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Abstract

Chimeric antigen receptor (CAR) T cells have been developed to treat tumors and have shown
great success against B cell malignancies. Exploiting modular designs and swappable domains,
CARs can target an array of cell surface antigens and, upon receptor-ligand interactions, direct
signaling cascades, thereby driving T cell effector functions. CARs have been designed using
receptors, ligands, or scFv binding domains. Different regions of a CAR have each been found to
play a role in determining the overall efficacy of CAR T cells. Therefore, this review provides an
overview of CAR construction and common designs. Each CAR region is discussed in the context
of its importance to a CAR’s function. Additionally, the review explores how various engineering
strategies have been applied to CAR T cells in order to regulate CAR T cell function and activity.
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Introduction

Chimeric antigen receptors (CARS) are engineered molecules that are constructed by taking
various domains from different proteins and combining them to create new receptors. These
novel receptors will bind to a specific antigen and stimulate downstream cell signaling
leading to an effector response. Thus, a large number of antigen-specific effectors cells can
be created. These engineered receptors are an important step in immunotherapy because they
have opened the potential to engineer effector cells with the power to regulate a wide variety
of diseases. In this article, we review lessons learned from the use of different CARson T
cells and how the particular design of a CAR affects function.
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Practical Application and Clinical Relevance

CAR technology in T cells has gained interest as an immunotherapeutic approach against
cancer. Introduction of a CAR into a T cell allows that cell to bypass the requirements for
MHC restriction and additional costimulation signals normally required for effective T cell
activation and persistence (Dotti et al., 2014; Kershaw et al., 2013; Sadelain et al., 2013).
Coupling this with the ability to specifically target tumor associated or tumor-specific
antigens, CAR T cells can be activated to elicit an effective T cell mediated response against
tumors, using both cytotoxicity and cytokine production (Barrett et al., 2014). Thus, CAR T
cells provide a way to create a robust anti-tumor immune response, augment the ineffective
host tumor-specific immune activity, and overcome the potent defense mechanisms of
tumors and their microenvironments.

Clinical trials with CAR therapy have been successful in treating hematological cancers, and
many patients have undergone complete remission of their cancers within weeks following
adoptive transfer of CAR T cells (Cheadle et al., 2014; Grupp et al., 2013; Maude et al.,
2014; Porter et al., 2015; Porter et al., 2011). Although efficacy has been observed in various
hematological cancers, similar findings with solid tumors have been lackluster and remain a
challenge for CAR T cell therapy to overcome in the clinic (Gilham et al., 2012; Kakarla and
Gottschalk, 2014; Lipowska-Bhalla et al., 2012). Additionally, regulation of these CAR T
cells once administered to a patient is a major issue, as uncontrolled secretion of pro-
inflammatory cytokines or cell killing can cause cytokine release syndrome and autoimmune
reactions which can result in severe inflammation and morbidity (Lipowska-Bhalla et al.,
2012). Controlling cytotoxicity, cytokine secretion, proliferation, persistence, and memory
induction of these CAR T cells is beneficial to maximize the therapeutic potential, while
mitigating their potential for adverse side effects. Therefore, understanding how CAR design
can influence the function, efficacy, and potential toxicity of CAR T cells is imperative for
these therapies to be developed effectively.

CAR Regions and Generations

CARs are composed of four regions (Figure 1). These are (1) an extracellular binding
domain(s), (2) a hinge or spacer region, (3) a transmembrane region, and (4) a cytoplasmic
signaling region (Dotti et al., 2014; Sadelain et al., 2013). CARs are classified into three
generations based on the number of costimulatory domains within the cytoplasmic region
(Figure 2). First generation CARs contain one activation domain, second generation CARS
contain an activation and one costimulatory domain, and third generation CARs contain an
activation domain and multiple costimulatory domains. Each region contributes specific
attributes to the new receptor, affecting receptor ligand interactions, expression, stability, and
downstream signaling and activation.

