potentially leukemogenic (Hsu et al. 2007)
which demands a suicide gene to eliminate the CAR T cells in the case of
uncontrolled amplification (Hoyos et al. 2010). Other applications can likewise be
envisaged like protecting the attacking T cells from oxidative stress through the
release of catalase (Ligtenberg et al. 2016) or sustaining tumor penetration by
delivering the soluble HVEM ectodomain which targets the tumor vasculature
(Boice et al. 2016).

(b) CAR T cells with multiple specificities

CD19 CAR T cell treatment of B cell leukemia/lymphoma is associated with a
substantial risk of relapse by tumor cells lacking the targeted CD19 epitope or the
entire CD19 protein. The situation is addressed by targeting two antigens which
basically can be achieved by a mixture of CAR T cells with different specificities, by
T cells with two co-expressed CARs or T cells with one CAR with two specificities.
The latter is a bispecific or tandem CAR (“TanCAR”) with two scFvs linked by a
short linker; binding to either antigen is sufficient to induce CAR T cell activation
(Grada et al. 2013). A TanCAR with anti-CD19 and anti-CD20 scFv is aimed at
targeting even those leukemic cells which lost CD19 upon a primary CAR T cell
attack (Zah et al. 2016). Pediatric acute lymphocytic leukemia with known high
heterogeneity in CD19 and CD20 expression can be controlled by bispecific
CD20-CD19 CAR T cells, while monospecific CD20 CAR T cells failed in a
transplanted mouse model (Martyniszyn et al. 2017). Dual targeting CD19 and
CD123 is aiming at eliminating CD123-positive blasts in the treatment of B-ALL
(Ruella et al. 2016a); other antigens are also co-targeted like CD22 (Haso et al. 2013),
ROR1 (Hudecek et al. 2010), and immunoglobulin kappa light chain (Igj) (Vera et al.
2006). TanCAR T cells have an additional advantage in that they exhibit improved
avidity to target cells with both antigens which helps to stabilize the CAR synapse.

T cells can also be equipped with two specificities by co-expressing two CARs,
each recognizing a different antigen and each capable to initiate full T cell acti-
vation. In contrast, co-expressed CARs which provide complementary signals, e.g.,
through CD3f and CD28, require simultaneous recognition of the cognate antigens
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to initiate full T cell activation; engagement of only one antigen is insufficient. Such
a combination of CARs integrates antigen recognition in a Boolean “AND” logic
computation and aims at reducing off-tumor toxicities toward healthy tissues.
Examples of combinatorial antigen recognition are CARs targeting ErbB2 by the
CD3f CAR and Muc1 by the CD28 CAR (Wilkie et al. 2012), or CD3f CAR
targeting mesothelin and CD28 CAR targeting folate receptor-a (Lanitis et al.
2013). In contrast, a bispecific CAR with both primary and costimulatory signaling
initiates full T cell activating also upon engagement of one target antigen providing
a Boolean “OR” computation of antigen recognition.

An alternative “AND” gate recognition is based on Notch which upon activation
mediates the proteolysis of the internal domain and the release of a transcription
regulator which finally controls the transcription of a CAR (synNotch CAR) for
cancer cell recognition and T cell activation (Roybal et al. 2016a, b; Morsut et al.
2016).

(c) CARs with exchangeable antigen recognition

The prototype CAR has a defined specificity for the targeted antigen; targeting a
new antigen requires engineering and expressing a new CAR with novel specificity.
In order to make the strategy more flexible, a high-affinity CD16 variant CAR was
used to capture a tumor-specific antibody through binding the Ig Fc region, while
the variable region of the captured antibody recognizes the tumor-associated anti-
gen (Kudo et al. 2014). CD16 CAR T cells in the presence of the Herceptin
antibody can target Her2+ cancer cells; the specificity can be changed by using
different antibodies for targeting. T cells with such “universal” CARs can be
equipped with various specificities by adding a labeled targeting antibody which is
recognized by the CAR. Toxicity can be controlled by titrating the amount of
targeting antibody. In alternative developments, the CAR has specificity for epi-
topes linked to the targeting antibody, like fluorescein isothiocyanate (FITC)
(Tamada et al. 2012), avidin (Urbanska et al. 2012), or a protein epitope (Cartellieri
et al. 2016; Kim et al. 2015). Adding antibodies of different specificities allows
redirecting CAR T cells toward a plethora of antigens without the need of de novo
CAR T cell engineering which becomes relevant when targeting tumor lesions with
a heterogeneous pattern of antigens.

(d) Conditional CARs

In the case of CAR-related toxicity, a “switch-on/switch-off” mechanism will help
to fine-tune the CAR T cell response. The aim is achieved by a titrated dimerization
of two co-expressed CAR chains, one of which is the “first-generation” CAR and
the second is a rudimentary chain with a costimulatory moiety and without extra-
cellular domains. Both chains dimerize and co-signal upon adding a small dimerizer
molecule (“switch-on”), while without dimerizer the CAR remains “switched-off”
(Kim et al. 2015; Rodgers et al. 2016; Wu et al. 2015). Increasing concentrations of
the dimerizer improves CAR signaling upon antigen engagement which allows a
fine-tuned titration of T cell response.
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(e) Switch CARs: converting a suppressor into an activator

Since many solid tumors express inhibitory ligands at high levels, an activating
CAR targeting the inhibitory ligand will convert the inhibitory into an activating
signal. A CAR recognizing PD-L1 through its extracellular PD-1 domain and
providing CD28 costimulation converts the inhibitory into an activating signal
(Kobold et al. 2015; Liu et al. 2016; Prosser et al. 2012). Such PD-1:CD28 switch
CAR competes with available PD-L1 and overruns the inhibitory PD-1 signal
through CD28 signaling. Other inhibitory ligands may likewise be targeted by a
switch CAR.

(f) CARs providing inhibitory signals: iCARs

Most currently used CARs provide an activating signal; CARs with inhibitory
signals are also useful in certain situations. Such an inhibitory CAR (iCAR) blocks
T cell activation, for instance, when engaging antigens on healthy cells in order to
suppress off-tumor toxicities (Fedorov et al. 2013).

(g) Armored CAR T cells with cytokine receptors

In order to increase T cell amplification in response to cytokines, CAR T cells were
equipped with the transgenic IL-7 receptor-a chain to restore responsiveness to IL-7
and to promote a Th1 response without stimulating Treg cells (Vera et al. 2009;
Perna et al. 2014). Similarly, in prostate cancer with increased IL-4 levels,
co-expression of the IL-4 binding/IL-7 signaling receptor improved anti-tumor
activity of T cells with anti-PSCA CAR (Mohammed et al. 2017). On the other
hand, a dominant negative receptor on CAR T cells can compete with an inhibitory
cytokine, for instance, co-expression of the dominant negative TGF-b DNRII
improved T cell anti-tumor activity in the presence of TGF-b in a melanoma model
(Zhang et al. 2013).

4 Exploring Allogeneic Effector Cells: “Universal” T Cells
and NK Cells

“Universal” T cells

In most adoptive cell therapy trials, patients were treated with autologous CAR T
cells. Such individualized treatment is labor- and cost-intensive and hampers in the
current fashion the widespread delivery of CAR T cells. T cells without HLA
barriers are potential “universal” T cells that can be manufactured in advance and
applied “off-the-shelf” to a number of patients. In this line, cells were derived from
a non-HLA matched donor, disrupted in the TCR a chain locus using transcription
activator-like effector nucleases (TALENs), thereby producing TCR-negative T
cells which were finally engineered with an anti-CD19 CAR for the treatment of
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pediatric B cell acute lymphoblastic leukemia (B-ALL) (Poirot et al. 2015; Qasim
et al. 2017). Subsequent depleting of remaining TCRab T cells reduces the risk of
graft versus host disease (GvHD) through contaminating allogeneic TCR+ cells
(Poirot et al. 2015; Bertaina et al. 2014). In a first clinical application,
TALEN-edited CAR T cells were administered to a pediatric patient with B-ALL
for whom autologous T cells could not be produced in sufficient numbers; no
substantial GvHD was induced (Qasim et al. 2017). However, genetic editing by
TALENs produces translocations also between other target sites, although at low
frequencies (Qasim et al. 2017), which basically also applies to other gene-editing
procedures like virus-transmitted zinc-finger nucleases (Provasi et al. 2012) or
non-virally transmitted megaTALs (Osborn et al. 2016). While CRISPR guide
RNA and Cas9 were encoded by the viral vector for constitutive expression
(Shalem et al. 2014), current research is aiming at providing both the CAR
expression cassette and the gene-editing tools with one transducing vector. In the
further development of gene editing, the endogenous TCR and b2-microglobulin
locus were targeted by CRISPR RNA electroporation in order to disrupt TCR and
MHC class I by transiently available tools in CAR T cells in order to minimize
off-target editing (Ren et al. 2017a, b).

NK cells

Human NK cells can also be used to initiate a potent anti-tumor response in model
systems and to secrete a panel of cytokines, like GM-CSF, IFN-c and IL-3, required
for a productive anti-tumor response (Kruschinski et al. 2008; Klingemann 2014;
Huenecke et al. 2010). While the prototype CAR for T cells is also active in NK cells,
a CARwith the NK cell signaling proteins 2DS and DAP12 produced higher levels of
NK cell activation and anti-tumor activity (Wang et al. 2015a). However, NK cells
have a limited life span and rapidly disappear from circulation. Instead of primary NK
cells, cells of the established NK92 line were engineered with an anti-Her2 CAR
which showed potent anti-tumor activity upon local installation in a glioblastoma
xenograft (Zhang et al. 2016) and an orthotopic breast cancer model (Schönfeld et al.
2015). The advantage is the “off-the-shelf” manufacturing of the cell product for
immediate use; however, the CAR NK92 cells need to be irradiated prior to infusion
which results in short-term NK cell survival and requires repetitive administration.

5 CAR T Cell Production: Challenges in Translating
Individualized CAR T Cell Therapy to the Clinic

Adoptive therapy with CAR-modified T cells requires the manufacturing of cell
products in accordance with the good manufacturing practice (GMP) rules; the
procedure includes collecting the cells by leukapheresis in most cases, genetic
engineering by viral gene transfer or electroporation, T cell amplification, and
quality control of the final cell product. T cells are stimulated ex vivo by incubation
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with beads coated with agonistic anti-CD3 and anti-CD28 antibodies. In the majority
of trials, T cells are ex vivo modified by c-retroviral or lentiviral gene transfer; some
trials use RNA-modified T cells obtained by electroporation. Viral transduction is
performed at moderate-to-low virus titers, aiming to obtain less than 5 integrates per
cell. Transposon-based vectors like Sleeping Beauty and PiggyBac were recently
applied for clinical applications as well (Singh et al. 2013, 2015; Manuri et al. 2010).
With the currently used transfer systems and the use of mature T cells, the risk of
insertional mutagenesis and subsequent oncogenic transformation seems to be low;
no oncogenic event due to transformed T cells was reported so far. Unintended
engineering of a single leukemic B cell with the anti-CD19 CAR during the man-
ufacturing process resulted in relapse of leukemia and resistance to CD19 CAR
therapy mainly due to masking of the CD19 epitope (Ruella et al. 2018).

Modified cells are furthermore amplified in the presence of cytokines to high cell
numbers using shaking reactors or bags; gas-permeable rapid expansion culture-
ware is currently preferred. Stimulation in the presence of IL-2 triggers effector T
cell differentiation (Pipkin et al. 2010), while T cells amplified in the presence of
IL-7 or IL-15 display a central memory phenotype with robust cytokine release,
clonotypic persistence, and clinical anti-tumor activity (Kaneko et al. 2009; Butler
et al. 2007). IL-21 is alternatively used to amplify cells with a less differentiated
phenotype (Li et al. 2005; Hinrichs et al. 2008). Used for ex vivo amplification of
CAR T cells, c-cytokines also impact the metabolism in a specific fashion. IL-15
improves the oxidative metabolism as well as carnitine palmitoyl transferase
expression which is involved in the rate-limiting step in fatty acid oxidation (van
der Windt et al. 2012). IL-7 increases Glut1 by STAT5 and Akt activation (Wofford
et al. 2008) and induces glycerol transport and triglyceride synthesis (Cui et al.
2015), all improving T cell persistence and survival.

While most CAR T cell products are currently manufactured in a manual pro-
cess, great efforts are made to translate the process into a fully automated and
supervised system. The aim is to allow manufacturing with high reproducibility and
quality and to produce cells from multiple patients in the same production facility in
parallel. The latter is of practical relevance to deliver sufficient numbers of cell
products when the CAR T cell strategy becomes standard of treatment for a number
of cancer patients.

The maturation stage of amplified T cells substantially impacts the redirected
anti-tumor activity and CAR T cell persistence; the most suitable T cell population
for CAR therapy is thought to be a naïve or young central memory cell with an
acute inflammatory signature. The rationale is based on the observation that
non-responding patients in trials accumulated T cells with an early memory and
exhaustion signature, while responder patients did not (O’Rourke et al. 2017).
CD45RO+ CD62L+ memory CAR T cells provide a more durable anti-tumor
response than effector T cells in more advanced stages of differentiation (Klebanoff
et al. 2012; Gattinoni et al. 2011; Singh et al. 2016). Therefore, CD62L+-enriched
CAR T cells are currently explored in trials. However, it is still unresolved how to
keep CAR T cells in the early stage of maturation, in particular after repetitive CAR
activation.
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6 The Second-Generation CAR T Cells Produced Lasting
Remissions in Leukemia and Lymphoma

While adoptive therapy with the “first-generation” CAR T cells failed to show
therapeutic efficacy, the “second-generation” CAR T cells achieved spectacular
remissions in so far refractory leukemia and lymphoma, changing the overall
therapeutic landscape in the long term. The standard treatment procedure is a
sequence of events starting with leukapheresis of the patient for T cell donation,
non-myeloablative lymphodepletion, and administration of the CAR T cells to the
patient in one or more doses by i.v. infusion with or without IL-2 support. The vast
majority of trials are designed for the treatment of hematologic malignancies
(Holzinger et al. 2016); still a minority of trials is aiming at treating solid cancer
(Abken 2017). Since CAR T cell persistence is crucial for clinical efficacy (Porter
et al. 2015) and T cell persistence depends on appropriate costimulation, CARs with
one or two costimulatory endodomains are used in trials, mostly providing CD28 or
4-1BB costimulation. CARs with alternative costimulatory domains are also clin-
ically explored including CARs with OX40 (Hombach and Abken 2011), ICOS
(Shen et al. 2013; Guedan et al. 2014), CD27 (Song et al. 2012), CD40-MyD88
(Foster et al. 2017), CD2 (Cheadle et al. 2012), and CD244 (Altvater et al. 2009).

One of the first successfully treated patients received anti-CD19 CAR T cells for
the treatment of chronic lymphocytic leukemia (CLL) resulting in complete and
maintained remission (Porter et al. 2011); other groups also successfully treated
patients with CLL at the same time with CD19 CAR T cells (Porter et al. 2015; Grupp
et al. 2013; Kochenderfer et al. 2013, 2015; Cruz et al. 2013; Brentjens et al. 2013;
Maude et al. 2014a; Davila et al. 2014; Lee et al. 2015). CAR T cells with 4-1BB
costimulation appear superior to CD28 CAR T cells (Porter et al. 2015) with pro-
longed persistence of 4-1BB CAR T cells for more than 4 years compared with
30 days of CD28 CAR T cells (Brentjens et al. 2011). All patients experienced
lasting depletion of healthy B cells, at least as long as CD19 CAR T cells persisted.
For the treatment of chronic lymphocytic leukemia (CLL), the Fcl receptor is
potentially a more tumor-selective target sparing healthy B cells from elimination by
CAR T cells (Faitschuk et al. 2016b). Pediatric and adult patients with B cell acute
lymphocytic leukemia (B-ALL) and follicular lymphoma were also successfully
treated, even with higher frequencies of remissions. Remarkably, patients with
multiple myeloma were also experienced remissions after CD19 CAR T cell therapy
(Garfall et al. 2015) although multiple myeloma consists entirely of CD19-negative
plasma cells. The observation led to the speculation that CD19 CAR T cells elimi-
nated a CD19+ cancer stem cell population responsible for tumor repopulation;
alternatively, a suppressor B cell population may have been eliminated by CAR T
cells. Apart from CD19, alternative antigens are also targeted, i.e., CD20, CD22, the
Igj light chain, ROR-1 for B-NHL and B-ALL, and CD30 for Hodgkin’s lymphoma.

Currently, nearly 400 early-phase trials using the “second-generation” CAR T
cells are in clinical exploration, mostly performed by academic centers or major
pharmaceutical companies like Novartis, Juno Therapeutics, and Kite Pharma (now
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Gilead). The anti-CD19 CAR for the treatment of pediatric B-ALL (KymriahTM,
tisagenlecleucel, Novartis) and adult large B cell lymphoma (YescartaTM, axicab-
tagene ciloleucel, Gilead) have recently obtained FDA approval in 2017 and sub-
sequently EMA approval in 2018. The CAR provides specificity by a murine
anti-CD19 scFv and mediates T cell activation through CD28-CD3f signaling; fully
humanized CARs are currently developed to avoid an anti-CAR immune response
which potentially may deplete CAR T cells by the patient’s immune system in the
long term.

The success of CAR T cell therapy in various trials is difficult to compare due to
a number of differences in the trial design, CAR composition, targeted antigen,
preconditioning, and others. Apart thereof, CAR T cell dose and lymphodepletion
were recently identified as key factors which impact CAR T cell amplification and
persistence and finally therapeutic efficacy (Zhang et al. 2015). It is therefore rea-
sonable that much effort is currently put into optimizing the “preconditioning”
regimen in order to optimize the engraftment and initial amplification of CAR T
cells. Only a small number of trials do not perform preconditioning.

During complete remission, most patients treated with 4-1BB CAR T cells did
not receive further cancer-specific treatment; patients with CD28 CAR therapy
frequently underwent allogeneic stem cell transplantation. Further exploration
needs to identify a more successful strategy. However, the clinical observation that
CD28 CAR T cells less persist than 4-1BB CAR T cells, i.e., few months compared
with some years, underlines a potential benefit of transplantation after CD28 CAR
T cell therapy.

Persistence of CAR T cells in the periphery is crucial for a lasting remission;
repetitive re-stimulation of CAR T cells may improve persistence and finally
anti-tumor activity. Therefore, virus-specific T cells, which are re-stimulated upon
contact with viral antigens, are being used for a CAR-redirected anti-tumor
response. In particular, T cells specific for Epstein–Barr virus (EBV) were engi-
neered with a CAR with cancer specificity; EBV viral antigens are recognized by
the endogenous TCR of the engineered T cells triggering their repetitive activation
and amplification (Savoldo et al. 2007). EBV-specific CAR T cells persisted sub-
stantially longer after infusion to the patient than CAR T cells without virus
specificity (Louis et al. 2011).

7 CAR T Cell Therapy of Solid Cancer Is Still Challenging

In the treatment of solid cancer lesions, some specific properties of T cells provide
advantages over standard drug treatment regimens. Basically, CAR T cells have the
capability to migrate through nearly all tissues, to amplify upon activation, and to
execute their cytolytic and pro-inflammatory activity in a repetitive fashion. These
properties make CAR T cells ideal for targeting widespread solid tumor lesions and
metastases; however, the therapy of solid cancer is still challenging (Fig. 1,
Table 1).
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Trafficking of T cells to specific targets depends on sensing chemokines; how-
ever, the process is impaired since most tumors exhibit an altered chemokine milieu
(Franciszkiewicz et al. 2012) and some adhesion factors are lost on tumor
endothelia (Bouzin et al. 2007), making T cell penetration and migration less
efficient. Locally deposited TNF-a increased vascular adhesion molecules, such as
vascular cell adhesion protein-1 and intracellular adhesion molecule-2 on
endothelial cells, resulting in enhanced T cell extravasation and tumor accumulation
(Calcinotto et al. 2012). Endothelial cell adhesion and/or transmigration of T cells is
improved by targeting vascular endothelial growth factor (VEGF) receptor-2
(Chinnasamy et al. 2010) or blocking migration inhibitory factors like the
endothelin B receptor (Kandalaft et al. 2009). T cells can also accumulate in
privileged tissues like testes and eyes (Brudno and Kochenderfer 2016), penetrate
the blood–brain barrier, and infiltrate the brain (Pule et al. 2008), which is thought
to be the cause of neurotoxicity (Mackall and Miklos 2017). On the other hand,
several chemokine receptors are downregulated on the T cell surface upon exten-
sive ex vivo propagation, making amplified T cell products less sensitive to
chemokine-driven trafficking. Transgenic re-expression of chemokine receptors,
like CXCR2 (CXCL1 receptor) for targeting melanoma (Kershaw et al. 2002) or
CCR2b for targeting neuroblastoma (Craddock et al. 2010), is aiming at improving
specific trafficking of CAR T cells toward the tumor lesion.

