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Abstract

Chimeric antigen receptors (CAR)-T cell therapy has recently made promising advances towards
treatment of B-cell malignancies. This approach makes use of an antibody-derived single chain
variable fragment (scFv)-based CAR to target the CD19 antigen. Currently scFvs are the most
common strategy for creation of CARs, but tumor cells can also be targeted using non-antibody
based approaches with designs focused on the interaction between natural receptors and their
ligands. This emerging strategy has been used in unique ways to target multiple tumor types,
including solid and haematological malignancies. In this review, we will highlight the performance
of receptor-ligand combinations as designs for CARs to treat cancer, with a particular focus on
haematologic malignancies.
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Introduction

The goal of T cell engineering is to generate large numbers of tumor-specific T cells that
attack the tumor directly and promote a potent anti-tumor immune response in the patient.
The earliest clinical trials of engineered T cells in cancer relied on the expression of cloned
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T cell receptors (TCRs) that were targeted against tumor antigen peptides presented by
MHC molecules. However, one disadvantage of this strategy was the ability of tumor cells to
downregulate MHC class | expression, therefore limiting the effectiveness of TCR-
engineered T cells. The next step in development of T cell engineering was the creation of
artificial receptors that were highly specific for tumor antigens in a MHC-independent
manner. These receptors are known as chimeric antigen receptors (CAR), and have triggered
an enormous interest from both academia and industry due to their potential to eliminate
cancer, even in tumor-relapsed patients. Clinical trials using CAR T cells have been
particularly successful in treating haematological malignancies, with the most impressive
results seen against CD19+ malignancies [1-5].

CARs are frequently composed of an extracellular single-chain variable fragment (scFv)
derived from an antigen-specific monoclonal antibody (mAb), followed by a spacer region, a
transmembrane domain, and intracellular signaling domains with or without costimulatory
domains. In the most common form, the specificity of the CAR is conferred by the
conformation of a variable heavy and variable light chains that are fused together by a
flexible linker. The idea of leveraging specificity and affinity of mAbs is an enormous
advantage to the design of CARs, yet repurposing variable chains from a full mAb into a
scFv may not necessarily translate into a functional CAR. Some of the reasons for this
include instability and aggregation behaviors of scFvs that can result in loss of CAR
specificity and thus potentially leading to off-target toxicity and poor persistence /n vivo [6,
7], Furthermore, scFvs may function differently when used in membrane-bound proteins
compared to soluble proteins, suggesting that immunogenicity, affinity, and specificity of
scFvs should be carefully assessed and examined in the context of CAR T cell responses.

An alternative approach is the use of extracellular domains of natural receptors or ligands for
the design of CARs. Although the pool of known candidates is considered small, this
approach has been used by several groups to target multiple types of cancer, including
haematological and solid malignancies [8-11], The range of natural receptors and ligands
that can be converted into CARs will depend on the antigen expression pattern in healthy
tissue, abundant availability of the antigen on tumor cells and the specificity of receptor-
ligand interaction. Examples detailed in this review are described in Table 1.

Here we will summarize the current knowledge on the use of natural receptors and ligands
as the basis for CAR T cell therapy to treat malignancies. We will discuss key points
associated with receptor-ligand CAR design, manufacturing, pre-clinical and clinical
development of this approach to therapy.

Receptor-ligand CAR design and manufacturing

Chimeric antigen receptors are an efficient way to create a large number of T cells with the
capability of specific tumor recognition. Significant progress has been made in the use of
natural receptor-ligand interactions as the basis for the design of new chimeric receptors.
Based on the structural design of these molecules, members of this class can be divided in
two categories: natural receptor-based CARs or ligand-based CARs. Independent of the
nature of the target antigen, i.e. receptor or ligand, these should ideally follow the same rules
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applied to scFv-based CARs, which requires selective surface expression of target antigens
on tumor cells or an increased expression on tumor cells with limited expression on healthy
tissues. One of the potential advantages in the use of natural receptor- or ligand-based CARS
is their limited immunogenicity, in particular for CARs where the extent of the extracellular
domain uses a full-length native protein. Some CAR constructs use scFv derived from
murine antibodies, which can increase the risk of developing an immune response against
the genetically modified cells, leading to reduced effectiveness [12], ScFvs have been
documented for aggregation, poor expression, instability, and tendency to dimerize [13],
Therefore, the requirement for optimal choices for hinge/spacer region and transmembrane
domain, making the identification of functional CARs laborious [14, 15], Rules have yet to
be defined for the most effective CAR designs based on scFvs. Alternatively, receptor-based
CARs are built based on the full extracellular binding domain of these proteins, harnessing
specificity and structural stability, in particularly when associate with their native
transmembrane domain.