Extracellular Binding Domain

The extracellular binding regions of CARs have historically utilized the binding region of a
receptor expressed on the cell surface, a receptor ligand, T cell receptor binding chains, or
the antigen binding regions normally found within an antibody that has been formatted into
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single-chain variable fragment (scFv). Indeed, the first CARs that were created utilized
binding portions of receptors that are naturally expressed on cells. Extracellular regions from
CD4, CD8, or CD16 receptors were among the first to be fused to the CD3( or FcRy
cytoplasmic domains, which provided a primary stimulation signal to T cells (Irving and
Weiss, 1991; Letourneur and Klausner, 1991; Romeo et al., 1992; Romeo and Seed, 1991).
However, the purpose of creating these first CARs was to understand the signaling
components and requirements needed to induce activation of a T cell, mediated by the
signaling domains of either CD3( or FcRy receptor. Initially, cross-linking antibodies that
bound to the extracellular regions of these CARs were used to induce signaling (Irving and
Weiss, 1991; Letourneur and Klausner, 1991; Romeo et al., 1992). However, some early
studies (Romeo and Seed, 1991) used actual receptor-ligand mediated interactions, such as
CD4 binding the HIV protein gp120, suggesting the potential to use CAR technology as a
target-specific therapy. As applications for CAR therapy were explored, receptors for
extracellular regions of CARs were carefully selected and developed to target specific
ligands.

scFv-based Binding Domains

The largest group of extracellular binding regions used in construction of CARs are scFvs.
These binding domains consist of a variable heavy and variable light chains fused together
with a flexible linker. The variable domains are derived within an antibody, determining
antigen specificity. One of the very first scFv based CARs was taken from a Sp6 anti-TNP
mADb, in which the variable heavy region and the variable light regions of the antibody were
joined by a linker (Eshhar et al., 1993). In this way, the CAR receptor will have the
specificity and affinity of the original antibody yet also be expressed as one intact protein on
the cell surface. Since then, CAR designs have used the scFv format to create CARs specific
for all types of targets as well as targeting different epitopes on the same target. Many CARs
were built to recognize tumor-specific antigens or tumor associated antigens. Prominent
tumor targets include CD19, CD20, HER2, GD2, the ErbB receptor family, MUC1, and
PSMA (Cheever et al., 2009; Dotti et al., 2014). However, reformatting variable chains from
a full antibody to an scFv does not guarantee a functional CAR receptor. Potential reasons
for this include ablated binding specificity, Fv-mediated protein aggregation, or ineffective
expression on the cell surface. Furthermore, not all antibodies can be reformatted into an
scFv and retain antigen binding. This must be taken into consideration when attempting to
design scFvs with specific binding properties, such as when humanizing an scFv or
attempting to affinity mature the scFv to improve antigen binding.

How scFv affinity affects CAR function is an area of active research. One study
(Chmielewski et al., 2011) suggests that binding affinity and antigen density is the major
determinant of CAR T cell activation and even augmentation through costimulatory
signaling domains will not lower this activation threshold. Additionally, Chmielewski et al.
(2011) found that a higher affinity scFv as a first generation CAR is insufficient to induce
cytokine secretion comparable to that of a second generation CD28 CAR, suggesting that
binding affinity enables activation but does not direct the T cell effector response. Further
studies (Caruso et al., 2015) revealed that activation of an scFv-based CAR is dependent on
the binding affinity of the CAR and the antigen density on the target cell. Caruso et al.
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(2015) illustrates this with CARs generated from Cetuximab and Nimotuzumab, antibodies
with different affinities that bind to similar epitopes on EGFR (Talavera et al., 2009).
Exposure to cells expressing various amounts of EGFR showed that the increase in the
response of T cell cytotoxicity and cytokine production with the lower affinity
Nimotuzumab scFv-based CAR correlated with an increase in the antigen density on the
target cell. In comparison, the higher affinity Cetuximab scFv-based CAR T cells responded
similarly across all levels of antigen expression on the target cell.