Infiltration into the tumor tissue is a major hurdle for CAR-modified T cells
(Joyce and Fearon 2015). Local T cell installation circumvents this limitation and
may improve therapeutic efficacy (Adusumilli et al. 2014). For instance, CAR T
cells were applied intrapleurally and intraperitoneally for the treatment of
mesothelioma and ovarian cancer, respectively (Koneru et al. 2015b). Anti-CEA
CAR T cells were applied by endoscopy into hepatic metastases (Katz et al. 2015);
anti-c-Met CAR T cells were applied by intratumoral injections into breast cancer
metastases inducing necrosis of injected tumor lesions (Tchou et al. 2017)
(NCT01837602). On the other hand, T cell penetration can be improved by
transgenic expression of heparanase which degrades heparan sulfate proteoglycans
in the stroma; moreover, endogenous heparanase expression is frequently down-
regulated during the manufacturing process (Caruana et al. 2015).

coexpression of a receptor

release of soluble factors

genetic modifications

Fig. 1 Challenges and
modifications of CAR T cells
to overcome the barriers in
solid tumors
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CAR T cells are facing a hostile environment after successful penetration into
the tumor tissue. CAR T cells need to break the stroma and extracellular matrix
barrier to get in near vicinity to the cancer cells; IFN-c is required to eliminate the
stromal cells (Textor et al. 2014). As a consequence, targeting tumor stroma by
CAR T cells in addition to targeting the cancer cells likely improves the overall
efficacy in eliminating solid tumor lesions. Fibroblast activation protein (FAP), a
serine protease involved in extracellular matrix remodeling and expressed by
stromal cells of a majority of epithelial cancers, is a candidate protein for targeting
the stroma. Consequently, targeting FAP in addition to cancer cell targeting
improved the overall anti-tumor activity (Kakarla et al. 2013).

Myeloid-derived suppressor cells (MDSCs) and tumor-associated macrophages
deprive CAR T cells in the tumor tissue of essential amino acids through decreasing
tryptophan levels (Ninomiya et al. 2015). Regulatory T (Treg) cells, MDSCs, and
tumor-associated M2 macrophages release suppressive cytokines, like IL-4, IL-10,
leukemia inhibitory factor, and TGF-b; MDSCs and Tregs can be suppressed by
sunitinib, a multi-kinase inhibitor, which may be used in combination with CAR T
cell treatment. The stromal cells are releasing IDO and deprive the tissue of glucose
and other nutrients; profound acidosis moreover counteracts the anti-tumor activity
of CAR T cells. IDO inhibits CAR T cells through accumulating kynurenine which
blocks expansion, cytotoxicity, and cytokine secretion by CAR T cells (Ninomiya
et al. 2015). On the other hand, fludarabine and cyclophosphamide, used for pre-
conditioning in patients, decrease IDO levels through depletion from Treg cells.
Low levels of arginine in the tumor tissue result in CD3f repression and inhibition
of T cell amplification and cytokine release (Rodriguez et al. 2007). MDSCs
moreover suppress T cell function in a direct fashion through arginase-mediated
TCR CD3f chain repression (Rodriguez et al. 2002). Protein kinase A (PKA) is the
effector molecule in the downstream cascade of prostaglandin E2 and adenosine,
both produced in the tumor tissue and both inhibiting T cell function. Consequently,
disruption of the PKA membrane anchoring increases CAR T cell infiltration,
chemotaxis, persistence, and anti-tumor activity (Newick et al. 2016).

Inhibitory ligands suppress CAR T cell activity by binding to programmed cell
death-1 (PD-1), cytotoxic T lymphocyte-associated antigen-4 (CTLA-4), or Fas,
among others. Much effort is currently undertaken to make CAR T cells resistant to
this type of suppression, e.g., by suppressing PD-1 expression (Cherkassky et al.
2016) or a PD-1 switch receptor which binds to PD-L1 and conveys the suppressing
into an activating signal (Liu et al. 2016; Prosser et al. 2012). Alternatively,
checkpoint inhibitors to block the PD-1/PD-L1, e.g., nivolumab, or CTLA-4 axis,
e.g., ipilimumab, are currently explored as adjuvant in CAR T cell trials. Along this
line, CAR T cell therapy combined with PD-1 blockade increased the anti-tumor
efficacy (John et al. 2013). In a case report, a patient showed tumor reduction and
increase in circulating CAR T cells upon PD-1 blockade by pembrolizumab (Chong
et al. 2017); a trial is exploring PD-1 blockade in CD19 CAR T cell-resistant or
relapsing leukemia patients (NCT02650999). A PD-L1 mini-body improved the
anti-tumor activity of CAR T cells in a preclinical model (Tanoue et al. 2017).

Advances and Challenges of CAR T Cells in Clinical Trials 107



Taken together, blocking inhibitory checkpoints can enhance the efficacy of CAR T
cell therapy against tumors.

On the other hand, CAR T cell therapy is combined with agonistic activation of
4-1BB (Mardiana et al. 2017) or vaccination with viral antigen recognized by
anti-tumor CAR and antivirus TCR-engineered T cells (Slaney et al. 2017). Other
strategies including the use of EBV-specific T cells are in line with specifically
re-stimulating CAR T cells by non-tumor antigens.

8 CAR T Cell Therapy-Associated Toxicities

CAR T cell therapy so far showed efficacy in the treatment of B cell leukemia,
however, provokes side effects which need clinical intervention (Table 2). An
updated review on grading and management of CRS was recently published by
Riegler et al. (2019).

Table 2 Clinical management of toxicities associated with CAR T cell therapy

Toxicity Potential prevention or treatment

Cytokine release syndrome
(CRS)

Blocking the IL-6R/IL-6 axis by tocilizumab or siltuximab or
sarilumab
Depleting from CAR T cells
Reducing or fractionating CAR T cell dose

Vascular leakage syndrome
(VLS)

Plasma expansion
Plasmapheresis to deplete serum factors

Tumor lysis syndrome (TLS) Plasmapheresis
Reducting tumor mass prior cell therapy
Reducing or fractionating CAR T cell dose

Macrophage activation
syndrome (MAS)

Blocking the IL-6R/IL-6 axis by tocilizumab or siltuximab

Neurotoxicity Corticosteroids

“On-target off-tumor” toxicities Targeting of tumor-selective antigens, e.g., neo-antigens
Blocking the target antigen on healthy cells
Co-expression of iCARs to protect healthy cells
Combinatorial antigen recognition
Transient CAR expression after RNA transfer
Conditional CAR activation by a dimerizer
Local CAR T cell application
CAR T cell elimination by suicide gene activation, e.g.,
iCasp9, or by depleting antibodies

GvHD after allogeneic T cell
therapy

TCR-negative CAR T cells

Tumor relapse by antigen
escape of cancer cells

Targeting of co-expressed antigens

Poor in vivo expansion Intensifying lymphodepletion
Increasing cytokine substitution

B cell aplasia after CD19 CAR
T cell therapy

Replacement of immunoglobulins
Antibiotic and antifungal prophylaxis
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(a) Most CAR-targeted antigens are not exclusively expressed by cancer cells but
also by healthy cells. The lack of tumor selectivity becomes obvious, for
instance, when targeting CD19 to treat B cell leukemia; also, healthy B cells
are eliminated resulting in a lasting B cell depletion which requires
immunoglobulin substitution and antibiotic and antifungal protection. Such
“on-target off-tumor” toxicity in the treatment of leukemia is clinically man-
ageable and, however, is more severe when the targeted antigen is expressed
by vital tissues. For instance, targeting ErB2 by the third-generation CAR T
cells resulted in a fatal cardiopulmonary failure likely due to the attack against
healthy lung tissues (Morgan et al. 2010). The toxicity depends also on the
particular binding domain and on CAR signaling since CAR T cells with
another anti-Her2 binding domain and with one costimulatory domain pro-
duced no dose-limiting toxicity (Ahmed et al. 2015; Feng et al. 2017).

(b) Rapid destruction of a large tumor mass may induce a tumor lysis syndrome
which is initiated by the release of tumor cell components and accompanied by
electrolyte and metabolic disturbances with the risk of multi-organ failure.

(c) The CAR itself can induce “off-target off-tumor” toxicity through the IgG1 Fc
spacer which binds to the Fc c receptor (FccR) (CD64) and can thereby activate
innate cells like NK cells and macrophages. Deleting the IgG1 CH2 domain or
mutating the Asn297 side (Hudecek et al. 2015; Hombach et al. 2010) reduces
the risk; IgG4 or extracellular CD8 is used as an alternative spacer.

(d) The cytokine release syndrome (CRS) is an acute immune activation resulting
in elevated serum levels of pro-inflammatory cytokines including IFN-c and
TNF-a, IL-10 and in particular IL-6 (Maude et al. 2014a, b; Davila et al. 2014;
Lee et al. 2015). CRS is clinically characterized by high fever, malaise, fati-
gue, myalgia, nausea, anorexia, tachycardia, hypotension, capillary leak,
cardiac dysfunction, renal impairment, hepatic failure, and disseminated
intravascular coagulation (Lee et al. 2014). The severity of CRS may, but must
not, correlate with tumor burden (Maude et al. 2014a; Teachey et al. 2016),
often occurs together with the vascular leakage syndrome (VLS), and is clo-
sely associated with the systemic macrophage activation syndrome, clinically
resembling hemophagocytic lymphohistiocytosis, which makes clinical diag-
nosis and management difficult. A score to identify CRS/VLS in early stages
and clinical guidelines in management were recently proposed (Davila et al.
2014; Maude et al. 2014b; Teachey et al. 2016). Three markers were identified
to predict CRS, i.e., in adults, soluble gp130 (sgp130), IFN-c, and IL1Ra and
in pediatric patients, IFN-c, IL-13, and MIP1a. C-reactive protein, which is
released by hepatocytes in response to IL-6, currently serves as a laboratory
marker of CRS onset and severity (Davila et al. 2014).
Systemic corticosteroid treatment rapidly reversed CRS without compromis-
ing the initial anti-tumor response as long as steroids are applied short term,
i.e., below 14 days (Davila et al. 2014; Lee et al. 2015). Current CRS therapy
is based on blocking the IL-6/IL-6 receptor signaling axis by tocilizumab
application which neutralizes the IL-6 receptor and does not interfere with
CAR T cell efficacy (Grupp et al. 2013; Teachey et al. 2016; Chen et al. 2016);
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the IL-6 blocking antibody siltuximab has also been used. The long-term
impact of blocking IL-6 on the anti-tumor efficacy needs to be explored in
detail.

(e) Neurotoxicity with aphasia, hallucinations, confusion, delirium, expressive
aphasia, obtundation, myoclonus, and delirium occurs in about 40% of
patients during CAR T cell therapy, is reversible, and is often observed after
CD19 CAR T cell therapy (Maude et al. 2014a; Davila et al. 2014; Lee et al.
2015; Teachey et al. 2016). The mechanism is less understood; a diffuse
encephalopathy caused by infiltrating CAR T cells is thought to be the cause.

(f) Anaphylaxis with elevated IgE levels was reported for one patient after
repeated doses of CAR T cells; the patient developed antibodies against
murine domains of the CAR (Maus et al. 2013).

9 Strategies to Improve Safety of CAR T Cell Therapy

(a) CAR T cells recognizing more than one antigen

The strategy is based on the rationale that a pattern of antigens is more indicative
for cancer cells versus healthy cells than one antigen only; this is particularly the
case since a truly cancer-specific antigen is rare. To drive T cell activation upon
recognizing two antigens, two CARs are co-expressed, one CAR providing the
primary activating signal and the other CAR, the costimulatory signal, thereby
complementing the signals for full T cell activation only in the presence of both
antigens (Wilkie et al. 2012; Lanitis et al. 2013; Kloss et al. 2012).

(b) Inhibitory CARs

The inhibitory CAR (iCAR) is co-expressed by T cells together with an activating
CAR and aimed at providing an inhibitory signal when engaging an antigen on
healthy cells which is absent on cancer cells. The iCAR signaling domain is derived
from PD-1 or CTLA-4 which is dominant over the activating signals through CD3f
and costimulation (Fedorov et al. 2013). The T cell is blocked by the inhibitory
signal as long as the iCAR engages healthy cells; without iCAR signaling, the T
cell can be activated through the co-expressed tumor-specific CAR.

(c) Transient CAR expression

In the case of potential toxicity, transient CAR expression by the T cell may limit
the side effects. The CAR is transiently expressed upon RNA transfer due to the
short RNA half-life and RNA dilution upon T cell division which is even more
rapid after T cell activation. However, the CAR is present on the T cell surface in
the order of several days and mediates efficient T cell activation upon target cell
engagement (Birkholz et al. 2009). Such RNA-modified T cells were applied in
trials with some, although transient efficacy (Maus et al. 2013; Beatty et al. 2014).

110 A. Holzinger and H. Abken



(d) CAR T cell elimination

In the case of uncontrolled toxicity, CAR T cells need to be rapidly and efficiently
eliminated. High-dose steroid treatment was applied to stop autoimmunity after
treatment with carboanhydrase IX-specific CAR T cells (Lamers et al. 2006). More
selective elimination of CAR T cells is achieved by antibody targeting a specific
domain in the extracellular CAR moiety (Philip et al. 2014) or by targeting a
co-expressed marker, for instance, the truncated EGFR which can be targeted by
cetuximab (Wang et al. 2011). The CAR binding domain can also be targeted by an
anti-idiotypic antibody (Jena et al. 2013). Alternatively, a suicide gene is
co-expressed with the CAR, for instance, the truncated caspase-9 and a mutated
FK506 binding protein; the apoptotic cascade is initiated upon applying a synthetic
drug for dimerizing caspase-9 (Straathof et al. 2005).

(e) Routes of T cell administration

Usually, CAR T cells are applied by i.v. injection to approach the target side
through blood circulation. Local administration by endoscopy or by intrapleural or
intraperitoneal application may avoid off-tumor T cell activation to some extent
while providing high CAR T cell doses at the tumor side (Parente-Pereira et al.
2011; Katz et al. 2016). However, in most tumor patients, puncture of tumor lesions
is technically not feasible and is not applicable in a disseminated tumor disease.

10 Future Developments in CAR T Cell Therapy:
Challenges Remain

Current clinical trials in phase I and II are promising to establish CAR T cell
therapy in the front-line treatment of leukemia and lymphoma within the next years.
However, major hurdles remain, in particular in the CAR T cell therapy of solid
cancer.

(a) Which antigen serves best in targeting solid tumors while avoiding off-tumor
toxicities?

Extensive research is aiming at identifying new and more selective antigens suitable
for safe targeting tumor lesions while sparing healthy tissues. Truly tumor-selective
antigens are rare; however, more selective antigens are tumor-specific mutations of
surface proteins or glycosylation variants like Muc1 or Muc16 which can be tar-
geted by CAR T cells (Posey et al. 2016). Apart from tumor-specific antigens,
CAR T cell treatment of solid tumors proved safe by targeting carcinoembryonic
antigen (CEA) as an auto-antigen which is strictly luminal expressed by healthy
epithelial cells while depolarized on cancer cells. Two trials provided some clinical
efficacy in the treatment of gastrointestinal adenocarcinoma by systemic application
of CEA-specific CAR T cells (NCT01212887, NCT02349724) (Thistlethwaite et al.
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2017; Zhang et al. 2017); local administration of anti-CEA CAR T cells by hepatic
artery infusion also declined tumor progression (NCT01373047) without the
induction of treatment-related colitis (Katz et al. 2015).

(b) How to prevent tumor relapse after CAR T cell therapy?

CD19 CAR T cell therapy induces complete remissions in pediatric B-ALL patients
with high frequencies; however, leukemia relapses in about 40% of patients despite
persisting CAR T cells (Grupp et al. 2013; Maude et al. 2014a; Lee et al. 2015).
A frequent cause of relapse is the expression of a functionally active CD19 isoform
which is not recognized by the CAR due to the lack of exon-2 (Sotillo et al. 2015).
Targeting a CD19 epitope which is not lost by splicing or co-targeting a second
antigen, e.g., CD20 by a bispecific CAR, likely increases the therapeutic pressure
on leukemic cells. Switching to a CD19-negative myeloid lineage was observed in
the relapse of two cases of B-ALL after CD19 CAR treatment (Gardner et al. 2016),
again pointing to the need to target leukemic cells by two independent antigens.
Profound heterogeneity in the expression of the targeted antigen may also be the
cause of early tumor relapse after initial tumor regression. A CAR T cell-initiated
antigen-independent anti-tumor response through innate immune cells in the tumor
lesion may improve the overall therapeutic efficacy. Designed for these purposes,
IL-12 or IL-18 TRUCK cells, i.e., CAR T cells with the inducible release of
transgenic cytokines, are capable to induce an innate response against
antigen-negative cancer cells in an experimental model (Chmielewski et al. 2011;
Chmielewski and Abken 2017).

(c) What is the optimal CAR design?

Research during the last two decades established the prototype design of a CAR;
however, each CAR needs to be optimized with respect to the potential target
antigen and the T cell subset. In particular, the binding affinity, the targeted antigen
epitope, the extracellular spacer length, the transmembrane domain, and finally the
primary and costimulatory signaling domains need to be individually evaluated
with respect to the specific tumor situation. Early preclinical research established
that CAR T cell activation depends on the affinity of antigen binding and the
epitope of the targeted antigen (Chmielewski et al. 2004; Hombach et al. 2007).
Recently confirmed by others (Liu et al. 2015; Caruso et al. 2015), there is an
affinity window in which CAR T cells target tumor cells with high antigen load
while sparing healthy cells with low antigen levels. Consequently, a trial targeting
Her2 caused no toxicity (Ahmed et al. 2015), while a high-affinity CAR targeting a
different epitope caused fatal adverse events (Morgan et al. 2010).

(d) Which T cell subset performs best in the long term against solid tumors?

The most suitable stage in T cell maturation for adoptive cell therapy seems to be a
naïve or early central memory cell with an enhanced capacity for amplification and
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long-lived persistence. In some trials, T cells with a CD62L+ phenotype are selected
prior engineering with a CAR (Sabatino et al. 2016). Reducing T cell amplification
during manufacturing improves the anti- tumor activity of CAR T cells (Ghassemi
et al. 2018). On the other hand, the T cell maturation can be directed by costim-
ulation and/or cytokine signals; 4-1BB costimulation initiates a central memory T
cell response in young T cells, while CD28 mediates a more short-lived effector cell
response (Kawalekar et al. 2016). In more matured stages of T cell development,
other costimuli or combinations thereof are needed; for instance, CCR7− T cells
require combined CD28-OX40 costimulation for lasting persistence, while young T
cells respond upon CD28 costimulation (Hombach et al. 2013). The T cell phe-
notype and functional capacities can also be modulated by co-treatment with kinase
inhibitors. Ibrutinib, a Bruton tyrosine kinase (BTK) inhibitor used for CLL
treatment, reduces PD-1 and exhaustion of CAR T cells and thereby increases
persistence and anti-tumor activity in the long term (Ruella et al. 2016b).

(e) How can a high-quality T cell product be manufactured for an increasing
number of patients in a standardized process?

Currently, most CAR T cells are produced by a manual process in specialized GMP
units, frozen, and shipped to the patient’s hospital (Köhl et al. 2018). Manufacturing
a growing number of cell products in this fashion will come to its limits, in par-
ticular, when thousands of patients require their own cell products in due time.
A decentralized, in-hospital manufacturing by an automated, fully controlled and
entirely closed system needs to be established. This will also require a high degree
of standardization in the manufacturing process, will be less cost-intensive, and
would avoid sophisticated logistics in transportation of blood and cell products.