In terms of target recognition, the use of some natural receptor-based CARs can potentially
result in improved biological activity as they recognize multiple targets on the same tumor,
or the same targets across multiple types of tumors. Targeting single antigens carries a risk
for antigen loss leading to tumor immune escape [16, 17], whereas there is thought to be less
risk of immune escape when multiple antigens are targeted. One example is the NKG2D
CAR, which is known to bind eight different ligands, and has been shown to recognize and
eliminate myeloma, lymphoma, and ovarian cancer tumors [10, 18-22].

While the design of CARs based on natural receptors or ligands offer many therapeutic
advantages, a downside risk is the possibility of target antigen expression on healthy cells
and the potential for on-target, off-tumor toxicity. In this context, toxicity may be
accentuated by particular CAR designs, especially those with costimulatory domains
associated with expansion /n vivo. Despite the risk, the most impressive clinical results with
CAR-T cells have been seen with second generation CD19 CAR-T cells, with either CD28
or41BB costimulatory signaling domains followed by the CD3 zeta signaling domain, for
treatment of several haematologic malignancies, where anti-tumor activity was dependent on
significant T-cell expansion /n vivo, and in many cases associated with a life-threatening
cytokine storm [5].

One unique challenge with manufacturing natural receptor-ligand based CARs is the
inability to differentiate the CARs from the endogenous receptor or ligand, if the receptor is
also expressed on normal effector cells. A few approaches can be adopted to allow precise
quantification of transduction efficiency. One approach is to develop an antibody designed to
recognize the chimeric junction, the area linking the receptor and costimulatory domain,
which is located intracellularly. This can be a challenging strategy requiring a stringent
screening method. An alternative approach is to determine the expression on transduced
cells above the threshold expression of the endogenous protein under the manufacturing
conditions. This can be achieved using mock-transduced cells for endogenous expression, so
that any receptor expression above the endogenous expression is considered CAR-specific
expression.
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Natural receptor-based CARs

One method of generating CARs includes the fusion of native receptors, which have evolved
over time to bind to their ligands on opposing cells, with the intracellular signaling domains
required to induce T cell activation (Figure 1 A, B). One growing class of natural receptor
CARs has been based on the use of NK cells and their receptors. NK cells have broad
cytotoxic activity against tumor cells and no requirement for MHC restriction, therefore the
use of NK receptors as CARs has the potential to yield robust anti-tumor activity. These
receptors can also recognize various stress-induced or overexpressed ligands on several
types to tumors, which results in a broad range of cancer indications [23, 24], This class has
multiple members either in preclinical or clinical development stage. Examples of CARs
designed based on these receptors include NKp30, DNAM-1, and NKG2D CARs [9-11,25],
These CARs were designed in a way that the extracellular domain of their respective NK
receptor remains intact, yet linked to a variety of cytoplasmic costimulatory and/or signaling
domains. NKG2D CAR has been shown to recognize and kill lymphomas, myelomas, and
many solid tumors, while significantly altering the tumor microenvironment and promoting
the development of anti-tumor immunity [10, 18-20, 22, 26-28], One potential limiting
aspect of this approach is the fact that NK receptor-based CARs may also recognize their
ligands when expressed on non-tumor cells, leading to unexpected toxicity. Therefore, the
off-tumor effects of these NK receptor based CAR T cells should be understood in order to
use them safely [22].