Other studies (Liu et al., 2015) have attempted to fine tune scFv affinity of a CAR T cell to
minimize reactivity to cells expressing the targeted antigen but which are not tumors. This
on target but off tumor toxicity can be an issue when CAR T cells are designed to recognize
antigens which can be found overexpressed on tumor but are also expressed on normal cells.
Liu et al. (2015) generated CARs with scFvs of different affinities against ErbB2, a cell
surface receptor overexpressed in some types of cancer such as ovarian and breast cancers
but can also be expressed on normal tissues. In vivo experiments showed that CARS
expressing a low affinity scFv had strong activity against high ErbB2 expressing tumors
comparable to that of a higher affinity ErbB2-specific scFv. Furthermore, this same low
affinity CAR construct had reduced activity against cells which expressed lower amounts
ErbB2 compared to the high affinity scFv CAR. This suggested that a lower affinity scFv
CAR could be beneficial by targeting cancers that overexpress the antigen, yet spare those
which express the antigen at normal physiological levels. Other research (Lynn et al., 2016)
makes the case for choosing higher affinity scFvs over lower affinity ones. Lynn et al. (2016)
constructed two different CARs, selecting a high affinity scFv and a low affinity scFv to
target tumors overexpressing Folate receptor b (FRb). Their data indicate that only the high
affinity scFv could completely clear Frb* THP1 AML tumor cells in NSG mice. In contrast,
their low affinity CAR T cells persisted longer but did not show efficacy against the tumor,
as tumor burden in the NSG mice was comparable to that of NSG mice treated with non-Frb
specific CAR T cells. This particular observation could have been caused from chronic
antigen stimulation in low affinity CAR T cells, in which the CAR T cells were not
stimulated to effectively induce T cell effector functions but received enough signal for the
CAR T cells to persist. These and other studies suggest that selecting an scFv with an
appropriate affinity is crucial in designing CARs targeting antigens that are normally
expressed on healthy cells, but which can also be overexpressed on tumor cells. Clearly, an
optimal affinity must be attained in the context of targeting overexpressed ligands such that
the CAR can still bind its target and activate T cell effector functions, yet limit the on target
but off tumor effects of low ligand expression on non-tumor cells. This optimal affinity
could be achieved through scFv affinity maturation, selecting for a wide range of affinities
and subsequently testing them on cells with varying amounts of the targeted antigen.

TCR-like Antibody CARs

TCR-like antibody based CARs are a class of CARs which express scFvs from antibodies
that specifically recognize MHC class molecules and its loaded peptide (Dahan and Reiter,
2012). This specificity can be utilized to target cancers based on recognition of mutated
intracellular proteins. If mutated peptide sequences are loaded onto the MHC, they could
effectively generate neo-epitopes, which can be used to distinguish a cancerous cell from a
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normal cell by a CAR that only recognizes the specific MHC/peptide combination. This
class of CARs may expand the repertoire of targetable ligands and broaden the range of
tumors which can be treated. However, studies (Oren et al., 2014; Willemsen et al., 2005)
conducted with TCR-like antibody based CAR constructs have yielded mixed results.
Willemsen et al. (2005) generated TCR-like antibody based CARs against a specific MHC/
Magel peptide combination, creating high affinity and low affinity CARs that are able to
induce CAR T cell cytokine secretion and cytotoxicity upon recognition of the MHC/Magel
peptide combination. However, both CARs also exhibit activity against the MHC molecule
when it was not loaded with the specific peptide. These observations corroborated with data
from Oren et al. (2014), which compared TCR-like antibody based CARs with different
affinities targeting a MHC/Wilms Tumor 1 (WT1) peptide combination. T cells expressing
the high affinity CAR variant were shown to have lower viability when the T cells expressed
the targeted HLA molecules. This was not observed in CAR T cells that did not express the
specific HLA molecules. They further compared the low affinity TCR-like CAR to a TCR
specific for the same MHC/WT1 combination, and observed that the TCR response had
greater activity than the TCR-like antibody CAR. In this case, the TCR has a lower affinity
than the CAR for the MHC/peptide complex. This suggests that other contributing factors
such as interactions of the MHC with the TCR and MHC co-receptors could enhance the
avidity and sensitivity of a T cell. This may result in greater T cell activity against the
targeted cell with a natural TCR compared to a CAR T cell which may be unable to benefit
from these interactions. Overall this suggests that though TCR-like antibody based CARs
can recognize specific MHC/peptide combinations, they do not share the same relationship
with a MHC/peptide complex that a natural TCR has. As such, use of TCR-like antibody
based CARs may encounter unexpected auto-reactivity or decreased potency.

Natural Extracellular Binding Domains

CD16 CARs—Some CARs make use of the extracellular binding region of FcyRIlla
(CD16) (Clemenceau et al., 2006; D’Aloia et al., 2016; Kudo et al., 2014). CD16 can be
expressed on a variety of immune cells including neutrophils, monocytes, macrophages, and
NK cells, functioning to mediate antibody dependent cellular cytotoxicity (ADCC) through
binding the Fc region of an antibody. Some researchers (Clemenceau et al., 2006; Kudo et
al., 2014) have constructed CARs with the intent of taking advantage of CD16’s ability to
bind antibodies, effectively making a universal CAR. Doing so allows the use of specific
antibodies to recognize tumor antigens. Then, CAR T cells expressing these CD16-based
CAR could interact with the antibody via the Fc region, activate the CAR T cell, and
subsequently induce cytotoxicity and cytokine secretion. Theoretically, this system has two
advantages with respect to safety. The first is target specificity through antibody design.
Antibodies can be designed to target a certain epitope or region of an antigen with different
affinities. This could be beneficial in excluding normal tissues which do not have mutated
proteins or over express tumor associated antigens. The other is that the antibody has to be
administered to a patient and will be lost based on the antibody pharmacokinetics. This
provides another layer of control over a CAR T cell response, as selecting the right dose and
frequency of administration may prevent excessive immune toxicity. However, a major
challenge for this system is the ability of the CAR to bind any antibody by its Fc. Thus, the
CAR T cells could become activated to antibody-antigen aggregates that occur regularly as a
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part of normal immunity against pathogens. These CARs may also interact with the specific
antibody that could aggregate at tissue sites or on cells throughout the body without specific
antigen. Both these instances could incite unintended immune system activation and off
target toxicities.