(f) Will “universal” CAR T cells outsmart patient’s “individualized” CAR T cells?

So far, patient’s T cells are genetically engineered with the CAR for the individual
patient and the individual tumor. A number of efforts are aiming at generating
“universal” T cells which can be applied to a number of patients independently of
their MHC which requires making the CAR T cell invisible to the patient’s immune
system. Moreover, the allogeneic CAR T cell needs to be deficient in alloreactivity
against the patient’s healthy tissues which is achieved by targeted disruption of the
TCR a-chain locus (Qasim et al. 2017). In this line, CAR-modified virus-specific T
cells and T cells with silenced endogenous TCR are explored toward a “universal”
cell product (Poirot et al. 2015; Cruz et al. 2013; Wang et al. 2015b). While
additional manipulations need to be performed to avoid immune destruction of such
“universal” CAR T cells, a cell product “off-the-shelf” or a “third-party” cell bank
would provide much more flexibility in the clinical application and would help to
establish adoptive cell therapy for a higher number of patients.

(g) Will major CAR T cell therapy-associated adverse events be controlled?

CAR T cell treatment can cause severe side effects which need intensive care
hospitalization; the cytokine release syndrome (CRS) is a frequently occurring; first,
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steps to standardize grading and treatment regimens are made (Davila et al. 2014;
Maude et al. 2014b; Riegler et al. 2019; Teachey et al. 2016). However, as long as
the CAR T cell protocols and treatment procedures differ and the various param-
eters were not clinically evaluated in a comparative clinical setting, more general
conclusions cannot be drawn from individual trials and further optimization in
mono- and combo-immune therapies is difficult to perform in a timely fashion. In
the case of uncontrolled toxicity, CAR T cells need to be selectively and rapidly
eliminated; co-expressed suicide genes or domains targeted by depleting antibodies
may be mandatory. An example is the induced apoptosis by dimerization of the
inducible caspase-9 (iCasp9) upon addition of the dimerizing agent AP1903
resulting in the elimination of >90% of T cells within 30 min (Thomis et al. 2001;
Tey et al. 2007; Di Stasi et al. 2011; Zhou et al. 2014). However, spontaneous
dimerization occurs in a substantial basal frequency producing a constant level of
apoptotic cells. Alternatively, CAR T cells can be cleared by antibody-dependent
cellular cytotoxicity (ADCC) using antibodies targeting a CAR domain, for
instance, rituximab for a co-expressed CD20 epitope or cetuximab for EGFR tar-
geting (Philip et al. 2014; Wang et al. 2011; Serafini et al. 2004). The caveat is that
cancer patients with a dysfunctional immune system may have limited capacities to
remove the CAR cells by ADCC, especially in the case of toxicity.

(h) Will there be a specific preconditioning for each type of cancer?

In order to sustain CAR T cell engraftment and amplification, patients are subjected
to a non-myeloablative lymphodepletion prior to adoptive T cell transfer and IL-2
substitution in the following weeks. The pretreatment with fludarabine and
cyclophosphamide also impacts the tumor tissue by depleting suppressor cells and
mild cell destruction releasing tumor-associated antigens to the immune system.
Although basically effective, the currently used preconditioning regimen still needs
further optimization. A cancer-specific protocol may be required to meet the par-
ticular situation of solid or disseminated tumors. For instance, the
non-myeloablative conditioning regimen used in the treatment of Her2+ tumors
(Morgan et al. 2010) was modified to nab-paclitaxel and cyclophosphamide pre-
treatment of biliary tract and pancreatic cancers in order to deplete from desmo-
plastic stroma and to increase T cell infiltration (Von Hoff et al. 2011). Depleting
tumor stroma by nab-paclitaxel may promote HER2 antigen presentation;
cyclophosphamide can deplete inhibitory cells like Tregs and MDSCs among
others. These and other preconditioning regimens may create a more appropriate
environment for CAR T cell activities. On the other hand, preconditioning can be
highly toxic in the context of CAR T cell therapy. Cerebral edema and CAR T cells
in cerebral spinal fluid are commonly observed in CD19 CAR T cell trials (Maude
et al. 2014a; Davila et al. 2014; Hu et al. 2016). Following intensified lym-
phodepletion with fludarabine, neurologic toxicities caused fatal complications in a
recent trial, reducing lymphodepletion still induced uncontrolled toxicities and
deaths (NCT02535364). Further research is needed to elucidate the mechanism of
toxicity and to establish more effective pretreatment regimens.
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(i) Can the immune network be manipulated in order to induce a broad
inflammatory response?

The host immune system is substantially involved in tumor rejection initiated by
CAR T cell transfer. Evidences raised in experimental tumor models in which
anti-EGFRvIII CAR T cells conferred resistance to EGFRvIII-negative tumors
(Sampson et al. 2014). A secondary innate cell response can be induced by treat-
ment with IL-12-releasing CAR T cells (IL-12 TRUCKs) which attract and activate
M1 macrophages in the tumor tissue to eliminate those cancer cells which are
invisible to CAR T cells (Chmielewski et al. 2011). IL-18 CAR T cells shape the
immune cell environment of targeted tumors in a specific fashion by increasing the
numbers of tumor-associated CD206− M1 macrophages and NKG2D+ NK cells and
reducing Treg cells, suppressive CD103+ dendritic cells, and M2 macrophages
(Chmielewski and Abken 2017). Other immune response modifiers deposited in the
tumor tissue by CAR T cells will be explored in the near future in order to shape a
broader anti-tumor immune response. Checkpoint blockade is the first step in this
direction; targeting PD-1 in the context of CAR T cell therapy is currently explored
in a trial (NCT02650999); other checkpoints or combinations thereof need likewise
clinical exploration, in particular, since checkpoints are part of a regulatory network
and specific checkpoints like TIM-3 are upregulated upon PD-1 blockade (Koyama
et al. 2016).

11 CAR T Cell Therapy Beyond Cancer

Redirected T cell activation by a CAR is not limited to targets on cancer cells;
moreover, it can be used to target other diseased tissues including infected cells.
CARs were engineered to target viral antigens on the surface of cells infected by
hepatitis B virus (Krebs et al. 2013), hepatitis C virus (Sautto et al. 2016), cyto-
megalovirus (Full et al. 2010), and HIV (Romeo and Seed 1991; Deeks et al. 2002).
Carbohydrate epitopes on aspergillus can be targeted by using dectin-1, a
pattern-recognition receptor from the innate immune system, as binder to disrupt
germination of the fungus (Kumaresan et al. 2014). B cells can also be targeted by
CAR T cells which are used to eliminate memory B cells expressing an anti-Dsg3
antibody, responsible for the pathology of pemphigus vulgaris (Ellebrecht et al.
2016). Auto-reactive T cells were targeted by CAR T cells recognizing
MHC-presented auto-antigen (Jyothi et al. 2002; Margalit et al. 2003). Of broader
clinical interest is the development of CAR Treg cells for use in the long-term
control of autoimmune diseases like colitis (Elinav et al. 2008), allergic asthma
(Skuljec et al. 2017), and graft versus host disease by targeting HLA (MacDonald
et al. 2016; Boardman et al. 2017; Noyan et al. 2017). The experimental data
sustain the concept that CAR Tregs can be used to promote immune tolerance in the
therapy of autoimmune diseases.
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Targeting Cancer with Genetically
Engineered TCR T Cells

Thomas W. Smith Jr. and Michael I. Nishimura

1 Historical Perspective

Although adoptive cell transfer (ACT) of genetically engineered T cell receptor
(TCR) T cells is a trending topic within the field of immunotherapy, its origins can
be traced back to the late 1960s. In 1969, Alexander Fefer showed 30–40%
complete regression in Moloney sarcoma virus (MSV) induced tumor mice when
treated with splenocytes or serum from syngeneic mice that had previous tumor
regression (Fefer 1969). The next major breakthrough in the field came when
lymphocytes could be isolated and cultured ex vivo for extended periods of time.
Human and murine cytotoxic T cells were cultured and grown with T cell growth
factor (TCGF) which was obtained from antigen-stimulated lymphocytes (Gillis
and Smith 1977; Morgan et al. 1976). It was not known what in TCGF drove
T-lymphocyte development, and subsequent advancements in ACT focused on the
isolation of the specific growth factor in TCGF, which led to the discovery of IL-2
(Morgan et al. 1976; Liao et al. 2013). Studies initially began with IL-2 activating
isolated murine splenocytes, thus transferring lymphokine-activated killer
(LAK) cells to treat pulmonary metastases in mice (Mule et al. 1984). Subsequent
clinical trials using LAK cells showed promising results, with 11 out of 25 patients
with metastatic melanoma having objective responses (greater than 50% volume
reduction) and one patient having a complete response (Rosenberg et al. 1985).
However, it was subsequently shown that the administration of IL-2 alone provided
the anti-tumor response calling into question the role of LAK cells in anti-tumor
immunity (Rosenberg et al. 1987, 1993). LAK cells were deficient in tumor
specificity and were compromised of aggregates of lymphoid cells with differential
antigen targeting. Further studies showed that 26% of metastatic melanoma patients
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who responded to systemic IL-2 mono-therapy treatment reported vitiligo; how-
ever, none of the IL-2 non-responders (27 patients) reported vitiligo (Rosenberg and
White 1996). Vitiligo being autoimmune destruction of melanocytes suggested that
the mechanism behind IL-2-mediated cancer regression was antigen-specific, thus
likely requiring T cells.

The next major development in ACT was the isolating and expansion of T
lymphocytes from tumor explants (Yron et al. 1980). Improved isolation of T cells
from tumor samples led to a subpopulation of reactive T cells, named
tumor-infiltrating lymphocytes (TIL) (Rosenberg et al. 1986). Expanded TIL
populations consisted of CD3+ T cells and were found to produce interferon-c
(IFNc) and tumor necrosis factor-a (TNFa) when presented with autologous tumors
and led to tumor regression in vivo in both human and murine models (Barth et al.
1991; Yannelli et al. 1996). TIL were more effective than LAK cells, with murine
studies showing TIL to be 50–100 times more effective than LAK at eliminating
pulmonary micrometastases (Rosenberg et al. 1986). TIL were able to be isolated
from multiple cancer models in humans and mice and could be expanded
large-scale ex vivo (Yannelli et al. 1996; Topalian et al. 1987). In humans, TIL
were reported to be isolated from melanoma, renal cell cancer, lung cancer, hep-
atocellular carcinoma, colorectal cancer, breast, and ovarian cancer lesions (Yoong
and Adams 1996). However, clinical response rates varied significantly for TIL
clinical trials, with overall response rates from 60 to 0% of the patients treated
(Rosenberg et al. 1986, 1988; Yoong and Adams 1996). Moreover, TIL isolation
was difficult and had poor yields, with isolates often contaminated with tumor cells.
With varying clinical responses and difficulties standardizing TIL isolation and
expansion across multiple cancer models continued research expanded into the
mechanism behind TIL tumor identification and killing.

1.1 Target Antigen Identification

Further development with ACT involved the identification of the antigens recog-
nized by TIL. T cell activation and function is restricted by the major histocom-
patibility (MHC) allele presenting antigen to the T cell. CD8+ and CD4+ T cells
recognize peptide antigens presented by MHC class I or II molecules, respectively
(Spear et al. 2016a). MHC class I molecules are present in all nucleated cells and
are encoded by the human leukocyte antigen (HLA)—A, B, or C genes in humans
and the H-2 K, D, and L genes in mice. MHC class molecules generally present
peptides derived from intracellularly encoded antigens to CD8+ T cells. MHC class
II molecules are present in professional antigen-presenting cells (APC) and are
encoded by HLA—DP, DR, and DQ genes in humans and I-A and I-E genes in
mice. MHC class II molecules generally present peptides derived from extracel-
lularly encoded antigens to CD4+ T cells. CD8+ T cells are generally considered
cytotoxic T lymphocytes (CTL) secreting cytokines and cytotoxic granules leading
to target cell destruction, while CD4+ T cells are generally considered T helper
cells secreting cytokines that augment the CTL function. Understanding of the
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mechanisms behind T cell target antigen selection by TCRs led to specific research
into cancer antigens isolated to tumor cells, so-called tumor-associated antigens
(TAA) (Townsend and Bodmer 1989). The first TAA discovered in humans was
identified in melanoma tumor cells, named melanoma-associated antigen 1
(MAGE-1) (van der Bruggen et al. 1991). Ensuing melanoma differentiation anti-
gens identified are numerous and included MAGE-3, tyrosinase, gp100 (PMEL),
MART-1 (Melan-A), and gp75 (Yoong and Adams 1996). A clinical trial involving
metastatic melanoma patients showed patients who received TIL having specificity
for MART-1 peptide had a median survival time 15 times longer than patients who
received TIL lacking specificity for MART-1 peptide, and this highlights the
importance of tumor antigen specificity in the success of ACT (Benlalam et al.
2007).

TAA have been discovered beyond melanoma across multiple human cancer
types. T cell antigens have been identified in melanoma, colon cancer, lung cancer,
breast cancer, prostate cancer, pancreatic cancer, thyroid cancer, cervical cancer,
anal cancer, oropharyngeal cancer, mesothelioma, and multiple B cell malignancies
(Yarchoan et al. 2017) (Table 1). TAA are numerous, and many antigens are
specific to not only a single cancer type but to an individual patient due to specific
isolated mutations. Much interest surrounded finding tumor antigen targets that
were shared across multiple cancer histologies and were present in all patients with
the disease of interest. MAGE-1, the melanoma TAA, was subsequently further
classified as a cancer-testis antigen (CTA) found to be associated with multiple
malignancies (including breast, lung, bladder, ovary, and melanoma), but only
expressed on a minimal amount of endogenous tissue (Sang et al. 2011). CTA
antigens are naturally reserved primarily for fetal development being isolated on
germ-line tissue, trophoblasts, and placenta (Sang et al. 2011). CTA antigens are
numerous and include MAGE-1, MAGE-3/9/12, and NY-ESO (Hinrichs and
Restifo 2013). Although CTAs linked multiple malignancies, significant interest
surrounded the discovery of a TAA linked with all malignancies, a so-called
universal TAA.

Research into universal TAA has led to targets that are aberrantly produced in
tumor cells, including p53, Her-2, and hTERT (Nishimura et al. 2005). A tumor
suppressor gene, p53, is commonly mutated in many cancers, Her-2 is a receptor
tyrosine kinase overexpressed in multiple cancer models, and hTERT is human
telomerase reverse transcriptase commonly mutated for telomerase activation
(Theobald and Offringa 2003; Kuball et al. 2002; Theobald et al. 1995; Vogelstein
et al. 2000; Kyte et al. 2016; Lustgarten et al. 1997; Weiss et al. 2012). Although
these are attractive tumor targets shared with many cancers, there is considerable
concern of cross-reactivity due to the protein presence in all endogenous tissues.

With concern for cross-reactivity toward endogenous tissue, antigens isolated to
tumor cells alone are an attractive T cell target. All cancer histologies share a
common transformation pathway, and cancer cell growth is driven by mutagenesis
leading to mutations affecting cell regulation and growth (Garraway and Lander
2013). These genetic mutations lead to mutated proteins, which are specific to the
cancer cells compared to endogenous proteins, thus termed neoantigens (Yarchoan
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Table 1 Tumor Associated Antigens (TAA)

Target Malignancy Tumor-associated
antigen (TAA) type

References

Tyrosinase Melanoma Melanoma/melanocyte
differentiation antigen
(MDA)

Yoong and Adams (1996),
Roszkowski et al. (2003),
Nishimura et al. (1999),
Moore et al. (2017)

gp100
(PMEL)

Melanoma Melanoma/melanocyte
differentiation antigen
(MDA)

Yoong and Adams (1996),
Johnson et al. (2009), Moore
et al. (2009), Voelkl et al.
(2009)

gp75 Melanoma Melanoma/melanocyte
differentiation antigen
(MDA)

Yoong and Adams (1996)

TRP-1 Melanoma Melanoma/melanocyte
differentiation antigen
(MDA)

Yoong and Adams (1996)

MART-1
(MELAN-A)

Melanoma Melanoma/melanocyte
differentiation antigen
(MDA)

Yoong and Adams (1996),
Benlalam et al. (2007),
Johnson et al. (2009)

MAGE-1 Melanoma Cancer–testis antigen
(CTA)

van der Bruggen et al.
(1991), Sang et al. (2011),
Hinrichs and Restifo (2013)

MAGE-3/9/12 Melanoma, multiple
myeloma, esophageal,
and synovial cell
sarcoma

Cancer–testis antigen
(CTA)

Yoong and Adams (1996),
Sang et al. (2011), Hinrichs
and Restifo (2013), Morgan
et al. (2013)

NY-ESO-1 Melanoma, synovial
cell sarcoma

Cancer–testis antigen
(CTA)

Hinrichs and Restifo (2013),
Robbins et al. (2011),
Rapoport et al. (2015)

p53 Numerous Aberrantly
regulated/expressed

Vogelstein et al. (2000),
Theobald and Offringa
(2003), Theobald et al.
(1995), Kuball et al. (2002,
2005)

Her2/Neu Numerous (colon,
breast)

Aberrantly
regulated/expressed

Lustgarten et al. (1997),
Weiss et al. (2012)

KRAS Numerous (pancreatic,
colon, lung)

Aberrantly
regulated/expressed

Wang et al. (2016)

hTERT Numerous Aberrantly
regulated/expressed

Hiyama et al. (2001)

MUC1 Numerous (pancreatic,
colon, and lung)

Aberrantly
regulated/expressed

Mukherjee et al. (2004)

WT1 Myelodysplastic
syndrome, non-small
cell lung cancer, and
mesothelioma

Aberrantly
regulated/expressed

Ochi et al. (2011), Call et al.
(1990)

CD19 B cell malignancies Aberrantly
regulated/expressed

Uckun et al. (1988)

(continued)
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et al. 2017). Melanoma has a high rate of mutagenicity, compared to other cancers,
thus has an increased mutational load making neoantigens plentiful (Kamta et al.
2017). An example of an initial neoantigen discovered was a mutated b-catenin
protein differing by one amino acid for the endogenous protein, discovered while
screening TIL T cell reactivity (Robbins et al. 1996). Furthermore, a separate TAA
group target viral induced malignancies and have immediate tumor target antigens
linked to viral proteins, including malignancies related to HPV, HCV, HIV, EBV,
and CMV infections (Scholten et al. 2011; Pasetto et al. 2012; Spear et al. 2016b;
Ueno et al. 2004; Zheng et al. 2015).

Ideal targets for ACT would target specific peptides presented by tumor cells and
not normal tissues or cells. MAGE-1, being a CTA antigen, is tumor-specific
(endogenously only present on non-MHC bearing human testes), however, other
TAA, including MART-1, gp100, and tyrosinase, are present on both normal
melanocytes and melanoma tumor cells (Sang et al. 2011). There have been reports
of adoptively transferred cells targeting tyrosinase, gp100, and MART-1 leading to
the destruction of not only melanoma cells but healthy melanocytes, leading to
vitiligo (Rosenberg and White 1996; Yee et al. 2000). Furthermore, gp100 reactive

Table 1 (continued)

Target Malignancy Tumor-associated
antigen (TAA) type

References

CAIX Renal cell cancer Aberrantly
regulated/expressed

Lamers et al. (2006)

HERV-E Renal cell cancer Aberrantly
regulated/expressed

Cherkasova et al. (2013)

PSMA Prostate cancer Aberrantly
regulated/expressed

Ma et al. (2014)

PSA Prostate cancer Aberrantly
regulated/expressed

Xue et al. (1997), Harada
et al. (2003)

PSCA Prostate cancer Aberrantly
regulated/expressed

Morgenroth et al. (2007)

PAP Prostate cancer Aberrantly
regulated/expressed

Machlenkin et al. (2005)

CEA Colon cancer Aberrantly
regulated/expressed

Parkhurst et al. (2009, 2011)

Thyroglobulin Thyroid Aberrantly
regulated/expressed

Verginis et al. (2002),
Papewalis et al. (2010)

Gag HIV Viral antigens Ueno et al. (2004)

HCV HCV Viral antigens Pasetto et al. (2012), Spear
et al. (2016b)

HPV E6/7 HPV Viral antigens Scholten et al. (2011)

LMP-2 EBV Viral antigens Zheng et al. (2015)
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adoptively transferred cells have been shown to cause ocular toxicity in patients,
due to the destruction of melanocytes present in the eye (Palmer et al. 2008). This
“on-target, off-tumor” reaction to the TCRs targeting the gp100 peptide is an
example of adverse reaction and illustrates the importance of proper TAA selection
(Spear et al. 2016a).