CD70 has been identified as the ligand for CD27, a co-stimulatory receptor involved in T
cell proliferation and survival [29], A number of human tumors have been shown to express
CD70, including solid and haematological malignancies [30], Recent studies suggest that the
mechanism of expression of CD70 is closely associated with the pVHL/HIF pathway, an
important mediator of hypoxia, a survival mechanism of tumor cells [31, 32], Due to a
restricted expression pattern in healthy tissues and abundant expression in malignant cells,
CD70 can be considered as a possible target for the development of cell based therapies.
Preclinical studies performed with T cells genetically engineered with different CAR
constructs designed to target CD70 showed improved /in vitro activity using a CD27-41BB-
zeta CAR. This construct consists of the CD27 molecule minus its intracellular domain,
fused with the co-stimulatory of 41BB and the CD3 zeta signaling domains [33], Data
showed curative effects and long-term survival of tumor-bearing NSG immunodeficient
mice. A syngeneic mouse model was used to test efficacy and toxicity in vivo, where
toxicity caused by cytokine release was observed at cell doses 100-fold higher than needed
to show efficacy. These preclinical data were used in support of a Phase | clinical trial to test
safety of CD27 CAR T cells against five indications of solid malignancies (NCT02830724).

Another class of receptor-based CARs makes use of the extracellular binding region of
FcyRIIIl (CD16), which can be expressed in the surface of several immune cells, including
monocytes, neutrophils, macrophages and NK cells [34, 35], This receptor mediates
antibody-dependent cellular cytotoxicity (ADCC) through binding to Fc region of
antibodies, therefore enhancing the effects of therapeutic antibodies regardless of the target
tumor antigen. The ability of CD16 to bind IgG antibodies results in a potential universal
CAR, where only one type of engineered T cells is needed to treat multiple types of cancer
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when given with the appropriate 1gG antibodies that target that cancer. One potential
challenge is for an undesirable activation of the CAR by antibody-antigen aggregates that
regularly occur as part of a normal immunity against pathogens. These Fc- targeted CARs
could potentially be triggered by antibodies that could aggregate at tissue sites throughout
the body without association of a tumor antigen. In such cases, the unintended activation of
immune system may result in severe off-target toxicities.

Ligand-based CARs

Another approach involves the use of receptor-binding domain of ligands in the design of
CARs (Figure 1 C). This approach takes advantage of several classes of ligand molecules,
including cytokines, immunoglobulin superfamily proteins and peptides [36—39], The use of
cytokine receptors as targets for CAR-based T cells therapies has been a useful tool to treat
specific types of tumors. Interleukin 11 (IL-11) demonstrates functional activity /in vitro on
many different systems, including bone, hepatic, neuronal, haematopoietic, lymphopoietic,
and adipose, either alone or in combination with other growth factors [40, 41], IL-11 plays a
major role in epithelial cancer biology through activation of STAT3, leading to improved
survival and proliferation of neoplastic cells, if they express the ligand-specific IL-11Ra
receptor subunit [42, 43], Overexpression of human IL-11Ra has been shown in multiple
cancers of epithelial and mesenchymal origin, including colon, gastric, breast, prostate, and
osteosarcoma (OS) [42, 44], Relapsed OS patients frequently have lung metastasis that are
resistant to available chemotherapy treatments.

IL-11Ra was shown to be expressed on a variety of human OS cell lines and on 88% of OS
pulmonary metastases from patients. Therefore, an IL-11Ra CAR has been created by
connecting an IL-11 peptide as an extracellular domain to the T cell activation endodomains.
These IL-11Ra CAR T cells have been shown to kill OS cells /n vitro and accumulate in OS
lung tumors when delivered intravenously /n vivo. Treatment of mice with established OS
lung metastases resulted in significant tumor cell apoptosis and tumor regression [39], The
development of an IL-11 based CAR T cell therapy can be a desirable therapeutic option for
these patients considering the direct correlation between peripheral lymphocyte numbers and
OS patient outcomes, with high lymphocyte counts associated with better outcome [45].

Another example of a cytokine receptor used in the design of CAR is the adoptive T-cell
therapy against glioblastoma with the use of cells engineered to target IL-13Ra.2 [36, 46],
IL-13Ra?2 is expressed on more than 80% of high-grade gliomas, is associated with a
reduced rate of survival, and has low expression in normal tissue. Physiologically, I1L-13
binds to IL-13Ra2 with a much higher affinity compared to IL-13Ra1, the form more
widely expressed in tissues, making IL-13Ra.2 a more suitable target candidate for
immunotherapy [47, 48], The initial design of the IL-13Ra2 CAR used IL-13 with an E13Y
mutation fused to a hinge region from human y4Fc, the CD4 transmembrane domain, and
the signaling domain of CD3 zeta. CAR T cell-mediated specific lysis of multiple tumor cell
types /n vitro, including Daudi lymphoma, THP-1 (acute myeloid leukemia - AML), and
U251 glioma cells, with natural or artificial expression of IL-13Ra2 [49], Control target
cells that expressed either IL-13Ra1 or no IL-13 receptor were not killed, demonstrating the
specificity of the CAR to the target IL-13Ra2. Efficacy /n vivowas demonstrated using
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labeled-U87 glioma cells implanted into the forebrain of NOD-SCID mice. IL-13Ra2 CAR
T cell-treated mice demonstrated a loss of tumor signal by three days, and the signal
remained low for many weeks after treatment. In contrast, mice treated with control CAR T
cells had increased tumor growth. [50], An IL-13Ra2-specific CAR has been created with
two amino acid mutations in the 1L-13 ligand [49]. The mutations were specifically designed
to increase affinity to IL-13Ra2 while decreasing affinity to IL-13Ral1. A second generation
IL-13Ra?2-specific CAR was created with a 4-1BB costimulatory signaling domain. Data
comparing the activity of first and second generations of IL-13Ra.2-specific CAR T cells
showed the second generation was superior 7n vivo [51].

Adnectins are a class of synthetic peptides derived from the tenth type 111 domain of human
fibronectin (L0OFn3) and have been shown to bind to epidermal growth factor receptor
(EGFR), a transmembrane receptor that mediates proliferation and cell survival. Genetic
modifications in the binding region of 10Fn3 has shown to improve the specificity without
compromising the structure of the protein [52], Adnectin has been used as the binding
portion of a CAR in combination of CD28, 41BB and CD3 zeta signaling molecules, with
the binding and signaling units connected by CD8 hinge and transmembrane domains. In
terms of efficacy, adnectin-based CAR T cells demonstrated comparable cell killing activity
both /n vitroand in vivo against EGFR-expressing cells, when compared to the standard
scFv-based CAR T cells. Furthermore, adnectin-based CAR T cells showed lower binding
affinity towards EGFR relative to the scFv-based version, leading to a superior safety profile
for this therapy [38].

A follicle-stimulating hormone (FSH) CAR is an example of ligand-based CAR design to
target ovarian cancer cells known to express high amounts of FSH receptor [53], Human T
cells transduced with FSH CAR were specifically cytotoxic against FSHR-expressing
human ovarian cancer cell lines /in vitro. Similarly, FSH CAR T cell treatment led to
significant anti-tumor efficacy in a xenograft model of ovarian cancer. Evaluation of patient
samples for FSHR expression showed no expression of the target outside ovarian tissue.
Reinforcing the safety profile of this target, monitoring of tissue pathology in ovarian cancer
murine models did not reveal harmful effects associated with the delivery of a fully murine
FSHR-targeted T cells, supporting further development of this approach for ovarian cancer
[54].

An approach was designed by Nakazawa efal. to target GM-CSF receptor (GMR) via its
ligand GM-CSF to treat Juvenile Myelomonocytic Leukemia (JMML), a fatal,
myelodysplastic/myeloproliferative neoplasm of early childhood [8]. The GMR-specific
CAR contains the full-length sequence of human GM-CSF linked to the transmembrane and
cytoplasmic domain of human CD28, and followed by the human CD3 zeta signaling
domain. GMR-specific CAR T cells showed specific cytotoxicity and growth inhibition of
JMML progenitor cells (CD34+) compared to normal haematopoietic progenitors, a feature
that might be explained by difference in GMR conformation between JMML and normal
cells [55, 56]. The ability to distinguish structural changes based on the level of receptor
activation makes the GMR-specific CAR T cell therapy an attractive option for the treatment
of this disease.
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Natural Receptor- and ligand-based CARs tested in the clinic

Compared to anti-CD19 CARs and the clinical outcomes in the treatment of B-cell
malignancies, relatively little is known about the clinical efficacy of natural receptor-based
or ligand-based CARs. Amongst the CARs brought into the clinic (Table 1), the ligand-
based CARs IL-13Ra and T1E are the ones with clinical information available [36, 46, 57—
59].

Malignant glioma is the most common primary brain tumor in the United States with an
annual incidence of two to three per 100,000 adults per year. Adoptive CAR T cell therapy
represents a promising approach to treat patients with glioblastoma as these cells have potent
cytotoxic capabilities and the potential of trafficking to distant sites in response to tumor
secreted factors [60], This ability is particularly relevant given the glioblastoma’s invasive
phenotype.