There are numerous TAA for multiple cancer types, and studies have shown that
melanoma patients have endogenous T cells reactive to TAA in approximately 60–
75% of patients; however, cancer does not regress (Cohen et al. 2015; Gros et al.
2016). Moreover, reactive TIL can only be isolated from approximately 50% of
melanoma tumor explants, and for other tumor histologies, this number is signifi-
cantly lower (Dudley et al. 2003). Even with endogenous T cell populations specific
for cancer, TIL processing is a challenging and long process; this is the setting for
which genetically engineered TCR T cells are being developed.

2 TCR Engineered T Cells

T cells are antigen-specific, and their specificity is mediated by the TCR. TCRs are
heterodimers, consisting of a and b membrane-bound subunits which couple with
CD3 complexes leading to intracellular signal transduction when presented with
MHC bound antigens (Spear et al. 2016a). Initial characterization of TCR a and b
chains used individual clones of tumor-reactive TCRs, these clones were identified
in numerous manners including screening individual TIL clones and testing for
reactivity to peptide-loaded antigen-presenting cells and by immunizing transgenic
mice with specific TAA and identifying reactive murine TCRs (Johnson et al. 2009;
Hughes et al. 2005; Gao et al. 2000; Clay et al. 1999a, b; Cole et al. 1995).

Once individual tumor-reactive TCR a and b chains were identified, the next
hurdle was to safely and efficiently transfer a and b genes to cells and see if the pair
reconstitute as a functional TCR. This was initially accomplished by transfecting a
and b chain genes from a MART-1-specific T cell clone (TIL 5) into Jurkat cells
(immortalized T cell lymphoma line) (Cole et al. 1995). In vitro functional assays of
Jurkat cells transfected with the a and b chain genes from the MART-1-specific T
cell clone (TIL 5) showed reactivity to peptide-loaded cells with reactive tumor
peptide; however, there was no reactivity toward HLA-matched melanoma tumor
lines (Cole et al. 1995). The Jurkat studies led to the next major advance in TCR
gene transfer which was the transduction of human PBL-derived T cells (Cole et al.
1995; Clay et al. 1999b). These transduced human T cells derived from PBL
showed reactivity to not only peptide-loaded cells with reactive tumor peptide but
also HLA-matched tumor cell lines (Clay et al. 1999b). This tumor recognition by
transduced PBL-derived T cells and not Jurkat-derived T cells would later be
discovered to be caused by Jurkat cells’ lack of CD8 co-stimulatory effect and led a
discussion into different affinity levels of newly discovered TCRs and their asso-
ciated functional avidity.
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2.1 Affinity Enhancements

Naturally occurring high-affinity TCRs are in the minority and difficult to find
naturally due to central and peripheral tolerance leading to negative selection, and
thus, groups have moved to increase the affinity of receptors with genetic modifi-
cation (Schmitt et al. 2015). It was hypothesized that CD8 independence of reactive
TCRs designates the receptor as high affinity (Roszkowski et al. 2003, 2005). The
majority of TCRs used in ACT trials are MHC class I restricted, thus interacting
with and requiring CD8 (Spear et al. 2016a). However, multiple groups have
identified CD8 independent TCRs, including CD4+ T cells MHC class I restricted
with tumor reactivity (Nishimura et al. 1999; Callender et al. 2006). In other words,
CD4 and CD8 interaction with MHC is required for low-affinity TCRs, when
MHC/TCR binding affinity is weak (Cole et al. 1995; Clay et al. 1999b; Rosz-
kowski et al. 2005; de Vries et al. 1989; Lyons et al. 2006). Using an HLA-A2
transgenic mouse model, high-affinity receptors could be screened for because
murine CD8 cannot bind to human HLA-A2 a3 domain, and thus, all reactive
TCRs were CD8 independent in this model (Theobald et al. 1995; Kuball et al.
2005). This led to a large effort to identify high-affinity TCRs, with the theory that
the highest affinity receptors would have the highest functional avidity (Zhu et al.
2015). However, the relationship between affinity and functional avidity was found
to not always be positively correlated (Roszkowski et al. 2005; Zeh et al. 1999;
Moore et al. 2009). High-affinity receptors were difficult to identify and few in
number compared to low-affinity receptors (Alexander-Miller et al. 1996).

Instead of relying on finding naturally occurring TCRs with high affinity and
avidity, there was a movement toward genetically enhancing T cell affinity. Genetic
modifications leading to changes in the TCR complementarity-determining region
(CDR), site of the a and b chains involved in TCR surface interaction with
peptide/MHC complex, have led to variations in the affinity and avidity of modified
TCRs. CDR mutations initially discovered via bacteriophage and yeast display
created increased affinity receptors, compared to wild type (Li et al. 2005; Richman
et al. 2006). Murine studies showed that the transduction of affinity-enhanced
TCRs, including WT1 and MSLN TCRs, did not lead to autoimmune reactivity in
the mouse and had increased avidity in response to antigen stimulation (Li et al.
2005; Richman et al. 2006; Schmitt et al. 2013; Tan et al. 2017). It was shown that
even single amino acid substitutions in the TCR CDR regions can lead to increased
affinity and tumor recognition, across multiple receptors reacting to various peptides
including NY-ESO-1 and MART-1 (Robbins et al. 2008).

A clinical trial performed using a genetically modified TCR targeting NY-ESO-1
with a two amino acid substitution in the CDR region, treated patients with
metastatic melanoma and metastatic synovial cell sarcoma at National Cancer
Institute (NCI) with objective responses seen in 5 of 11 patients with melanoma and
4 of 6 patients with synovial cell carcinoma (Robbins et al. 2011). Another clinical
trial involving advanced disease multiple myeloma patients using affinity enhanced
genetically modified TCRs targeting NY-ESO-1 and LAGE-1, after autologous
stem cell transplant, showed 16 out of 20 patients with median survival greater than
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19 months (Rapoport et al. 2015). Not only did this study show increased survival
but it tracked the genetically modified T cells post ACT in the patients and showed
trafficking to the bone marrow by day 7 and persistence beyond 6 months
(Rapoport et al. 2015). Not all affinity-enhanced TCRs led to such positive results, a
clinical trial reported of metastatic melanoma patients using an affinity-enhanced
TCR targeting MAGE-A3 with specific alterations made via site-directed muta-
genesis to the CDR3 region, which led to clinical regression in 5 out of 9 patients
but also had significant neurological toxicities causing lethal adverse events in 2 out
of 9 patients (Morgan et al. 2013). The cause of death of the patients was due to
necrotizing leukoencephalopathy caused by cross-reactivity of the gene-modified
TCR targeting MAGE-A3 with MAGE-A12 located on the human brain. The
gene-modified TCR was known to have reactivity to MAGE-A3/A9/A12, so this
adverse reaction is an example of “on-target, off-tumor” specificity leading to the
neurologic toxicity. Another example of “on-target, off-tumor” adverse reaction
was with a clinical trial involving metastatic colorectal patients with ACT of a
transgenic murine TCR reactive against carcinoembryonic antigen (CEA) with a
single amino acid affinity enhancement in the CDR region which led to objective
regression of lung and liver metastasis in 1 out of 3 patients, however, also led to
transient inflammatory colitis (Parkhurst et al. 2009, 2011). Not all toxicities are
caused by “on-target” peptide recognition, a gene-modified TCR again targeting
MAGE-A3 melanoma peptide, was affinity enhanced via screening bacteriophage
display mutants, which led to acute cardiac failure and death in the first 2 patients
enrolled in the cohort (Linette et al. 2013). It was discovered that the genetically
modified TCR targeting MAGE-A3 was also reactive against the titin protein
present in cardiac tissue leading to “off-target, off-tumor” autoimmune reaction that
led to the death of the 2 patients enrolled (Cameron et al. 2013).

The goal of affinity-enhanced TCRs is to increase the T cell specificity and
functionality; however, the evidence of multiple studies with adverse reactions due
to cross-reactivity with endogenous tissue has led to concern. Beyond selecting for
high-affinity receptors or affinity enhancing receptors, multiple strategies have been
explored to improve TCR a and b vector delivery.

2.2 Vector Design and Pairing

There are multiple vector systems that have been used to transduce the a and b
chain genes to human PBL-derived T cells, and a majority of vector delivery from
multiple groups have focused on integrating viral vectors (including retroviral and
lentiviral systems); however, different groups have experimented with multiple
systems, including naked DNA/RNA transfection, adenovirus vectors, and poxvirus
vectors (Clay et al. 1999a; Kessler et al. 1996; Fisher et al. 1997). The benefit of
integrating viruses, specifically retroviral systems, includes stable transgene
expression over an extended period of time and the ability to create stable cell
packaging lines to produce replication competent virus (Clay et al. 1999a). The first
gene transfer study performed on humans transferred neomycin resistance via a
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retroviral vector to TIL reactive against melanoma, thus transfusing genetically
engineered TIL (Clay et al. 1999a; Rosenberg et al. 1990). Retroviral transduction
allows for stable integration of the a and b chain genes into the genome leading to
the transduced cells then having multiple copies of a and b TCR chains, the
transduced and endogenous copies. Beyond vector delivery and integration, vector
construction relied on facilitated translation and expression of the a and b chains of
interest. Multiple mechanisms have been used to aid in the coordinated translation
of the transduced a and b chains, including internal ribosome entry sites (IRES) and
viral 2A self-cleaving protein sequences (Rosenberg et al. 2008). Viral 2A
self-cleaving protein sequences and IRES components are designed between the a
and b chains so that the a and b subunits would be translated in a 1:1 stoichiometric
ratio (Leisegang et al. 2008).

The a and b subunits of transduced TCRs can dimerize with the T cell’s
endogenous TCR subunits leading to mispairing. Mispairing of the transduced and
endogenous a and b subunits leads to decreased cell surface expression of the
heterodimer of interest, which decreases reactivity toward tumor peptide antigen
(Cole et al. 1995). Even more important is that mispairing of endogenous and
transduced TCR subunits has the potential to create novel and unintended antigen
specificity, including autoimmune reactivity (van Loenen et al. 2010; Sommer-
meyer et al. 2006). Murine models showed evidence of autoimmune
graft-versus-host disease post ACT with transduced T cells with ovalbumin specific
OT-1 TCR (Bendle et al. 2010). It was shown that mixed dimerization consisting of
endogenous and transduced TCR subunits led to lethal graft-versus-host disease in
these mice. However, this lethal autoimmune graft-versus-host disease has not been
shown to date in humans, and the Rosenberg Group published a large cohort of 106
patients treated with multiple retroviral transduced TCR groups, including human
and murine TCRs against melanoma antigens, and showed no evidence of
graft-versus-host disease (Rosenberg 2010). The concern for “off-target, off-tumor”
reactivity from the novel pairing of transduced and endogenous TCR subunits led to
some investigators to reduce mispairing via genetic modifications of transduced
TCRs (Spear et al. 2016a).

The goal of initial genetic modifications was to increase pairing of transduced
TCR subunits post-translation by increasing the pairing the a subunit for the
specific b subunit of interest. Codon optimization changed the genetic sequence, by
increasing translational efficiency, without changing the protein sequence which led
to increased production and surface dimerization of transduced a and b subunits
(Scholten et al. 2006). Not only does codon optimization increase surface pairing
between a and b subunits, it has been shown to increase in vitro tumor peptide
recognition compared to wild-type receptors (Jorritsma et al. 2007; Leisegang et al.
2010). Beyond codon optimization, the addition of cysteine residues in the extra-
cellular domains of the TCR leads to the creation of disulfide bonds across the a
and b heterodimer leading to the increased potential pairing of the introduced
chains (Cohen et al. 2007; Kuball et al. 2007). In a similar fashion, the addition of
leucine zippers to the a and b chains leads to a coiled-coil formation lending
increased binding between the subunits (Chang et al. 1994). Addition of murine
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constant regions in human TCRs led to an overexpression of the murine–human
hybrid TCRs on the cell surface and increased T cell function when compared to
pure human counterparts, and moreover, the murine–human hybrid showed
increased CD3 binding stability (Cohen et al. 2006). Both of these factors led to
increased in vitro function, evidenced by increased cytokine production (Cohen
et al. 2006; Sommermeyer and Uckert 2010). To completely bypass the issue of
mispairing, single-chain TCRs have been created fusing the a and b chain variable
and constant regions only allowing for specific pairing (Voss et al. 2010; Knies
et al. 2016). Although genetic modifications showed increased surface pairing of a
and b chains and increased cytokine function, there is minimal comparison across
the different genetic modifications. We compared codon optimization, leucine
zipper, murine–human hybrid, and a and b single with a hepatitis C virus
(HCV) reactive TCR transduced into human PBL and showed that the murine–
human hybrid and leucine zipper significantly increased receptor cell surface
expression and increased cytokine production when compared to wild-type and
other modifications (Foley et al. 2017). Another approach to increased pairing of
transduced a and b subunits is to knock out endogenous chains with either zinc
finger nucleases, small interfering RNA (siRNA), transcription activator-like
effector nucleases (TALENs), or clustered regularly interspaced short palindromic
repeats (CRISPR) (Okamoto et al. 2009; Provasi et al. 2012; Knipping et al. 2017).

Although the increased pairing of the transduced a and b subunits increases the
specificity of genetically engineered TCR T cells for tumor targets of interest
in vitro, no trials have compared the pairing modifications clinically. To help
mitigate the potential for cross-reactivity leading to adverse reactions, some groups
have developed safety check mechanisms.

2.3 Suicide Switches

The development of suicide switches, which can lead to inducible cell death of the
transduced cells, was created to help minimize potential toxicities of genetically
modified TCRs. Multiple suicide switches have been developed with the overriding
goal of reversing adverse events when observed in patients by activating death
pathways of the genetically modified transduced T cells. One group co-transduced
inducible caspase 9 (iCasp9) along with their TCR of interest, allowing activation
of the intrinsic cellular apoptosis pathway via administration of a bio-inert drug,
AP1903, which showed 90% elimination of gene-modified TCRs within 30 min
(Di Stasi et al. 2011). Other groups have co-transduced herpes simplex virus
thymidine kinase (HSV-TK) with the gene-modified T cells, leading to ganciclovir
sensitivity of the transduced cells (Bonini et al. 1997). These genetic modifications
allow for a controllable means to regulate adoptively transferred T cells in the
instance of an adverse reaction.
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2.4 Cytokines and Tumor Microenvironment

With multiple examples of adverse reactions with affinity-enhanced-gene-modified
TCRs, there has been a focus on the survival and persistence of adoptively trans-
ferred cells in the tumor microenvironment. Many clinical protocols call for
non-myeloablative chemotherapy for lymphodepletion prior to administration of
adoptively transferred gene-modified T cells (Dudley et al. 2005). The purpose of
this lymphodepletion is to decrease endogenous T cells, thereby decreasing com-
petition for limited cytokines and decreasing populations of immunosuppressive
cells, including T regulatory cells (Gattinoni et al. 2005). Furthermore, lym-
phodepletion removed antigenic competition by depleting endogenous T cells,
thereby increasing the percentage of free peptide/MHC complexes for binding and
activation of transduced T cell population (Kedl et al. 2000). A clinical trial
involving refractory metastatic melanoma patients treated 35 patients with
non-myeloablative chemotherapy, consisting of cyclophosphamide and fludarabine,
followed by ACT of TIL and demonstrated over 50% objective response (Dudley
et al. 2005). Beyond chemotherapy to provide lymphodepletion, multiple studies
have involved total body irradiation (TBI) to reduce endogenous T cell populations
prior to ACT. One such study compared the objective response rates of metastatic
melanoma patients infused with autologous TIL with different preparative lym-
phodepletion regimens, including myeloablative chemotherapy and either 2 or
12 Gy of TBI (Dudley et al. 2008). The 2 Gy group had an objective response rate
of 52%, and the 12 Gy group had an objective response rate of 72% (Dudley et al.
2008).

Beyond lymphodepletion many ACT protocols, including the clinical trial just
referenced, called for systemic administration of exogenous IL-2 to augment the
adoptively transferred cells function and persistence. A phase I clinical trial com-
pared ACT post non-myeloablative chemotherapy with either no IL-2, low-dose
(72,000 IU/kg 3� daily) IL-2, and high-dose (720,000 IU/kg 3� daily) IL-2
(Dudley et al. 2002). The study had no objective responses in disease progression;
however, all toxicities with different dosages were transient and tolerated by the
patients (Dudley et al. 2002). Both lymphodepletion and systemic IL-2 therapy are
toxic and morbid to the patient. IL-2 treatment is extremely toxic to patients,
leading to multiple morbidities including hypovolemic shock due to capillary leak
syndrome so much so that multiple centers require an ICU admission for admin-
istration (Rosenberg et al. 1994). For these reasons, there has been a push to
genetically engineer modified T cells to increase their survival and persistence
in vivo, thereby potentially reducing the need for lymphodepletion and systemic
IL-2 therapy, and the discussion has involved IL-15 in vivo stimulation of adop-
tively transferred T cell anti-tumor function with positive results in murine models
but clinical trials still pending (Klebanoff et al. 2004).

There has been development intomodifying adoptively transferred cells to express
their own cytokines, obviating the need for exogenous administration and further
giving the transduced cells survival and persistence advantage over endogenous
lymphocytes. One group engineered a tumor-reactive TCR toward melanoma peptide
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gp100 to express single-chain IL-12, and in vivo murine models showed significant
tumor regression with without the need for exogenous IL-2 administration (Kerkar
et al. 2010). They found that the co-transduced cells expressing the gene-modified
TCR and IL-12 produced supra-physiologic levels of IL-12 and required fewer
transduced cells to be administered to cause tumor regression (Kerkar et al. 2010,
2011). Genetic modifications with cytokine development have not been limited to
IL-12, much interest has surround IL-2 and its receptor complex (a heterotrimeric
protein consisting of a, b, and c chains) (Rubinstein et al. 2012). It was shown
in a murine model that cell expressing higher levels of IL2Ra had increased prolif-
eration and anti-tumor ability, and when IL2Ra was blocked by an antibody, this
increase in function was lost (Su et al. 2015). It was subsequently shown in human
T cells that transduction of IL-2 along with TCR of interest led to increased cell
proliferation with low levels of IL-2, with continued anti-tumor ability (Liu and
Rosenberg 2001). These and other studies have led to increased interest in genetically
modifying TCRs to co-express cytokines and cytokines receptors of interest,
allowing autocrine advancement of the gene-modified T cells.

Beyond T cell persistence and function, genetic modifications have also focused
on T cell trafficking and migration to the tumor. A criticism of ACT has been
inefficient trafficking of adoptively transferred cells to solid tumor sites, and this has
been cited as one of the reason for minimal success in solid tumors (beyond
melanoma) including breast, ovarian, and colon cancer (Galon et al. 2006). The
tumor microenvironment has been studied and shown that high infiltrates of
tumor-infiltrating lymphocytes lead to positive prognostic indications across mul-
tiple cancer models (Baier et al. 1998; Clemente et al. 1996). To increase trafficking
to the site of tumor, a group transduced T cells with a chemokine receptor, CXCR2,
which targeted tumor expressed chemokine CXCL1. They subsequently showed the
increased chemotactic ability of transduced T cells toward CXCL1, both recom-
binant and tumor-derived; moreover, they showed increased functional avidity by
increased IFNc secretion (Kershaw et al. 2002). Beyond chemotaxis, to invade the
tumor microenvironment cells need to roll, arrest, and extravasate through the
vascular endothelium and this is mediated through selectins and integrins (Butcher
and Picker 1996). To increase this process, a group increased the T cell surface
expression of integrin a vb 3 ligand, integrin a vb 3 is expressed on tumor
neoangiogenesis endothelial sites (Legler et al. 2004). In an in vivo murine model,
they showed five times increased T cell trafficking to the tumor with integrin a vb 3
ligand group compared to control (Legler et al. 2004).

2.5 T Cell Metabolic Profile

Beyond testing the external functional profile of T cells involved in ACT, including
testing for cytokine patterns with IFNc, IL-2, and TNFa, new attention has been
brought to metabolic profiling of the T cells themselves to determine cellular fea-
tures involved in T cell function and survival (Wilde et al. 2012). For example,
much interest has surrounded research into T helper 17 (TH17) cells, which are a
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subset of T helper cells which appear to be resistant to apoptosis and have long
persistence in vivo while still maintaining anti-tumor function (Murphy and
Stockinger 2010). This phenotype if transferred to genetically modified T cells of
ACT could provide a significant anti-tumor functional advantage in the hostile
tumor microenvironment. The persistence and survival of TH17 cells are mediated
by the hypoxia-inducible factor 1a (HIF-1 a), Notch, and Bcl-2 signaling cascades
(Kryczek et al. 2011). There is thought that T cells could be metabolically pro-
grammed or driven to a phenotype of interest, including a TH17 cell-like lineage to
increase survival (Chatterjee et al. 2017). A group showed that by culturing T cells
in conditions with IL6, IL1b, IL23, and TGFblo, they could metabolically repro-
gram the cell to express a TH17-like phenotype with increased anti-tumor activity
compared to wild-type TH1 cells and control TH17 cells (Chatterjee et al. 2017).
This is just one example of multiple studies involved in reprogramming the
metabolic activity and downstream signaling of T cells to express a phenotype of
interest, to augment T cell survival and functional anti-tumor activity.

3 Future Directions—Combined Approaches with ACT

Future directions with ACT of genetically modified TCR T cells will develop with
combined treatment approaches adding additional immunotherapies to treatment
approaches augmenting anti-tumor functionality (Dietrich and Theobald 2015).
Clinical trials involving combined ACT with peptide tumor vaccination have shown
initial promise, one such study involved metastatic melanoma patients and provided
not only ACT of genetically engineered TCR T cells targeting the MART-1 TAA
but also concurrent vaccination with MART-1 peptide-pulsed dendritic cell
(DC) vaccination. This study showed that 69% of treated patients showed evidence
of tumor regression determined by PET CT (Chodon et al. 2014). Beyond com-
bined vaccination approaches, much development has been made with treatments
involving immune checkpoint blockade. Tumors evade immune responses,
specifically T cell recognition of tumor antigen, in multiple manners, including
upregulation of inhibitory immune checkpoints. Immune checkpoint receptors,
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and programmed cell death
1 (PD-1), downregulate T cell activation and can decrease T cell response to tumor
antigen allowing for immune tolerance and resistance (Pardoll 2012). Moreover, it
has been shown that cancer cell lines, including melanoma and renal cell cancer,
express and upregulate checkpoint inhibitor ligands upon cytokine stimulation
(Blank et al. 2006). Ipilimumab, an anti-CTLA-4 antibody, was FDA approved for
the treatment of metastatic melanoma in 2011 after a clinical trial showed increased
survival of patients receiving the treatment compared to control of gp100 peptide
vaccination (Hodi et al. 2010). There have been indirect comparisons of patients
receiving ACT of genetically modified TCR T cells and subsequently receiving
checkpoint blockade later in their treatment course, a clinical trial treated three
patients with metastatic melanoma with autologous T cells transduced with a
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tyrosinase reactive TIL 1838I TCR (Moore et al. 2017). In this clinical trial, 2 out of
3 patients responded, the two patients who responded subsequently underwent
checkpoint blockade with pembrolizumab (Moore et al. 2017). In one of the
patients receiving pembrolizumab, there was a dramatic increase in the number of
transduced cells evident in the patient post-checkpoint blockade treatment (Moore
et al. 2017). Great future promise holds for combining ACT of genetically enhanced
TCR T cells with checkpoint blockade inhibitors (Page et al. 2014). In vitro data
has shown increased expression of PD-1 on TIL when compared to PBL, and
moreover by blocking PD-L1, it has been shown to increase T cell function mea-
sured by IFNc secretion (Blank et al. 2006).

4 Conclusions

Since Alexander Fefer’s initial success treating murine MSV tumors with adop-
tively transferred serum and splenocytes, the field of immunotherapy and specifi-
cally ACT has been constantly evolving and progressing. Initial accomplishments
in the field were continually mired by cancer’s innate ability to escape immune
monitoring and elimination, by creating immunosuppressive environments and
blocking antigenic identification. Genetically engineered TCR T cells allow limit-
less modification potential to combat cancer’s immune evasion. This potential is
real and evidenced by the drastic amount of current clinical trials underway
involving ACT. Future development surrounds continued studies involving com-
bined approaches using multiple genetic modifications aimed at homing tumor
specificity, increasing T cell persistence, and tumor elimination with sustained
remission. This will be made possible with improvement in the engineering of
genetically modified T cell (with vector design), growing cells in vitro (with
cytokines and metabolic reprogramming), and supporting cells in vivo after
adoptive cell transfer.
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Personalized Neo-Epitope Vaccines
for Cancer Treatment

Mathias Vormehr, Mustafa Diken, Özlem Türeci, Ugur Sahin
and Sebastian Kreiter

1 Introduction

After more than a century of efforts to establish cancer immunotherapy in clinical
practice, the advent of checkpoint inhibition (CPI) therapy was a critical break-
through toward this direction (Hodi et al. 2010; Wolchok et al. 2013; Herbst et al.
2014; Tumeh et al. 2014). Further, CPIs shifted the focus from long studied shared
tumor-associated antigens to mutated ones. As cancer is caused by mutations in
somatic cells, the concept to utilize these correlates of ‘foreignness’ to enable
recognition and lysis of the cancer cell by T cell immunity seems an obvious thing
to do. In this regard, a key scientific observation was that after surgical removal of
methylcholanthrene-induced tumors, mice were protected against a second chal-
lenge with the same tumor cells (Foley 1953; Prehn and Main 1957; Klein et al.
1960). Based on observations in such transplantable mouse model systems from the
1950s and 1960s, the concept of a systemic anti-tumor immunity was developed. It
was only in the late 1980s and early 1990s that Boon and co-workers generated first
data in mice and humans demonstrating that non-synonymous point mutations can
become immunogenic tumor antigens (Lurquin et al. 1989; Coulie et al. 1995).
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Various mutated neo-epitopes were identified as targets of tumor-reactive CD4+ or
CD8+ T cell clones isolated from cancer patients (Sibille et al. 1990; Wölfel et al.
1995; Wang et al. 1999). In 2005, a study by Lennerz et al. indicated that
neo-epitopes rather than non-mutated tumor-associated proteins are the dominant T
cell antigens recognized by the native immune response in melanoma patients.
Altogether, these data supported the notion that expanding preexisting and priming
new neo-epitope specific T cells could provide a rational therapeutic approach
(Lennerz et al. 2005). It was only after the recent advent of next-generation
sequencing technologies, however, that an important technological prerequisite for
the concept of actively individualized neo-epitope vaccination was laid out,
enabling the realization of this innovative treatment approach.

In this chapter, we describe the basic concepts and recent developments in
neo-epitope vaccination and we define the challenges to be overcome in order to
make neo-epitope vaccination a standard of care therapy.

2 Mutations as Sources of Neo-Epitopes

Cancer formation is accompanied by the accumulation of genetic and epigenetic
changes that introduce malignant properties in tumor cells (Hanahan and Weinberg
2011). Mutations that foster tumor growth and survival are called ‘drivers.’ The
vast majority of mutations are considered functionally neutral ‘passengers.’ Irre-
spective of their functional impact, mutations that alter the amino acid sequence of a
protein can be recognized by the immune system. A mutated protein which can be
recognized by lymphocytes is called a ‘neo-antigen’ and the sequence bound to the
lymphocyte receptor is termed ‘neo-epitope.’ Neo-antigens are not expressed in
healthy tissues, including the thymus. As a result, mutation-specific T cells are
unlikely to be affected by central immune tolerance and to cause autoimmune
toxicities.

Single-nucleotide variations (SNVs) are the most abundant type of tumor
mutations (Alexandrov et al. 2013). They can be categorized into silent, missense,
and nonsense. Silent SNVs do not alter the amino acid sequence of a protein. They
occur in non-coding regions of the genome or in exons (in case of the latter called
‘synonymous’) and do not constitute neo-antigens. Nonsense mutations form a
premature stop codon resulting in translation of a truncated protein. A fraction of
SNVs (between about ten to a couple of thousands depending on the tumor type
(Vormehr et al. 2016) alters the protein sequence and therefore can give rise to
neo-epitopes recognized by T cells. Such mutations are called missense or
non-synonymous.

Besides SNVs, small insertions and deletions (indels) and large chromosomal
aberrations, like gene fusions or duplications, occur in tumors. In rare cases, indels
and fusions are in frame and do not alter the reading frame of the gene. In-frame
indels may result in neo-epitopes by insertion or deletion of amino acids. In-frame
gene fusions can cause breakpoint-spanning (the intersection between two formerly
distinct genetic regions) neo-epitopes, as shown for the BCR-ABL fusion protein
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(Bosch et al. 1996). The majority of indels and fusions cause a frameshift, which
may result in new amino acids.

Furthermore, gene fusions may additionally lead to the translation of intronic
sequences. Of note, due to nonsense-mediated mRNA decay, posttranscriptional
quality control mechanisms, not all mutations, manifest themselves on the protein
level (Popp and Maquat 2013). For example, a premature termination codon about
24 nucleotides upstream of a splicing-generated exon–exon junction may trigger the
decay of aberrant mRNA.

Neo-epitope specific immunotherapies currently focus on SNVs and indels.
More complex mutation events are known to occur in cancer, e.g., mutations at an
exon–intron splice site can cause an altered open reading frame leading to amino
acid substitutions that could give rise to neo-epitopes. Technologies to detect such
genetic aberrations, however, are not mature yet.

3 Preclinical Proof of Concept for Individualized
Mutanome Vaccination

Until recently, cancer vaccination focused on tumor antigens shared across patients.
These included only a few mutated targets such as Ras, BRAF, and p53 (Houbiers
et al. 1993; Gjertsen et al. 1995; Somasundaram et al. 2006), as the vast majority of
tumor mutations are private to the individual patient, and personalized treatment
settings were considered as not feasible.

In 2005 with the advent of next-generation sequencing (NGS), a critical step
toward enabling personalized treatment approaches was made (Margulies et al. 2005;
Shendure et al. 2005). NGS was first used for systematic identification of mutated
neo-epitopes in 2012 by the groups of Sahin and Schreiber (Castle et al. 2012;
Matsushita et al. 2012). Castle et al. suggested the use of NGS for identification of
mutated neo-epitopes for cancer vaccination. In the first proof of concept, they
identified neo-antigens derived from point mutations in the B16F10melanomamouse
model. Peptide vaccination addressing predicted neo-epitopes frequently gave rise to
mutation specific T cells and conferred potent tumor control in vivo. Matsushita et al.
determined neo-antigens in tumor cell lines and proofed immune editing by
neo-epitope specific CD8+ T cells. These two landmark publications were succeeded
by several studies. The group of Schreiber followed up on its 2012 paper by showing
that neo-epitope specific T cells are induced upon anti-PD-1/anti-CTLA-4 antibody
treatment. They demonstrated that vaccination against neo-antigens was equally
efficient as checkpoint blockade (Gubin et al. 2014). Experiments in two syngeneic
mouse tumor models, CMS5 and Meth A, indicated that a strong disparity in the
binding affinity to MHC class I between the mutant and the wild-type variant of the
gene is a good predictor for its immunogenicity (Duan et al. 2014). An advancement
of NGS-based neo-epitope prediction was suggested by Yadav and colleagues. By
using mass spectrometry analysis of MHC ligands on tumor cells, they were able to
narrow down the NGS predicted neo-antigens to factually expressed MHC ligands.

Personalized Neo-Epitope Vaccines for Cancer Treatment 155



Vaccination against three identified neo-epitopes resulted in potent control of sub-
cutaneous MC38 tumors (Yadav et al. 2014). Nevertheless, as the author’s state in
their discussion, this process is not yet suitable for clinical application due to technical
and practical reasons. They rather suggested using ‘a purely computational approach’
as initially performed by Sahin and Schreiber. In 2015, Sahin’s group showed that
such a purely in silico guided approach can indeed be successful. Screening almost
200 mutations across three different mouse tumors, they found that neo-epitopes are
more frequent than previously anticipated (Kreiter et al. 2015). Between 21 and 45%
of mutations were immunogenic, and the majority of neo-epitopes were recognized
by CD4+ T cells. Depending on the mouse model, neo-antigen-specific CD4+ T cells
conferred tumor control by inducing tumor-specific CD8+ T cell responses or by
direct IFNc-mediated tumor growth inhibition. Importantly, several candidate epi-
topes selected via MHC class II binding prediction and encoded as RNA
vaccine-mediated potent tumor control without prior selection of immunogenic
variants. Of note, the experimental determination of immunogenic epitopes in tumor
patients’ prior vaccination is not trivial and restricted to preexisting T cell responses.
Thus, by indicating that immunogenic mutations can be enriched in silico without
wet-bench validation, these data contributed substantially to the translation of indi-
vidualized cancer vaccines into the clinics.

4 Prediction of Neo-Epitopes

Tumors of patients display dozens to thousands of expressed mutations with the
majority of them being point mutations (Vormehr et al. 2016). However, only a
fraction of those mutations are immunogenic. Further, the number of mutated
neo-antigen candidates that can be targeted in parallel is limited due to restrictions
by regulatory authorities as well as technical limitations of vaccine platforms.
Currently, 10–20 mutations are typically addressed in clinical trials of individual-
ized cancer vaccines (see Sect. 5). Selecting the mutated targets that are most likely
immunogenic and therapeutically relevant is essential.

So far, there is no consensus on how to prioritize mutations in the most efficient
way. Typically, MHC class I binding prediction is used which has been shown to
enrich for immunogenic CD8+ T cell recognized neo-antigens (Robbins et al. 2013;
Van Rooij et al. 2013; Duan et al. 2014; Johanns et al. 2016; Matsushita et al. 2012;
Yadav et al. 2014; Carreno et al. 2015; Gubin et al. 2014). Algorithms such as
NetMHC (Hoof et al. 2009) and IEDB consensus (Vita et al. 2014) (available at
www.iedb.org) are most frequently used to predict MHC binding affinity. For
common MHC alleles, these algorithms show a very high specificity. This means
that actual T cell epitopes usually have a very strong predicted MHC binding.
However, as the false positive rate is high, the positive predictive value is rather
poor. One reason for this may be that not every MHC ligand is recognized by T
cells due to ‘holes’ in the repertoire. More recently, it has been proposed that the
stability of the MHC–peptide complex is a better predictor for T cell
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immunogenicity as compared to MHC binding affinity. A weak binding stability
could account for up to 30% of non-immunogenic ligands with good MHC class I
binding affinity (Harndahl et al. 2012; Rasmussen et al. 2016; van der Burg et al.
1996). In silico prediction algorithms for MHC–peptide complex stability exist for
only a few alleles (Jørgensen et al. 2014) and the underlying datasets are rather
small and therefore are not broadly applicable.

MHC class II compared to MHC class I binding prediction is less accurate. One
reason for this is that the algorithm is based on a much smaller dataset of binders.
Further, rules for MHC class II binding are more promiscuous than for MHC class
I. CD8 epitopes have a clear length restriction of about 8–11 amino acids with
defined anchor positions. CD4 epitopes usually bind with a core region of nine
amino acids. However, due to an open binding pocket, the core region can be
extended by flanking residues of variable size ranging from a few amino acids to
whole proteins (Arnold et al. 2002). Moreover, MHC class II ligands can bind in
different registers complicating the exact epitope definition (Landais et al. 2009;
Mohan et al. 2011). Since MHC class II-restricted neo-epitopes compared to MHC
class I-restricted neo-epitopes are more abundant, MHC class II binding prediction
was shown to be more efficient in enriching immunogenic neo-antigens (Kreiter
et al. 2015).

The ability of a peptide to be presented on MHC class I furthermore depends on
the expression levels of the MHC molecules, on transporter associated with antigen
processing (TAP) (Peters et al. 2003) as well as C- and N-terminal cleavage
(Kesmir et al. 2002; Saric et al. 2002). Algorithms that combine MHC binding
prediction, proteasomal cleavage as well as TAP transport do exist (Tenzer et al.
2005), and their usefulness, however, is under debate.

Beyond MHC binding prediction, the expression level of the mutated gene is an
important selection criterion. Expression levels are not directly involved in pre-
dicting immunogenic mutations but are factored in when selecting therapeutically
relevant mutations. Only expressed mutated genes can give rise to processed and
presented neo-epitopes on the surface of the tumor cell. It was shown that the
expression level of a protein is correlated with the amount of MHC ligands gen-
erated from it (Bassani-Sternberg et al. 2015) which in turn influences T cell
recognition and lysis (Christinck et al. 1991; Lethe et al. 1997; Kurts et al. 1998).
The protein expression of a mutated allele is usually estimated via RNA sequencing
and can be quantified by multiplying the mutation allele frequency by the transcript
expression of the mutated gene. Although many factors such as the efficacy of RNA
translation and protein stability influence the cellular protein amounts, RNA
sequencing and protein levels, as determined via mass spectrometry, have been
shown to significantly correlate (Schwanhäusser et al. 2011). Interestingly, there is
evidence that a high RNA expression level which results in more MHC ligands can
to some extent compensate for a weak predicted MHC class I binding and vice
versa (Abelin et al. 2017). This suggests that MHC class I binding prediction and
RNA expression levels of the mutated allele should be analyzed together to decide
whether or not to select a mutation for vaccination.

Personalized Neo-Epitope Vaccines for Cancer Treatment 157



Not many additional features beyond MHC binding prediction and RNA
expression levels are currently in use for mutation selection. The fraction of tumor
cells expressing a mutated epitope seems to be an important predictor of
anti-tumoral activity (Mcgranahan et al. 2016). So-called clonal antigens are
expressed on all tumor cells, whereas ‘subclonal’ antigens are found only on a
fraction. Targeting clonal antigens is thought to be superior as this diminishes the
likelihood of clonal escape after vaccination therapy. Other than that, factors such
as the variant allele frequency (the proportion of sequencing reads covering the
mutation), the function of the mutated gene, or the similarity of the epitope to a
microbial peptide are hypothesized to influence the relevance of a neo-epitope. It is
conceivable that the former two factors affect the chance of immune escape through
epitope loss. Although a matter of debate, mutated genes crucial for proliferation,
survival, or metastasis of tumor cells might be less easily lost upon T cell pressure.
The resemblance of a neo-epitope to bacterial or viral antigens might influence the
frequency, affinity, and hence the anti-tumoral activity of T cell responses. It has
been proposed that the TCR repertoire is evolutionary biased for the recognition of
pathogen-derived epitopes. Moreover, microbial antigens are completely foreign
and respective T cell responses not affected by thymic negative selection. In this
regard, several studies in mice demonstrated that the composition of the gut
microbiome impacts the efficacy of cancer immunotherapy (Iida et al. 2013; Sivan
et al. 2015; Vétizou et al. 2015; Routy et al. 2017). Whether this observation relies
solely on pattern recognition receptor-mediated modulation of inflammation, or, as
hypothesized, additionally on molecular mimicry between microbial and
neo-antigens (Vétizou et al. 2015), is so far not clear. Initial supporting evidence for
shared epitope patterns in patients treated with anti-CTLA-4 checkpoint blockade
(Snyder et al. 2014) was not confirmed in two meta-analyses relying on larger
patient cohorts (Van Allen et al. 2015; Nathanson et al. 2016). Two recent publi-
cations predicted neo-epitopes based on the resemblance to microbial epitopes as
well as on the difference between the predicted binding of the mutated versus the
wild-type epitope in pancreatic, lung tumor, and melanoma patients. These
parameters were used to calculate a specific ‘quality’ value for each tumor clone.
The ‘quality’ model in comparison with a model based on the quantity of predicted
neo-epitopes was able to discriminate long- and short-term survivors (Balachandran
et al. 2017; Łuksza et al. 2017).