Initial clinical approaches evaluated intracranial administration of CD8 T cells that
expressed a first generation IL-13Ra2-specific CAR. This approach showed transient anti-
glioma responses with no “high-grade” therapy-related side effects [36], Based on these
outcomes, a second generation modified IL13Ra2-specific CAR T cell was created to
improve anti-tumor potency and T-cell persistency. The new approach involved the addition
of 41BB costimulation, and the binding motif was combined with a mutated IgG4-Fc linker
to reduce off-target Fc-receptor interactions [61], Clinical findings from a single patient
demonstrated a dramatic anti-tumor response, combined with higher numbers of immune
cells and greater inflammatory cytokines in the cerebrospinal fluid. To note, CAR T cell
activity remained restricted to the brain, as no signs of cytokine accumulation or traces of
CAR+ T cells were found outside the cerebrospinal fluid [46].

There are very few tumor-specific antigens, so target selection requires balancing potential
for anti-tumor efficacy against the risk of unacceptable toxicity. CARs have been designed to
recognize targets that are over-expressed on tumor tissues compared to healthy tissues. One
class of CAR targets is the ErbB receptor family, which comprises of four members
including epidermal growth factor receptor (EGFR or ErbB-1), ErbB-2 (HER2 or neu),
ErbB-3 and ErbB-4 [62-65], To note, one of the mechanisms of tumor resistance is the
common increased expression of the non-targeted members of the same family in order to
compensate the elimination of the targeted member [66], Hence, the approach to target
multiple members from the same family using a CAR that recognize multiple motifs
provides substantial benefits, by increasing specificity and abrogating tumor resistance. To
accomplish this, a second generation CAR named T1 E28z was created where the signaling
endodomain contains CD28 followed by CD3 zeta [37], The target recognition domain was
based on the chimeric polypeptide T1E. This peptide consists of the N-terminal portion of
TGF-a fused to the C-terminal portion of mature EGF. T1E binds to ErbB1-based homo and
heterodimers with high affinity, and T1E also binds ErbB2/3 heterodimers and all ErbB4
containing dimers [67].

T1 E28z CAR T cells have demonstrated anti-tumor efficacy in several preclinical models of
solid malignancies, including breast, head and neck, and ovarian cancers [37, 68],
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Additional /n vitro studies using T cells derived from patients with epithelial ovarian cancer
showed cytotoxicity activity against autologous tumor spheres [68], Despite being highly
expressed in tumor tissues, ErbB receptors are found in several healthy tissues, raising
concerns about the toxic potential of targeting these with CAR T cells. Van Der Stegen et al.
took advantage of the fact that TLE28Z CAR recognizes mouse ErbB receptors to
understand the potential for on-target off-tumor effects of this therapeutic approach [69],
The study revealed that administration of CAR T cells either i.v. or intratumorally did not
result in clinical or histopathologic toxicity. However, when delivered i.p., anti-tumor
efficacy was accompanied by dose-dependent side effects. Toxicity was mediated by target
recognition of CAR T cells, which led to release of both human IL-2 and IFN-y, and murine
IL-6 cytokines. In cases of very high tumor burden, the treatment with TLE28z CAR T cells
was lethal. These data demonstrate that CAR-induced cytokine release syndrome can be
modeled in mice that express target antigen in an appropriate expression. It also highlights
the importance for the proper choice of route of administration and cell dose of CAR T cells
to balance the therapeutic benefits versus any potential toxicity.

These T1E28z CAR preclinical data supported the initiation of a Phase I clinical trial to
investigate the safety of intratumoral injections of TLE28z CAR T cells in patients with
locally advanced/recurrent head and neck squamous cell carcinoma (HNSCC) [58], This is
an autologous cell therapy in which peripheral blood T-cells were genetically engineered
using a retroviral vector to express two chimeric receptors: (1) T1E28z to engage multiple
ErbB dimers that are commonly upregulated in HNSCC; (2) 4a.8, composed of the
ectodomain of IL-4Ra linked with the endodomain of the shared IL-2/15 B, subunit, to
convert the weak mitogenic stimulus provided by interleukin (IL)-4 into a strong and
selective growth signal, allowing preferential expansion and enrichment of CAR-specific T
cells ex vivo [70], These cells were administered in a single sitting to several sites around the
viable tumor, and patients received a total dose of up to 109 cells, in a 3+3 dose escalation
design distributed through 5 cohorts. To date, ten patients have been treated and no dose-
limiting toxicities have been observed [71], Upon completion of the Phase I, the next
expansion phase will potentially include mesothelioma and/or ovarian cancer as target
indications for this therapeutic approach.