5 Neo-Epitope Vaccines in Clinical Practice

Translation of neo-epitope vaccination into clinical practice requires a paradigm
shift from a drug-centered to a patient-centered development. Instead of searching
for patients that respond to certain medication (or express the targeted antigen in
case of shared antigens), a neo-epitope vaccine is customized for every patient. This
requires regulatory approvement not of a single compound but rather a whole
process ranging from sample acquisition to vaccine production (Britten et al. 2013;
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Türeci et al. 2016; Vormehr et al. 2015). As time is essential for tumor patients, a
fast and reliable manufacturing process is a prerequisite for therapy success. Even
though the safety of the vaccine platform can be tested, potential toxicities through
T cells cross-reacting with the wild-type counterpart of the neo-antigen can vary
from patient to patient. Although no such toxicities have been observed in any of
the mouse studies (Castle et al. 2012; Kreiter et al. 2015) or the first published
phase-I trials, conscientious personalized safety monitoring especially of organs
that highly express the wild-type counterparts is advised. Additionally, safety
aspects should already be considered in the selection process of the vaccine targets
by omitting genes highly expressed in vital organs like the heart or the brain.

So far, three trials studying individualized neo-epitope vaccination in cancer
have been published. A small study with three patients was published in 2015 by
Carreno et al. out of Washington University in St. Louis (Carreno et al. 2015). They
treated three melanoma patients with stage III resected cutaneous melanoma and
prior ipilimumab treatment. Mutation identification and selection were done based
on whole-exome sequencing (WES) from fresh frozen tumor samples and PBMC
followed by RNA sequencing. The authors focused on the induction of CD8+ T
cells recognizing mutated neo-epitopes and on one common HLA allele and
therefore filtered in silico for HLA-A*02:01 binding nonamers from the patients
expressed mutations. The final validation step was done by wet-bench verification
of HLA-A*02 binding. Autologous dendritic cells were used to deliver seven
neo-epitopes plus two gp100-derived peptides per patient. The DC for vaccination
were generated from PBMC by differentiation with GM-CSF and IL4 for 6 days
followed by a maturation step for 16 h using CD40L-expressing K562, IFNc, poly
I:C and R848. Two hours prior to infusion, the DC were pulsed separately for each
peptide and the patients received 5 � 106 DC i.v. per peptide. The patients received
a total of three vaccinations (week 1, 7, and 13) with a single administration of
cyclophosphamide (300 mg/m2) 96 h prior to the first vaccination. To the first dose,
a commercial seasonal influenza vaccine was added. In each patient, the authors
identified one preexisting neo-epitope-specific T cell reactivity, which was ampli-
fied following the vaccinations. Moreover, each patient developed additionally two
novel vaccine-induced T cell responses. Those T cell responses were not tested for
recognition of autologous tumor cells; hence, their relevance remains uncertain.
Importantly, two of the identified epitopes were afterward proven to be cryptic. The
induction of T cells against two epitopes that are not processed naturally demon-
strates the limitations of this peptide-based approach and bears the risk of toxicity.
In the current study, no signs of autoimmune adverse events were observed.
Concerning objective clinical responses, the authors shared no information.

In 2017, another clinical trial in patient with malignant melanoma (stage IIIB/C
and IVM1a/b) was published again using peptide-based vaccination that was
conducted by Catherine Wu and co-workers, who also play an active role in the
establishment of Neon Therapeutics, a biotech company focusing on neo-antigen
therapeutics (Ott et al. 2017). Also here, WES followed by RNA sequencing was
employed to identify somatic mutations. Mutation prioritization was directed
toward the enrichment of HLA-A and HLA-B binding epitopes. Patients received

Personalized Neo-Epitope Vaccines for Cancer Treatment 159



thirteen to twenty peptides with a length of fifteen to thirty amino acids. Peptides
were split in four peptide pools (0.3 mg/peptide plus 0.5 mg poly-ICLC) and
injected subcutaneously into the four extremities on days 1, 4, 8, 15, and 22,
followed by two booster injections (week 12 and 20). Vaccine-induced immune
responses were characterized by IFNc ELISpot and techniques like intracellular
cytokine staining (ICS) or MHC multimer technology. T cell responses against
peptides incorporated into the vaccine were identified in all six treated patients (2–4
vaccine peptides were recognized per patient). In total, T cell responses for 73 of
the 97 peptides used across all patients were detected after vaccination.

Of these, 19 responses were measurable ex vivo without prior in vitro expansion,
and all of these were elicited by CD4+ T cells and did not preexist prior vaccination.
T cell responses were detected early after starting the vaccinations and persisted up
to week 24. To identify also immune responses below the detection limit of the used
assays, the group performed in vitro expansion cultures (10–21 days) followed by
IFNc ELISpot or ICS. With this approach, additional 39 CD4 responses and 15
CD8 responses were detected, and again no preexisting mutation-specific reactiv-
ities found. For 24 of 28 epitopes, it was shown that the expanded T cells only
recognize the mutated epitope. Processing of the respective antigens was tested with
B cells transfected with in vitro transcribed RNA encoding multiple minigenes. For
5 of 19 tested CD4 reactivities, antigen processing and presentation could not be
verified, whereas all 15 CD8 reactivities tested recognized the transfected target
cells. In four of six patients, the vaccine-primed T cells did not recognize autolo-
gous tumor cells. However, it has to be taken into account that only one of five
investigated patients’ tumor cells expressed HLA class II, and four patients’ tumor
cells expressed HLA class I. With respect to the anti-tumoral efficacy, the authors
reported that no objective responses were observed. However, four patients who
entered the study with stage IIIB/C disease remained without disease recurrence at a
median follow-up of 25 months. The two patients with lung metastases (stage IV
M1b) had disease recurrence at restaging following the last vaccination but
achieved a complete response after subsequent anti-PD1 treatment. Under anti-PD1
therapy, vaccine-induced T cell responses persisted, and a couple of new
mutation-specific T cell reactivities were induced.

Also in 2017, the largest clinical trial was published by Sahin et al. (2017). The
biotech company BioNTech who acted as the sponsor of the study together with the
independent research institute TRON (TRON—Translational Oncology at the
University Medical Center of the Johannes Gutenberg University Mainz) reported
the first RNA based fully individualized vaccine study in melanoma patients.

To identify non-synonymous mutations, WES and RNA sequencing were per-
formed from routine tumor biopsies and healthy blood cells. To take into account
their preclinical finding of dominant MHC class II neo-epitopes in murine model
systems (Kreiter et al. 2015), the group combined two paths for mutation prioriti-
zation, one was directed toward enriching for mutated HLA class II ligands with
predicted high-affinity binding and the other toward HLA class I ligands. Moreover,
the mutations were selected for high expression. Patients received two synthetic
RNAs (500 or 1000 µg dose levels per RNA) each encoding five linker-connected
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27mer peptides with the mutated amino acid located centrally in position 14. In
order to bridge the time required for vaccine manufacturing, patients with positive
tumors were offered immunization with NY-ESO-1 and/or tyrosinase RNAs. After
the release of their neo-epitope RNA vaccine, all patients had at least eight doses of
neo-epitope vaccine which was injected percutaneously into the inguinal lymph
node. At the time point of starting the neo-epitope vaccination, six patients were in
stage III and seven in stage IV. Against 75 of the 125 (60%) predicted neo-epitopes
used for vaccination a specific T cell response was detected, with 68% of the
responses being de novo T cell reactivities. Again, the majority of these were CD4
responses (57%), a considerable amount of mixed CD4 and CD8 responses (26%),
and a relevant percentage of CD8 T cell reactivities (17%). T cell responses against
20% of all immunogenic neo-epitopes were detectable without short-term in vitro
stimulation directly from the patient’s blood. Each patient mounted specific T cell
responses against at least three predicted neo-epitopes. The eight patients entering
neo-epitope vaccination without measurable disease remained disease-free for a
prolonged period (12–23 months) demonstrating a significantly sustained
progression-free survival. In the cohort of five patients, who had radiologically
detectable and progressive lesions prior to starting the vaccination, the authors
observed objective responses. Two of these patients developed vaccine-related
objective responses; one was a partial response, the other a confirmed complete
response sustained for 26 months. One patient had a mixed response. Another
patient had a stable lymph node metastasis, which was dissected later. And finally,
one patient reached a complete response under anti-PD-1 treatment which he
received subsequent to the neo-epitope RNA vaccine.

In summary, these trials provide important data and answers to relevant ques-
tions concerning the therapeutic potential of neo-epitope vaccines. First of all, they
show that de novo induction as well as the expansion of preexisting
neo-epitope-specific T cell responses can be reproducibly and frequently achieved
in melanoma patients. Moreover, they provide the first promising evidence for the
clinical benefit of neo-epitope vaccination.

Future studies will need to examine single-agent activity and potential syner-
gistic combination partners. One can only speculate in which setting and tumor
types a cancer vaccine will be most successful. It is conceivable that, as a
monotherapy, neo-epitope vaccines will be especially efficacious in highly mutated
tumor types such as melanoma, smoking-induced lung cancer, bladder cancer, or
hyper-mutated colorectal cancers (Vormehr et al. 2016). In such tumors, the chance
to induce multiple high-affinity T cell responses and even a subsequent epitope
spreading is assumed to be higher compared to cancers with the low mutational
burden. Furthermore, tumors that exert no or little immunosuppressive activity such
as in minimal residual disease or the adjuvant setting may be a promising area of
application. Efficient targeting of larger tumors most probably will rely on com-
bination treatments (Moynihan et al. 2016). One auspicious combination partner is
PD-1/PD-L1 checkpoint blockade, as this treatment is known to depend on a
preexisting immune response (Rizvi et al. 2015; Gubin et al. 2014). Vaccination has
the potential to broaden the success rate of anti-PD-1/PD-L1 therapies to patients
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without an established T cell response (Woller et al. 2015). This might be especially
valuable in tumors with a medium to low mutational burden lacking spontaneously
immunogenic epitopes. In addition, as PD-1 re-invigorated T cells were shown to
fail to develop robust memory (Pauken et al. 2016), vaccine-induced memory T
cells might help to further extend the treatment durability. Currently, a phase-I
clinical trial testing PD-L1 blockade in combination with RNA based neo-epitope
vaccination is ongoing (NCT03289962). Similarly, inhibitors of LAG-3 (Matsuzaki
et al. 2010; Grosso et al. 2007), TIM-3 (Sakuishi et al. 2010; Baghdadi et al. 2013),
IDO (Holmgaard et al. 2015; Sharma et al. 2009) or TGF-b (Takaku et al. 2010) as
well as stimulation of costimulatory molecules such as OX40 (Linch et al. 2016),
GITR (Cohen et al. 2006), and CD137 (Bartkowiak et al. 2015) were shown to
synergize with T cell vaccination. From the mechanistic standpoint, agents that
promote an acute inflammation in the tumor ought to create a strong synergistic
benefit for T cell vaccines. Tumor inflammation enhances T cell and APC infil-
tration, tumor antigen presentation and can modulate the suppressive microenvi-
ronment to support T cell function (Klug et al. 2013; Iwasaki and Medzhitov 2015;
Wang et al. 2016; Lee et al. 2014). This can in principle be reached directly by
pattern recognition receptor (PRR) agonists (Corrales et al. 2015; Manrique et al.
2016; Wang et al. 2016; Lee et al. 2014) or indirectly through promotion of
immunogenic cell death (Galluzzi et al. 2016), for example, via tumor irradiation
(Deng et al. 2014; Ganss et al. 2002; Klug et al. 2013) or immunogenic
chemotherapy (Sistigu et al. 2014; Pfirschke et al. 2016; Manrique et al. 2016).
Optimally, the induced inflammation should be restricted to the tumor site [e.g., by
intratumoral injection (Wang et al. 2016; Corrales et al. 2015) or local irradiation
(Klug et al. 2013)] to avoid systemic toxicity and to potentiate T cell attraction.

6 Conclusion and Outlook

Though the potential of vaccination with neo-antigens has been shown by various
preclinical as well as early-phase clinical studies, there are challenges to be over-
come in order to fully exploit its potency. Prediction algorithms used to identify
MHC class I and class II binding neo-epitopes need to be further improved to
increase the probability of detection for true neo-epitopes and to decrease false
positive hits. Most of the current algorithms focus on the detection of
single-nucleotide changes as well as insertions and deletions which should be
expanded to other potentially neo-antigenic aberrations such as gene fusions and
duplications. The power of such algorithms for assessing MHC binding strength,
expression as well as immunogenicity of the candidate neo-epitopes can be further
enhanced by machine learning based on the incoming data stream, e.g., from
clinical studies. Moreover, NGS can be combined with mass spectrometry analysis
of the tumor itself or cell lines derived from it in order to support genomic data with
ligandome data. These cell lines can also be employed to evaluate the immuno-
genicity of the predicted epitopes—especially for the preexisting immune response
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against them—using in vitro assays with autologous T cells derived from the
patient.

Tumor heterogeneity is yet another challenge for neo-antigen vaccines, which
can occur within a given tumor lesion or between the primary tumor and different
metastases (Mcgranahan et al. 2016). As a result, sampling from the primary tumor
for identification of neo-antigens might be insufficient to target all tumor cells
within the primary tumor or those in disseminated metastatic lesions. Therefore, a
granular understanding of the neo-antigen landscape is of great importance. In
addition to the natural heterogeneity of the tumor, dynamic changes in the
neo-antigen repertoire can occur during tumor progression and upon treatment.
Similar to other immunotherapeutic approaches, immune escape is an important
mechanism responsible for these changes. It can manifest itself by downregulation
of selected neo-epitopes (Matsushita et al. 2012; Marty et al. 2017; Verdegaal et al.
2016) as well as induced defects in the antigen processing and presentation
machinery (e.g., HLA or B2M loss) due to the immune pressure generated upon
vaccination (Sahin et al. 2017; Shukla et al. 2015; Zaretsky et al. 2016). A broad
panel of neo-antigens can be utilized to address intratumoral heterogeneity. Sam-
pling from metastases can further help to compare and select the neo-antigen
repertoire shared by the primary tumor and metastases. Moreover, refreshment of
these panels in the next rounds of vaccination based on information derived from
the latest neo-antigen landscape can counteract against immune escape. To hinder
immune escape, neo-antigen vaccination can also be combined with other
immunotherapeutic interventions such as checkpoint blockade therapy or therapies
against the inhibitory tumor microenvironment.

Two other key challenges for rolling out the use of personalized neo-antigen
vaccines are the costs and time of production, which also conceptionally differ from
manufacturing processes of conventional off-the-shelf pharmaceutical drugs. The
continuous decrease in the cost of whole genome sequencing is expected to
decrease the cost of neo-antigen vaccination. The improvements in prediction
algorithms will further strengthen purely bioinformatical selection of neo-epitopes
and shorten the time required for their selection. Moreover, automatized production
processes and facilities can be designed and optimized specially for these novel
drug products. Supported by the anticipated adaptation of regulatory policies, these
will not only lead to a significant drop in cost but also decrease the time required
from sample collection to the tailor-made vaccine enabling in-time preparation for
many thousands of patients.

References

Abelin JG et al (2017) Mass spectrometry profiling of HLA-associated peptidomes in mono-allelic
cells enables more accurate epitope prediction. Immunity 46(2):315–326

Alexandrov LB et al (2013) Signatures of mutational processes in human cancer. Nature 500
(7463):415–421

Personalized Neo-Epitope Vaccines for Cancer Treatment 163



Arnold PY et al (2002) The majority of immunogenic epitopes generate CD4+ T cells that are
dependent on MHC class II-bound peptide-flanking residues. J Immunol (Baltimore, Md.:
1950) 169(2):739–749

Baghdadi M et al (2013) Combined blockade of TIM-3 and TIM-4 augments cancer vaccine
efficacy against established melanomas. Cancer Immunol Immunother: CII 62(4):629–637

Balachandran VP et al (2017) Identification of unique neoantigen qualities in long-term survivors
of pancreatic cancer. Nature

Bartkowiak T et al (2015) Unique potential of 4-1BB agonist antibody to promote durable
regression of HPV+ tumors when combined with an E6/E7 peptide vaccine. Proc Natl Acad
Sci USA 112(38):E5290–E5299

Bassani-Sternberg M et al (2015) Mass spectrometry of human leukocyte antigen class I
peptidomes reveals strong effects of protein abundance and turnover on antigen presentation.
Mol Cell Proteomics: MCP 14(3):658–673

Bosch GJ et al (1996) Recognition of BCR-ABL positive leukemic blasts by human CD4+ T cells
elicited by primary in vitro immunization with a BCR-ABL breakpoint peptide. Blood 88
(9):3522–3527

Britten CM et al (2013) The regulatory landscape for actively personalized cancer immunother-
apies. Nat Biotechnol 31(10):880–882

Carreno BM et al (2015) A dendritic cell vaccine increases the breadth and diversity of melanoma
neoantigen-specific T cells. Science (New York, N.Y.) 348(6236):803–808

Castle JC et al (2012) Exploiting the mutanome for tumor vaccination. Can Res 72(5):1081–1091
Christinck ER et al (1991) Peptide binding to class I MHC on living cells and quantitation of

complexes required for CTL lysis. Nature 352(6330):67–70
Cohen AD et al (2006) Agonist anti-GITR antibody enhances vaccine-induced CD8(+) T-cell

responses and tumor immunity. Can Res 66(9):4904–4912
Corrales L et al (2015) Direct activation of STING in the tumor microenvironment leads to potent

and systemic tumor regression and immunity. Cell Rep 11(7):1018–1030
Coulie PG et al (1995) A mutated intron sequence codes for an antigenic peptide recognized by

cytolytic T lymphocytes on a human melanoma. Proc Natl Acad Sci USA 92(17):7976–7980
Deng L et al (2014) STING-dependent cytosolic DNA sensing promotes radiation-induced type I

interferon-dependent antitumor immunity in immunogenic tumors. Immunity 41(5):543–852
Duan F et al (2014) Genomic and bio-informatic profiling of mutational neo-epitopes reveals new

rules to predict anti-cancer immunogenicity. J Exp Med 211(11):2231–2248
Foley EJ (1953) Antigenic properties of methylcholanthrene-induced tumors in mice of the strain

of origin. Can Res 13(12):835–837
Galluzzi L et al (2016) Immunogenic cell death in cancer and infectious disease. Nat Rev

Immunol, Oct 17, p.Epub ahead of print
Ganss R et al (2002) Combination of T-cell therapy and trigger of inflammation induces

remodeling of the vasculature and tumor eradication. Can Res 62:1462–1470
Gjertsen M, Breivik J, Saeterdal I (1995) Vaccination with mutant ras peptides and induction of

T-cell responsiveness in pancreatic carcinoma patients carrying the corresponding RAS
mutation. Lancet 346(8987):1399–1400

Grosso JF et al (2007) LAG-3 regulates CD8+ T cell accumulation and effector function in murine
self- and tumor-tolerance systems. J Clin Investig 117(11):3383–3392

Gubin MM et al (2014) Checkpoint blockade cancer immunotherapy targets tumour-specific
mutant antigens. Nature 515(7528):577–581

Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell 144(5):646–674
Harndahl M et al (2012) Peptide-MHC class I stability is a better predictor than peptide affinity of

CTL immunogenicity. Eur J Immunol 42(6):1405–1416
Herbst RS et al (2014) Predictive correlates of response to the anti-PD-L1 antibody MPDL3280A

in cancer patients. Nature 515(7528):563–567
Hodi FS et al (2010) Improved survival with ipilimumab in patients with metastatic melanoma.