Safe clinical implementation of CAR T-cells requires a cautious and considered approach,
given the fact that some of these target antigens might be naturally expressed at low levels
on various healthy tissues. One approach to mitigate this concern is through the use of
regional delivery to potentially mitigate the risks associated with on-target off-tumor toxicity
[46, 57, 58], Despite severe toxic effects associated with high levels of proinflammatory
cytokines, treatment of a recurrent glioblastoma patient with localized autologous CAR T
cells targeting IL-13Ra.2 resulted in a transient complete response, with dramatic
improvements in the patient’s quality of life [46], In the case of ErBB targeted CAR T cells,
disease control was achieved in 6 out of 10 head and neck squamous cell carcinoma
(SNSCC) patients with no dose-limiting toxicity reported [58],

Another promising therapy for the treatment of haematological malignancies is using a
NKG2D receptor based CAR. Many studies have been conducted using murine tumor
models and primary human T cells that show the potential for this CAR therapy to be
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effective in treating cancer. Preclinical studies have shown efficacy in several syngeneic
tumor models of solid and haematological malignancies [18, 72—74], /n vivo experiments
showed that NKG2D CART cell injection led to complete overall survival in murine
lymphoma, multiple myeloma, and ovarian cancer models compared to injection of control
wildtype NKG2D T cells. Data have demonstrated that NKG2D CAR T cell cytotoxicity and
cytokine production are both important for complete anti-tumor efficacy, and that activation
of host cytotoxicity and cytokines can also be activated as a part of the anti-tumor activity /n
vivo [20, 73, 75, 76], Furthermore, animals in long-term remission efficiently responded to
rechallenge even in the absence of CAR T cells. This finding was dependent upon host T
cells, indicating that NKG2D CAR T cells generated an adaptive tumor-specific immune
response [26].

In terms of safety, two preclinical studies have been performed in order to understand the
potential for toxic effects in humans. The first study combined evaluation of efficacy and
toxicity of three distinct NKG2D-based CARs: (1) a fusion between the NKG2D receptor
and the CD3 zeta chain (NKz); (2) Co-expression of NKz with DAP10 to increase cell
surface expression (NKz10); and (3) a conventional second generation CAR, where the
extracellular domain of the NKG2D receptor was fused to CD28, followed by CD3zeta
(NK282z) [77], Delivery of NKG2D CAR T cells that had additional costimulation built into
the receptor (e.g. CD28) caused significant morbidity and mortality, and the extent of
toxicity varied between CAR designs and mouse strains tested. Additionally, pre-treatment
with cyclophosphamide prior to delivery of the cells exacerbated the toxicity, a not
unexpected finding considering that chemotherapy may induce upregulation of NKG2D
ligands [23, 78], The second study focused on the evaluation of maximum tolerated dose and
mechanism of toxicity associated with delivery of NKG2D CAR T cells [79], Experiments
were performed with a NKz construct, which contained the full NKG2D receptor followed
by the CD3 zeta signaling domain, and dose was escalated up to 2x107 cells per mouse as a
single i.v. dose. The MTD was determined to be 107 cells per mouse, and repeated
administration of this dose to healthy and tumor-bearing mice did not produce major
toxicities. In contrast, i.v. injection of a higher dose of NKG2D CAR T cells resulted in
acute inflammatory distress associated with the production of pro-inflammatory cytokines, a
pattern consistence with cytokine storm. In order to understand the mechanism of toxicity
and narrow down potential key players of this effect, several knockout or artificially
depleted-mouse models were used either as recipients or donors of CAR T cells. NKG2D
CAR T cells that were deficient in either perforin or GM-CSF alone did not result in acute
toxicity when administered at high cell doses, however, the loss of IFN-y, which is essential
for anti-tumor activity, did not alter toxicity. These preclinical data were used to support the
initiation of two Phase I clinical trials to evaluate primarily safety, pharmacokinetics, and
potential efficacy of NKG2D CAR T cells in multiple cancer indications, including solid and
haematological malignancies. The initial clinical study was designed to evaluate the safety
of a single intravenous dose administration of up to 30 million CAR T cells (NCT02203825)
in patients with Acute Myeloid Leukemia (AML) and Multiple Myeloma (MM), followed
later by a multi-dose study of up to 3x10A9 CAR T cells in patient with AML, MM, and five
solid tumor indications (NCT03018405).
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The majority of the CARs used in the clinic contain a scFv for antigen recognition and
specificity, with the anti-CD19 CAR leading the race with two approved products
(Tisagenlecleucel and Axicabtagene Ciloleucel). Since many of the scFvs being used in
preclinical and clinical development are derived from antibodies raised in mice, the issue
with potentially immunogenicity is still a challenge. CARs derived from naturally occurring
proteins may eliminate the concerns associated with immunogenicity, which represents a
hurdle for this line of therapy. Some of these natural receptors or ligands are known to bind
multiple targets, which can be an advantage to avoid the risk of immune escape associated
with antigen-loss. On the other hand, the ability to bind multiple targets can increase the
risks of on-target off-tumor toxicity, considering that most of the targets known to date have
some expression on healthy tissues. As the various CAR T cell therapy approaches move
through the clinic, understanding why some CAR designs or treatment strategies work better
than others, will enable the field to customize designs for specific malignancies. Looking
forward, CAR therapies promise to revolutionize treatment options for cancer patients.
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Practice Points