New Engl J Med 363(8):711–723

164 M. Vormehr et al.



Holmgaard RB et al (2015) Tumor-expressed IDO recruits and activates MDSCs in a
Treg-dependent manner. Cell Rep 13(2):412–424

Hoof I et al (2009) NetMHCpan, a method for MHC class i binding prediction beyond humans.
Immunogenetics 61(1):1–13

Houbiers JG et al (1993) In vitro induction of human cytotoxic T lymphocyte responses against
peptides of mutant and wild-type p53. Eur J Immunol 23(9):2072–2077

Iida N et al (2013) Commensal bacteria control cancer response to therapy by modulating the
tumor microenvironment. Science (New York, N.Y.) 342(6161):967–970

Iwasaki A, Medzhitov R (2015) Control of adaptive immunity by the innate immune system. Nat
Immunol 16(4):343–353

Johanns TM et al (2016) Endogenous neoantigen-specific CD8 T cells identified in two
glioblastoma models using a cancer immunogenomics approach. Cancer Immunol Res 4
(12):1007–1015

Jørgensen KW et al (2014) NetMHCstab—predicting stability of peptide-MHC-I complexes;
impacts for cytotoxic T lymphocyte epitope discovery. Immunology 141(1):18–26

Kesmir C et al (2002) Prediction of proteasome cleavage motifs by neural networks. Protein Eng
15(4):287–296

Klein G et al (1960) Demonstration of resistance against methylcholanthrene-induced sarcomas in
the primary autochthonous host. Can Res 20:1561–1572

Klug F et al (2013) Low-Dose Irradiation Programs Macrophage Differentiation to an iNOS(+)/M1
Phenotype that Orchestrates Effective T Cell Immunotherapy. Cancer Cell 24(5):589–602

Kreiter S et al (2015) Mutant MHC class II epitopes drive therapeutic immune responses to cancer.
Nature 520(7549):692–696

Kurts C et al (1998) Major histocompatibility complex class I-restricted cross-presentation is
biased towards high dose antigens and those released during cellular destruction. J Exp Med
188(2):409–414

Landais E et al (2009) New design of MHC class II tetramers to accommodate fundamental
principles of antigen presentation. J Immunol 183(12):7949–7957

Lee M et al (2014) Resiquimod, a TLR7/8 agonist, promotes differentiation of myeloid-derived
suppressor cells into macrophages and dendritic cells. Arch Pharmacal Res 37(9):1234–1240

Lennerz V et al (2005) The response of autologous T cells to a human melanoma is dominated by
mutated neoantigens. Proc Natl Acad Sci USA 102(44):16013–16018

Lethe B et al (1997) MAGE-1 expression threshold for the lysis of melanoma cell lines by a
specific cytotoxic T lymphocyte. Melanoma Res 7(Suppl 2):S83–S88

Linch SN et al (2016) Combination OX40 agonism/CTLA-4 blockade with HER2 vaccination
reverses T-cell anergy and promotes survival in tumor-bearing mice. Proc Natl Acad Sci USA
113(3):E319–E327

Łuksza M et al (2017) A neoantigen fitness model predicts tumour response to checkpoint
blockade immunotherapy. Nature

Lurquin C et al (1989) Structure of the gene of tum- transplantation antigen P91A: the mutated
exon encodes a peptide recognized with Ld by cytolytic T cells. Cell 58(2):293–303

Manrique SZ et al (2016) Definitive activation of endogenous antitumor immunity by repetitive
cycles of cyclophosphamide with interspersed Toll-like receptor agonists. Oncotarget 7
(28):42919–42942

Margulies M et al (2005) Genome sequencing in microfabricated high-density picolitre reactors.
Nature 437(7057):376–380

Marty R et al (2017) MHC-I genotype restricts the oncogenic mutational landscape. Cell, 1–12
Matsushita H et al (2012) Cancer exome analysis reveals a T-cell-dependent mechanism of cancer

immunoediting. Nature 482(7385):400–404
Matsuzaki J et al (2010) Tumor-infiltrating NY-ESO-1-specific CD8+ T cells are negatively

regulated by LAG-3 and PD-1 in human ovarian cancer. Proc Natl Acad Sci USA 107
(17):7875–7880

Personalized Neo-Epitope Vaccines for Cancer Treatment 165



Mcgranahan N et al (2016) Clonal neoantigens elicit T cell immunoreactivity and sensitivity to
immune checkpoint blockade. Science (New York, N.Y.) 351(6280):1463–1469

Mohan JF, Petzold SJ, Unanue ER (2011) Register shifting of an insulin peptide-MHC complex
allows diabetogenic T cells to escape thymic deletion. J Exp Med 208(12):2375–2383.
Available at: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC3256971

Moynihan KD et al (2016) Eradication of large established tumors in mice by combination
immunotherapy that engages innate and adaptive immune responses. Nat Med 22(12):1402–
1410

Nathanson T et al (2016) Somatic mutations and neoepitope homology in melanomas treated with
CTLA-4 blockade. Cancer Immunol Res, Dec 12, p.Epub ahead of print

Ott PA et al (2017) An immunogenic personal neoantigen vaccine for patients with melanoma.
Nature

Pauken KE et al (2016) Epigenetic stability of exhausted T cells limits durability of reinvigoration
by PD-1 blockade. Science (New York, N.Y.) 354(6316):1160–1165

Peters B et al (2003) Identifying MHC class I epitopes by predicting the TAP transport efficiency
of epitope precursors. J Immunology (Baltimore, Md. : 1950) 171(4):1741–1749

Pfirschke C et al (2016) Immunogenic chemotherapy sensitizes tumors to checkpoint blockade
therapy. Immunity 44(2):343–354

Popp MW-L, Maquat LE (2013) Organizing principles of mammalian nonsense-mediated mRNA
decay. Annu Rev Genet 47:139–165

Prehn RT, Main JM (1957) Immunity to methylcholanthrene-induced sarcomas. J Natl Cancer Inst
18(6):769–778

Rasmussen M et al (2016) Pan-specific prediction of peptide-MHC class I complex stability, a
correlate of T cell immunogenicity. Journal of immunology (Baltimore, Md. : 1950) 197
(4):1517–1524

Rizvi NA et al (2015) Mutational landscape determines sensitivity to PD-1 blockade in non-small
cell lung cancer. Science (New York, N.Y.) 348(6230):124–128

Robbins PF et al (2013) Mining exomic sequencing data to identify mutated antigens recognized
by adoptively transferred tumor-reactive T cells. Nat Med 19(6):747–752

Routy B et al (2017) Gut microbiome influences efficacy of PD-1–based immunotherapy against
epithelial tumors. Science (New York, N.Y.) 3706(November), p.eaan3706

Sahin U et al (2017) Personalized RNA mutanome vaccines mobilize poly-specific therapeutic
immunity against cancer. Nature 547(7662):222–226

Sakuishi K et al (2010) Targeting Tim-3 and PD-1 pathways to reverse T cell exhaustion and
restore anti-tumor immunity. J Exp Med 207(10):2187–2194

Saric T et al (2002) An IFN-gamma-induced aminopeptidase in the ER, ERAP1, trims precursors
to MHC class I-presented peptides. Nat Immunol 3(12):1169–1176

Schwanhäusser B et al (2011) Global quantification of mammalian gene expression control. Nature
473(7347):337–342

Sharma MD et al (2009) Indoleamine 2,3-dioxygenase controls conversion of Foxp3+ Tregs to
TH17-like cells in tumor-draining lymph nodes. Blood 113(24):6102–6111

Shendure J et al (2005) Accurate multiplex polony sequencing of an evolved bacterial genome.
Science (New York, N.Y.) 309(5741):1728–1732

Shukla SA et al (2015) Comprehensive analysis of cancer-associated somatic mutations in class I
HLA genes. Nature Biotechnol 33(11):1152–1158

Sibille C et al (1990) Structure of the gene of tum- transplantation antigen P198: a point mutation
generates a new antigenic peptide. J Exp Med 172(1):35–45

Sistigu A et al (2014) Cancer cell-autonomous contribution of type I interferon signaling to the
efficacy of chemotherapy. Nat Med 20(11)

Sivan A et al (2015) Commensal Bifidobacterium promotes antitumor immunity and facilitates
anti-PD-L1 efficacy. Science (New York, N.Y.) 350(6264):1084–1089

Snyder A et al (2014) Genetic basis for clinical response to CTLA-4 blockade in melanoma.
N Engl J Med 371(23):2189–2199

166 M. Vormehr et al.

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC3256971


Somasundaram R et al (2006) Human leukocyte antigen-A2-restricted CTL responses to mutated
BRAF peptides in melanoma patients. Can Res 66:3287–3293

Takaku S et al (2010) Blockade of TGF-beta enhances tumor vaccine efficacy mediated by CD8(+)
T cells. Int J Cancer 126(7):1666–1674

Tenzer S et al (2005) Modeling the MHC class I pathway by combining predictions of proteasomal
cleavage, TAP transport and MHC class I binding. Cell Mol Life Sci 62(9):1025–1037

Tumeh PC et al (2014) PD-1 blockade induces responses by inhibiting adaptive immune
resistance. Nature 515(7528):568–571

Türeci O et al (2016) Targeting the heterogeneity of cancer with individualized neoepitope
vaccines. Clin Cancer Res 22(8):1885–1896

Van Allen EM et al (2015) Genomic correlates of response to CTLA-4 blockade in metastatic
melanoma. Science (New York, N.Y.) 350(6257):207–211

van der Burg SH et al (1996) Immunogenicity of peptides bound to MHC class I molecules
depends on the MHC-peptide complex stability. J Immunol 156(9):3308–3314

Van Rooij N et al (2013) Tumor exome analysis reveals neoantigen-specific T-cell reactivity in an
ipilimumab-responsive melanoma. J Clin Oncol 31(32):e439–e442

Verdegaal EME et al (2016) Neoantigen landscape dynamics during human melanoma–T cell
interactions. Nature 536(7614):91–95

Vétizou M et al (2015) Anticancer immunotherapy by CTLA-4 blockade relies on the gut
microbiota. Science (New York, N.Y.) 350(6264):1079–1084

Vita R et al (2014) The immune epitope database (IEDB) 3.0. Nucleic Acids Res 43(D1):D405–
D412

Vormehr M et al (2015) Mutanome engineered RNA immunotherapy : towards patient-centered
tumor vaccination. J Immunol Res Article ID 595363:6

Vormehr M et al (2016) Mutanome directed cancer immunotherapy. Curr Opin Immunol 39:14–22
Wang RF et al (1999) Cloning genes encoding MHC class II-restricted antigens: mutated CDC27

as a tumor antigen. Science (New York, N.Y.) 284(5418):1351–1354
Wang S et al (2016) Intratumoral injection of a CpG oligonucleotide reverts resistance to PD-1

blockade by expanding multifunctional CD8+ T cells. Proc Natl Acad Sci USA 113(46):
E7240–E7249

Wolchok JD et al (2013) Nivolumab plus ipilimumab in advanced melanoma. N Engl J Med 369
(2):122–133

Wölfel T et al (1995) A p 16INK4a-insensitive CDK4 mutant targeted by cytolytic T lymphocytes
in a human melanoma. Science (New York, N.Y.) 269(5228):1281–1284

Woller N et al (2015) Viral infection of tumors overcomes resistance to PD-1-immunotherapy by
broadening neoantigenome-directed T-cell responses. Mol Ther: The Journal of the American
Society of Gene Therapy 10:1630–1640

Yadav M et al (2014) Predicting immunogenic tumour mutations by combining mass spectrometry
and exome sequencing. Nature 515(7528):572–576

Zaretsky JM et al (2016) Mutations associated with acquired resistance to PD-1 blockade in
melanoma. N Engl J Med 375(9):819–829

Personalized Neo-Epitope Vaccines for Cancer Treatment 167



The Era of Checkpoint Inhibition:
Lessons Learned from Melanoma

Annette Paschen and Dirk Schadendorf

1 Melanoma

Melanoma originates from the malignant transformation of pigment-producing
melanocytes in different tissues. Depending on the tissue origin, different melanoma
subtypes can be distinguished such as cutaneous, mucosal, and uveal melanoma.
Since each of the subtypes is characterized by specific genetic alterations, mela-
noma has to be considered as a heterogeneous disease. Cutaneous melanoma
dominates in the Western world (incidence of 15–25 per 100,000 individuals), with
UV light being a major risk factor. Due to its early metastatic spread, melanoma is a
highly aggressive disease that is responsible for 75% of skin cancer-related deaths
(Schadendorf et al. 2015a).

Progress in sequencing technologies over the past decade allowed for mutation
screening of large cohorts of melanoma samples, revealing genetic alterations
involved in melanoma development and progression (Griewank et al. 2014).
Mutations affecting components of the mitogen-activated protein kinase (MAPK)
signaling pathway (NRAS-BRAF-MEK-ERK) have been identified as oncogenic
drivers. Up to 30 and 50% of cutaneous melanomas show activating NRAS
(NRASQ61, NRASQ61R) and BRAF (BRAFV600E, BRAFV600K) mutations, respectively.
This leads to constitutive MAPK signaling, driving melanoma cell survival, and
proliferation. Also, constitutive PI3K-AKT pathway activation contributes to
melanoma development and progression, frequently achieved by genetic PTEN loss
(Griewank et al. 2014).
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Of all human malignancies, melanomas show the highest somatic mutation rate
(>10 mutations per megabase of DNA), with a typical UV-induced mutation sig-
nature (Lawrence et al. 2013; Alexandrov et al. 2013). This is in line with UV
radiation as a risk factor for cutaneous melanoma, though the occurrence of tumors
in non-sun-exposed skin or mucosa argues against an absolute UV dependency.
The majority of mutations in melanoma are so-called passenger mutations of no
relevance for tumor development and progression. But somatic mutations within
expressed genomic regions can give rise to mutated tumor antigens (neoantigens)
(Coulie et al. 2014; Lennerz et al. 2005; Gros et al. 2014, 2016), determining
melanoma immunogenicity as described in the following.

2 Checkpoint Control of Cytotoxic Anti-tumor CD8+ T Cell
Activity

Cytotoxic CD8+ T cells of the adaptive immune system can recognize autologous
melanoma cells as altered self. Recognition occurs via the T cell receptor
(TCR) that engages specific tumor cell surface complexes consisting of antigen
peptide epitopes bound to HLA class I molecules. Those peptides are produced in
the course of endogenous protein (antigen) degradation by the proteasome, then
loaded onto HLA class I molecules for transportation and presentation at the cell
surface (Fig. 1). Upon recognition of specific antigen peptide–HLA class I com-
plexes, CD8+ T cells become activated and release cytolytic granules onto their
target cells, leading to cell death (Martinez-Lostao et al. 2015). In addition, CD8+ T
cells secrete the pro-inflammatory cytokine interferon-c (IFNc) which can block
proliferation or induce apoptosis of surrounding tumor cells (Sanderson et al. 2012)
(Fig. 1). Recent studies in mouse melanoma models demonstrated that the
immunotherapy can only be effective against tumor cells with intact IFNc signaling
(Manguso et al. 2017; Patel et al. 2017).

Melanoma cells present a unique repertoire of HLA class I–antigen peptide
epitopes that are derived from mutant proteins not expressed in normal cells. T cells
recognizing these so-called neoantigens are truly tumor-specific and do not attack
normal cells (Coulie et al. 2014; Lennerz et al. 2005; Gros et al. 2014, 2016).
Moreover, neoantigen-specific T cells express high-affinity T cell receptors that
have not been subjected to negative selection in the thymus, making them highly
potent anti-tumor effectors (Schumacher and Schreiber 2015). However, within the
tumor microenvironment activity of those T cells is generally blocked. Different
suppressive mechanisms have been described including the inhibition of T cell
activity by regulatory immune cells like myeloid suppressor cells or regulatory T
cells (Munn and Bronte 2016). In addition, inhibition of T cell activity by tumor
cells plays a major role. Initially, T cells infiltrating the tumor microenvironment
become activated upon recognition of cognate HLA class I–antigen peptide com-
plexes, leading to cytolytic granule release and IFNc secretion. On the one hand,
IFNc can act anti-tumorigenic by inducing death of surrounding tumor cells, and on
the other hand, IFNc can have pro-tumorigenic activity in that it elicits the
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expression of PD-L1 on neighboring melanoma cells (Fig. 1) (Spranger et al. 2013;
Garcia-Diaz et al. 2017). PD-L1 functions as a ligand of PD-1, an inhibitory
co-receptor on antigen-activated CD8+ T cells. Binding of PD-1 to its ligand on
tumor cells dampens T cell proliferation and effector function. Under normal
conditions, PD-1 act as a physiological brake (checkpoint) that limits T cell activity
in order to maintain self-tolerance. But by the acquisition of PD-L1 surface
expression, melanoma cells efficiently block CD8+ T cell activity.

Asides from PD-1, CTLA-4 acts as another checkpoint of T cell activation. Its
ligands CD80 and CD86 are expressed on dendritic cells (DCs) but not on mela-
noma cells. DCs play a critical role in primary CD8+ T cell activation in
tumor-draining lymph nodes, where they present tumor antigens, sampled in the
periphery, to T cells (Merad et al. 2013). Upon primary TCR ligation, CTLA-4 is
expressed on the surface of T cells and engages its ligands CD80/CD86 on DCs
which in turn limits T cell activation (Krummel and Allison 1995). CTLA-4 similar
to PD-1 is of importance for the maintenance of self-tolerance. Notably, while PD-1
knockout mice develop autoimmunity, animals which are deficient for CTLA-4
show massive lymphoproliferation associated with early lethality (Tivol et al.
1995). Expression of both checkpoints has been detected on tumor-reactive CD8+ T
cells isolated from the peripheral blood and metastatic lesions of melanoma
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CD8+ T cell
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(-) 

PD-1 

PD-L1 

CD8+ T cell

(+) 

IFNγ

anti-PD-1 
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ICBT               

HLA class I-antigen 
peptide complex

cytolytic
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proteasom
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Fig. 1 Inhibition of CD8+ T cell activity by melanoma cells via the PD1-PD-L1 axis. a CD8+

T cells infiltrating melanoma lesions bind with the T cell receptor (TCR) to specific HLA class I–
antigen peptide surface complexes on melanoma cells. The antigen peptides originate from the
degradation of endogenous proteins by the proteasome. But TCR-dependent T cell activation is
counteracted by inhibitory signals delivered via the co-receptor PD-1 upon engagement of its
ligand PD-L1. Thus, the expression of PD-L1 enables tumor cells to put T cells on hold.
b Blockade of the interaction between PD1 and its ligand PD-L1 by antibodies releases T cells
from inhibitory checkpoint signaling and initiates T cell-dependent killing of tumor cells by
cytolytic granule release and secretion of effector cytokines (e.g., IFNc). ICBT, immune
checkpoint blocking therapy; (−) inhibitory signaling, (+) activating signaling
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patients. Also, neoantigen-specific T cells show strong CTLA-4 and PD-1
expression suggesting impairment of their anti-tumor activities upon ligand
engagement (Gros et al. 2014, 2016). Understanding the major role of CTLA-4 and
PD-1 in the suppression of T cell activity led to the development of therapeutic
antibodies blocking the receptor/ligand interactions. In particular, the clinical
implementation of antibodies targeting the immune regulatory PD-1/PD-L1 axis
was a breakthrough in melanoma therapy.

3 Immune Checkpoint Blocking Therapy of Advanced
Non-resectable Melanoma

For decades, melanoma patients with the advanced metastatic disease received
standard palliative treatment with chemotherapeutic agents (dacarbazine, temo-
zolomide, and fotemustine), despite the lack of large randomized trials demon-
strating an impact on overall survival for these drugs. This changed when the first
checkpoint blocking antibody targeting CTLA-4 was approved by the US Food and
Drug Administration (FDA) and European Medicines Agency (EMA) in 2011.
Though anti-CTLA-4 antibody treatment can be considered an important step in
melanoma therapy, more striking clinical responses are achieved with antibodies
blocking PD-1 signaling. In the following, the clinical trials that led to therapy
approval and available 3-year and 4-year follow-up data are shortly summarized.

3.1 Approved Anti-CTLA-4 Antibody

Approval of the first immune checkpoint blocking antibody ipilimumab, a fully
human IgG1 antibody targeting CTLA-4, by the FDA and EMA was given for
therapy of patients with advanced non-resectable melanoma based on two ran-
domized trials. The NCT00094653 phase 3 trial compared ipilimumab to a gp100
peptide-based vaccine in HLA-A*0201 patients with previously treated unre-
sectable melanoma (Hodi et al. 2010). The overall response rate (ORR) was 5.7%
for ipilimumab plus gp100, 11.0% for ipilimumab alone, and 1.5% for the gp100
vaccine. The median overall survival (OS) for patients with ipilimumab plus gp100
and ipilimumab alone was 10.0 and 10.1 months, respectively, compared to
6.4 months for patients receiving gp100 alone (Table 1) (Hodi et al. 2010).