. Natural receptors have evolved to interact with one or more target proteins,
which may be over-expressed on many types of tumors.

. Because they are based on natural, endogenous proteins, the use of a natural
receptor or ligand based CAR may not induce a host anti-CAR immune
response.

. Off-tumor but on-target responses can occur and potential toxicity needs to be

monitored closely.
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Research Agenda

. Natural receptors and their ligands are a promising opportunity for the
development of CAR-based therapies for multiple tumor indications.

. The majority of the CARs tested clinically are scFv-based. Despite providing
exciting clinical results, the approach still faces some challenges, such as
potential immunogenicity and CAR self-aggregation.

. Selection of suitable receptor candidates should be done carefully due to
potential target expression patterns on non-tumor tissues.
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Natural Receptor-Based CAR  Ligand-Based CAR
A B C

Figure 1.
Schematic structure of receptor- and ligand-based chimeric antigen receptors. Receptor-

based CARs: (A) native protein extracellular domain bound to either CD8 or CD28
transmembrane, followed by intracellular signaling domain; and (B) complete native
receptor, including both extracellular and transmembrane domains, followed by intracellular
signaling domain. (C) Ligand-based CAR: ligand molecule is bound to either CD8 or CD28
transmembrane, followed by intracellular signaling domain.

Best Pract Res Clin Haematol. Author manuscript; available in PMC 2019 June 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Murad et al.

Table 1

Receptor and ligand -based CARs currently in development.

Page 18

CAR (based
on receptor)

Target (ligand)

Costimulatory domains

Indication

Phase of development

CARs based on
natural
receptors

CARs based on
receptor-
binding domain
of ligands

NKp30

NKG2D

DNAM-1
CD27

CD16

GM-CSF
Adnectin

IL-13
IL-11
FSH
T1E

B7116, BAG6, Gal3

MICA, MICB, ULBP 1-6

PVR and Nectin-2
CD70

Fc region of Abs

CD116
EGFR

IL-13Ra2
IL-11Ra
FSHR

ErbB family

CD28.CD3z

CD3z/DaplO assoc

CD28.CD3z
41BB.CD3z

41BB.CD3z

CD28.CD3z
CD28.41BB.CD3z

41BB.CD3z
CD28.CD3z
CD28.CD3z
CD28.CD3z

Liquid and solid
tumors

Liquid and solid
tumors

Solid tumors

Liquid and solid
tumors

Liquid and solid
tumors

Liquid tumors

Solid tumors

Solid tumors
Solid tumors
Solid tumors

Solid tumors

Preclinical

Clinical

Preclinical

Clinical

Clinical

Preclinical

Preclinical

Clinical
Preclinical
Preclinical

Clinical
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