In the NCT00324155 phase 3 trial, patients were treated with ipilimumab plus
dacarbazine or dacarbazine plus placebo (Robert et al. 2011). The ORR was 15.2
and 10.3% for patients being treated with ipilimumab plus dacarbazine and
dacarbazine plus placebo, respectively. In the ipilimumab plus dacarbazine patient
group, the median OS was significantly longer (11.2 months) compared in the
group receiving dacarbazine plus placebo (9.1 months) (Robert et al. 2011).

Within the NCT00094653 trial (Table 1), severe adverse events (AEs), defined
as grade 3–4, were noted in 10–15% of patients receiving ipilimumab compared to
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3% for patients treated with peptide alone, the most common being colitis, skin
rash, and endocrinopathies. In the NCT00324155 study (Table 1), grade 3–4 AEs
were observed in 56.3% of patients treated with ipilimumab plus dacarbazine, as
compared to 27.5% for patients receiving dacarbazine and placebo.

Five-year follow-up data from the NCT00324155 trial (Table 1), as well as
pooled follow-up data from 1861 patients with advanced metastatic disease
receiving ipilimumab treatment within 12 clinical studies (including the
NCT00094653 and NCT00324155 trials, Table 1), revealed a plateau in the sur-
vival curves after 3 years (Maio et al. 2015; Schadendorf et al. 2015b), demon-
strating that approximately 20% of the anti-CTLA-4-treated patients who managed
to survive till year 3 will show long-term benefit, compared to 10% historically
expected for patients with stage IV melanoma.

In summary, immune checkpoint blockade with ipilimumab was the first therapy
with a documented survival benefit in a subgroup of melanoma patients. In this

Table 1 Phase 3 trials related to the approval of anti-CTLA-4 therapy

Agent Trial Patient cohort Treatment arms Outcome

Ipilimumab ClinicalTrials.gov
identifier:
NCT00094653

Hodi et al. (2010)

Pretreated
patients with
unresectable
stage III or
stage IV
melanoma

Number of
patients
enrolled:
n = 676

Ipilimumab + gp100
Versus
Ipilimumab
Versus
gp100

Overall response
rate: 5.7.0%
versus 11.0%
versus 1.5%

Duration of
responsea: 11.5
versus not
reached versus
not reached

Progression-free
survivala: 2.76
versus 2.86
versus 2.76
Overall
survivala: 10.0
versus 10.1
versus 6.4

ClinicalTrials.gov
identifier:
NCT00324155

Robert et al.
(2011)

Maio et al. (2015)

Untreated
patients with
unresectable
stage III or
stage IV
melanoma

Ipilimumab + dacarbazine
Versus
Placebo + dacarbazine

Overall response
rate: 15.2.0%
versus 10.3%

Duration of
responsea: 19.3
versus 8.1

Progression-free
survivala: similar
in both groups

Overall
survivala: 11.2
versus 9.1

aMedian, months
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regard, anti-CTLA-4 treatment can be considered a milestone in melanoma therapy,
despite the fact that clinical benefit was still limited to only a small patient subset
and that treatment was frequently associated with toxicities, in some cases
life-threatening autoimmune pathologies.

3.2 Approved Anti-PD-1 Antibodies

Two antibodies, pembrolizumab and nivolumab, targeting the immune checkpoint
PD-1 have been approved for the treatment of non-resectable metastatic melanoma.
Treatment with both antibodies achieved higher durable response rates compared to
ipilimumab and AEs occurred at a much lower frequency as described in the
following.

3.2.1 Nivolumab-Based Clinical Trials
In December 2014, nivolumab was approved by the FDA for treatment of advanced
melanoma, followed by EMA approval in June 2015. Approval was given based on
the results of two clinical studies: CheckMate 066, a randomized, double-blind
phase 3 study with 418 melanoma patients included (Robert et al. 2015a) and
CheckMate 037, an open-label phase 3 study with 405 melanoma patients recruited
(Weber et al. 2015) (Table 2). In both trials, patients received treatment with
nivolumab (3 mg/kg body weight) every two weeks.

CheckMate 066: Melanoma patients without prior treatment received either
nivolumab or dacarbazine. With nivolumab, the median ORR was 40.0 and 13.9%
with dacarbazine (Robert et al. 2015a). An update on the clinical trial revealed a
median OS of 37.5 months for the nivolumab arm and 11.2 months for dacarbazine
treatment (Ascierto et al. 2018).

CheckMate 037: Patients enrolled in this study were refractory to ipilimumab or
BRAF inhibitor (in case of BRAF-V600 mutant melanoma) and received treatment
with either nivolumab or chemotherapy (dacarbazine or carboplatin and paclitaxel
[investigators choice]) (Weber et al. 2015). The ORR was 27% for the nivolumab
arm and 10% for the chemotherapy group. The clinical trial update revealed a
median OS of 15.7 months for nivolumab and 14.4 months for chemotherapy
treatment, but median duration of response was higher for nivolumab (32 months)
compared to chemotherapy (13 months) (Larkin et al. 2018). Notably, this study
demonstrated that patients pretreated with ipilimumab could still respond to nivo-
lumab, which led to accelerated approval of nivolumab by the FDA.

Compared to ipilimumab, clinical response rates to nivolumab were much higher
and ranged between 30 and 40%. Nivolumab was superior to ipilimumab also with
regard to side effects that were less frequent and less severe, with most common
being fatigue, pruritus, and nausea. Grade 3 or 4 drug-related AEs for nivolumab
were approximately 15% in CheckMate 066 and CheckMate 037 (Table 2).

3.2.2 Pembrolizumab-Based Clinical Trials
In September 2014, pembrolizumab was approved by the FDA for treatment of
patients with advanced unresectable melanoma who no longer responded to other
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drugs, followed by the EMA approval in July 2015. This decision was based on the
outcome of phase 1 KEYNOTE-001 trial (Hamid et al. 2013; Robert et al. 2014),
the phase 2 KEYNOTE-002 study (Ribas et al. 2015), and the phase 3
KEYNOTE-006 trial (Robert et al. 2015b).

In the KEYNOTE-006 randomized phase III trial, 834 patients with no more
than one prior systemic therapy received treatment with either pembrolizumab or
ipilimumab (Table 2). Pembrolizumab (10 mg/kg body weight) was administered
either every two or every three weeks, whereas patients received ipilimumab
(3 mg/kg body weight) in four doses every 3 weeks. For pembrolizumab admin-
istered every two and three weeks, the ORR for patients was 37 and 36%,
respectively, compared to 13% for ipilimumab (Robert et al. 2015b; Schachter et al.
2017). The strikingly high response rate to pembrolizumab in ipilimumab-
pretreated patients led to an accelerated FDA approval at a dose of 2 mg/kg body
weight administered every three weeks since testing of different doses and sched-
ules did not reveal significant difference.

Patients treated with pembrolizumab showed less frequent and severe AEs
compared to patients receiving ipilimumab. Most common AEs were fatigue,
diarrhea, endocrine disorders, rash, and pruritus. Drug-related AEs of grade 3 or 4
developed in 17% of the pembrolizumab-treated patients (independent of the
administration interval) and in 20% of patients receiving ipilimumab.

3.3 Combined Anti-PD-1 and Anti-CTLA-4 Therapy

Since PD-1 and CTLA-4 receptors interact with its ligands in the tumor and the
peripheral lymph nodes, respectively, it seemed reasonable to combine both anti-
bodies for treatment. In a multicenter randomized phase 3 trial (CheckMate 067), a
total of 945 melanoma patients without prior treatment received a combination of
nivolumab and ipilimumab or monotherapy with either ipilimumab or nivolumab
(randomization 1:1:1) (Table 3). The ORR for the combination therapy was 58%,
compared to 44% with nivolumab or 19% with ipilimumab monotherapy (Larkin
et al. 2015; Wolchok et al. 2017). This led to FDA and EMA approval of the
nivolumab plus ipilimumab combination therapy for advanced-stage melanoma
patients in 2015 and 2016, respectively.

Notably, the 4-year follow-up of the study showed that the median OS was still
not reached in the nivolumab plus ipilimumab group, but was 36.9 months in the
nivolumab and 19.9 months in the ipilimumab arm (Hodi et al. 2018). However, the
improved clinical benefit of combined nivolumab plus ipilimumab treatment was
associated with higher toxicity: Grade 3 and 4 AEs occurred in 59% of patients
receiving the combination and in 22 and 28% of patients treated with nivolumab
and ipilimumab, respectively.

Overall, anti-PD-1 antibodies have revolutionized the treatment of advanced
metastatic melanoma, inducing clinical responses up to 40% of the treated patients.
Response rates were increased up to 50% when anti-PD-1 antibodies were
administered in combination with the anti-CTLA-4 antibody ipilimumab.
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Follow-up data from different clinical trials suggest that a remarkable fraction of
long-term responders might even be cured. But still, the majority of patients is
primary resistant to ICBT or acquires resistance under treatment, indicating the
medical need to understand therapy resistance, define biomarkers predicting therapy
response, and screen for alternative combination therapies using PD-1 as a
backbone.

4 Resistance to Immune Checkpoint Blocking Therapy

Intense studies aiming to understand primary and acquired resistance to ICBT are
ongoing and led already to the identification of different genetic as well as
non-genetic tumor cell-intrinsic resistance mechanisms.

CD8+ T cells are critical mediators of clinical responses in ICBT, suggesting
melanoma cells with genetic defects in the HLA class I antigen presentation
machinery (APM) should be involved in therapy resistance. Indeed, genetic alter-
ations affecting HLA class I APM components, including B2M and HLA heavy
chains, have been detected in biopsies from patients with primary and acquired
resistance to antibody treatment (Fig. 1) (Zaretsky et al. 2016; Sade-Feldman et al.
2017; Chowell et al. 2018). B2M is the constant component of all HLA class I–
antigen peptide complexes and its mutational inactivation abrogates HLA class I

Table 3 Phase 3 trial related to the approval of anti-PD-1/anti-CTLA-4 combination therapy

Agents Trial Patient cohort Treatment
arms

Outcome and
adverse events
(AE) (based on
latest updates)

Nivolumab + Ipilimumab CheckMate 067
ClinicalTrials.gov
identifier:
NCT01844505

Larkin et al.
(2015)

Wolchock et al.
(2017)

Hodi et al. (2018)

Patients with
unresectable stage
III or IV melanoma
and no prior
systemic therapies

Number of patients
enrolled: n = 945

Nivolumab
+
Ipilimumab
Versus
Nivolumab
Versus
Ipilimumab

Overall response
rate: 58% versus
44% versus 19%
Duration of
responsea: 50.1
versus not
reached versus
14.4
Progression-free
survivala: 11.5
versus 6.9 versus
2.9
Overall
survivala: not
reached versus
36.9 versus 19.9
AE grade 3 and
4: 59% versus
22% versus 28%

aMedian, months
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surface expression, thereby establishing a CD8+ T cell-resistant melanoma cell
phenotype. Also, loss of an HLA haplotype (one set of parental HLA-A, HLA-B, and
HLA-C genes) in tumor cells has been associated with impaired responsiveness to
ICBT (Chowell et al. 2018). Conceivably, HLA haplotype loss could be a very
efficient immune evasion strategy as long as it protects tumor cells from recognition
by highly tumor-reactive neoantigen-specific T cells (Zhao et al. 2016; Schrors
et al. 2017). While inactivating B2M mutations and loss of HLA genes enable
melanoma cells to escape T cell recognition, recent studies suggest that evasion
from T cell effector mechanisms is of equal importance in primary and acquired
ICBT resistance. Inactivation of the IFNc signaling pathway by genetic alterations
in IFNGR1/2-JAK1/2-STAT1 pathway components protects tumor cells from the
anti-proliferative and pro-apoptotic cytokine activity. Defective IFNc signaling has
been detected in biopsies from ICBT non-responders and resistant lesions devel-
oping after initial therapy response (Zaretsky et al. 2016; Gao et al. 2016; Sucker
et al. 2017; Shin et al. 2017).

Generally, inactivation of IFNc signaling and antigen presentation in tumor cells
by JAK1/2 and B2M deficiency, respectively, is a 2-step evolutionary process: One
of the two gene copies is lost relatively early in the course of disease due to
chromosomal aberrations followed by the acquisition of an inactivating mutation in
the remaining allele (Zhao et al. 2016; Sucker et al. 2014, 2017). In line with this
observation, an abnormal number of chromosomes and chromosomal segments
have been found associated with impaired ICBT efficacy (Roh et al. 2017; Davoli
et al. 2017). Despite the importance of irreversible genetic alterations, the mecha-
nisms of therapy resistance remain unknown in most cases. Though new genomic
tumor alterations will most likely be defined, it is expected that also non-genetic
mechanisms limit clinical benefit from therapy. Melanoma cells can switch their
phenotypes to adapt and survive hostile conditions in the tumor microenvironment
(Roesch et al. 2016), suggesting that melanomas can acquire a reversible state of
resistance due to their phenotypic plasticity. In this regard, melanomas with acti-
vated WNT/beta-catenin signaling seem to be less infiltrated by T cells (Luke et al.
2019). Accordingly, a T cell exclusion program associated with ICBT resistance
has recently been defined (Jiang et al. 2018). Ongoing studies will most likely
identify additional mechanisms associated with resistance to anti-PD-1 treatment,
including also tumor cell-extrinsic factors like different types of
immune-suppressive cells (regulatory T cells and myeloid-derived suppressor cells)
(O’Donnell et al. 2017; Pitt et al. 2016).

5 Predicting Response to Immune Checkpoint Blocking
Therapy

To improve clinical outcomes, intense efforts of clinicians and researchers are
ongoing also to identify biomarkers predicting ICBT response. A number of those
markers have already been described. As such, a higher density of CD8+ T cells at
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the tumor invasive margin and within the tumor parenchyma has been correlated
with improved therapy response (Tumeh et al. 2014; Taube et al. 2014). Moreover,
several studies demonstrated that clinical benefit from ICBT is linked to the number
of mutations in the tumor (tumor mutational burden, TMB) (Van Allen et al. 2015).
The higher the number of mutations within expressed coding regions, the higher the
likelihood that neoantigens originate, which are considered the most potent tumor
rejection antigens. These markers are in line with the critical role of CD8+ T cells in
ICBT, which is further corroborated by the finding of an IFNc-related mRNA
profile as a predictor of clinical response to PD-1 blockade (Ayers et al. 2017).
Indeed, several studies identified, distinct but largely overlapping T cell-inflamed
gene expression profiles, designate TIDE (Jiang et al. 2018) and IMPRES
(Auslander et al. 2018) within metastatic melanoma lesions as a strong predictor of
therapy response. Interestingly, the combination of a T cell-inflamed tumor
microenvironment and a high TMB seems to be superior in predicting therapy
response and has recently been proposed as a PAN-predictive combined biomarker
of relevance not only for melanoma but also other tumor entities being treated with
anti-PD-1 antibodies (Cristescu, 2018). Besides markers of the tumor microenvi-
ronment also systemic factors influencing response to ICBT have been
identified. As such, an elevated frequency of classical CD14+CD16−HLA-DRhi

monocytes in the peripheral blood seems to be a strong predictor of
progression-free and overall survival in response to anti-PD-1 immunotherapy
(Krieg et al. 2018). Comprehensive summaries of systemic, tumor cell-intrinsic and
tumor cell-extrinsic biomarkers in IBCT have been published recently (Havel et al.
2019; Keenan et al. 2019).

6 Current Developments and Perspective

The striking clinical responses in patients with advanced non-resectable melanoma
led to ICBT trials also in the adjuvant setting, i.e., patients were treated after
complete resection of all visible metastases (resection of regional lymph node
metastasis in stage 3 disease or distant metastases in oligometastatic stage 4 dis-
ease). Adjuvant therapy of stage 3 patients with ipilimumab was associated with a
modest but significant improvement of recurrence-free survival (RFS) and OS
(Eggermont et al. 2016). Though long-term follow-up data are not yet available for
adjuvant anti-PD1 therapy, first results on RFS from two clinical trials seem to be
much more promising. In the CheckMate 238 phase 3 trial, 906 patients (stage IIIB,
IIIC, IV) undergoing complete tumor resection were treated with nivolumab (3 mg
per kilogram of body weight every 2 weeks; n = 453) or ipilimumab (10 mg per
kilogram every 3 weeks for four doses and then every 12 weeks; n = 453). Patients
were treated for a period of up to 1 year or until disease recurrence or occurrence of
unacceptable side effects. At a minimum follow-up of 18 months, the 12-month
RFS rate was 70.5% for the nivolumab and 60.8% for the ipilimumab arm.
Treatment-related grade 3 or 4 adverse events were reported for 14.4 and 45.9% of
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the patients treated with nivolumab and ipilimumab, respectively (Weber et al.
2017). The results of this study led to the approval of nivolumab for adjuvant
treatment of melanoma by the FDA in 2017 and EMA in 2018.

In the KEYNOTE-054 phase 3 trial, 1019 patients with completely resected
stage III melanoma either received pembrolizumab (514 patients) or placebo (505
patients) every 3 weeks for a total of 18 doses (approximately 1 year) or until
disease recurrence/occurrence of unacceptable side effects (Eggermont et al. 2018).
At a median follow-up of 15 months, the 12-month RFS rate was 75.4% for
pembrolizumab-treated patients and 61.0% for the placebo group. Adverse events
of grades 3–5 occurred in 14.7% of the patients receiving pembrolizumab and 3.4%
of placebo-treated patients (one treatment-related death in the pembrolizumab
group). Based on this study, pembrolizumab was approved for adjuvant treatment
of melanoma by EMA in 2018 and FDA in 2019.

Asides from adjuvant treatment, phase 1 clinical trials have been recently per-
formed testing anti-PD-1/anti-CTLA-4 combination therapy in the neoadjuvant
setting. First results seem to be encouraging, but therapy resistance and
treatment-related toxicities still remain major challenges (Robert 2018).

Thus, experimental studies and clinical trials are ongoing testing combinations
of anti-PD1 antibodies with alternative agents that might have improved safety
profiles and induce clinical responses also in anti-PD-1 non-responders (Anderson
et al. 2017; Smyth et al. 2016). In a significant number of clinical studies, anti-PD-1
antibodies are being tested in combination with antibodies targeting additional
inhibitory immune checkpoints. This refers to the observation that T cells from
melanoma metastasis are not only positive for PD-1 and CTLA-4 but frequently
express additional inhibitory checkpoints such as LAG-3, TIM-3, and TIGIT which
have non-redundant functions in the control of T cell activity (Anderson et al.
2016). These receptors bind to ligands expressed on melanoma cells. Intriguingly,
the expression of those ligands on tumor cells is enhanced by IFNc, similar to
PD-L1 (Benci et al. 2016). A completely different approach is based on the com-
bination of systemic nivolumab application with intratumoral administration of an
oncolytic virus. Analyses of tumor biopsies revealed that the virus-induced local
inflammation attracted CD8+ T cells into metastatic lesions, with the result that
clinical response to anti-PD1 therapy was no longer dependent on baseline CD8+

T cell infiltration (Kohlhapp and Kaufman 2016; Ribas et al. 2017).
Another strategy follows the combination of BRAF/MEK inhibitors with

anti-PD1 antibodies in patients with BRAF-V600 mutant melanoma (approximately
50%). Similar to anti-PD-1, treatment of patients with BRAF/MEK inhibitors
induces striking clinical responses, but only in a subgroup of patients, and again,
primary and acquired resistance are major challenges (Larkin et al. 2014; Long et al.
2015; Robert et al. 2015c). Interestingly, response to these inhibitors is associated
with an infiltration of CD8+ T cells into the lesion, providing a rational to combine
inhibitor treatment with immune checkpoint blockade (Cooper et al. 2014; Wilmott
et al. 2012). A comprehensive list of the different combination approaches tested in
the clinics cannot be given here but is available at https://clinicaltrials.gov/.
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In summary, the last few years demonstrated that ICBT can significantly prolong
the survival of patients with advanced metastatic disease and a subgroup of patients
might even be cured. Follow-up data from clinical trials in the adjuvant setting will
demonstrate whether early treatment is advantageous. As therapy resistance still
affects the majority of patients, there is a medical need for further improvement in
predicting who will respond and in setting up new combination therapies building
on the anti-PD-1 backbone. First results of some trials will be available soon but
very likely, additional investigations might be needed to optimize schedules and
dosing for combination therapies. Overall it can be expected that some of these
trials will impact on melanoma therapy and provide improved treatment options for
different patient’s subgroups.
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