NK Receptor CARs—One class of natural receptor CARs have been based on NK cells
and NK cell receptors. NK cells have robust antitumor activity and many of their receptors
can recognize various stress induced or overexpressed ligands on different tumors, thereby
activating NK cell cytotoxicity (Moretta and Moretta, 2004; Spear et al., 2013c). Some
CARs generated this way were based on the NKp30, DNAM-1, and NKG2D receptors
(Lehner et al., 2012; Wu et al., 2015b; Zhang et al., 2006; Zhang et al., 2005; Zhang et al.,
2012). NK receptor based CARs were engineered such that the extracellular binding
domains of these NK cell receptors remained intact, yet were fused to cytoplasmic activation
and costimulatory domains. These NK receptor based CARs have shown efficacy similar to
that of CARs expressing an scFv, allowing for recognition of ligands on tumor cells and
enabling long term survival in immune intact in vivo models (Spear et al., 2013a; Spear et
al., 2013b; Wu et al., 2015b; Wu et al., 2015c; Zhang et al., 2012). The CARs have no
extracellular regions that are not normally present on immune cells, so they would not be
expected to be immunogenic in vivo. Because these CARs were based on NK cell receptors,
they have the capacity to bind multiple ligands and target many different tumors. For
example, the NKG2D CAR has been shown to recognize and eliminate myelomas,
lymphomas, and ovarian cancers (Barber et al., 2011; Barber et al., 2009; Barber et al.,
2008; Sentman and Meehan, 2014; Zhang et al., 2005). Therefore, NK receptor based CARs
have the potential to target a wide range of different tumors using one single CAR platform.
However, effector T cells expressing these NK receptor based CARs could potentially target
non-tumor cells expressing their ligands (Sentman and Meehan, 2014). So, short-term
survival of these CAR T cells rather than long-term persistence may be beneficial for such
CAR T cells to avoid off tumor effects.

Hinge/Spacer Region

The hinge/spacer region consists of a CAR’s non-antigen binding extracellular region.
Research on the role of the hinge/spacer has been observed to modulate CAR function by
providing flexibility, extending the length, allowing dimerization to occur, or improving
stability. These properties have been suggested to influence the effector cell-target cell
interactions, thereby affecting the activation signal strength. Common hinge/spacers regions
have made use of immunoglobulin Fc, CD8a and CD28 spacer regions (Lipowska-Bhalla et
al., 2012).

One particular type of hinge/spacer class is the use of Fc IgG. These Fc portions are
composed of the constant heavy chain domains CH2 and CH3. Most CARs utilizing this
spacer region makes use of the Fc CH2-CH3 domains from either IgG1 or IgG4. These types
of spacers/hinges have contributed much of what is known about the function of this
particular CAR region. Early studies (Guest et al., 2005; Hombach et al., 2000) involving
IgG1 as a stalk region first suggested that its addition could affect activation of a T cell and
tumor killing or cytokine secretion. In these studies, different scFvs were selected, each of
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which targeting a different tumor associated antigen. Two types of CARs were generated for
each scFv, one which included IgG1 as a spacer and the other without it. The antitumor
response for each pair was assessed against tumor cell lines expressing the scFv’s specific
antigen. Their findings indicated that there were differences between each scFv CAR’s
efficacy in cell killing or cytokine secretion, depending on the antigen being targeted. In
some cases, the Fc 1gG1 spacer was beneficial in generating a more potent immune
response. Other scFv-antigen combinations resulted in better efficacy without this same Fc
IgG1 spacer. This discrepancy was suggested to be attributed to the distance of the antigen
binding site in relation to the tumor cell membrane. The closer the antigen binding site is on
the opposing tumor cell membrane, the more advantageous it may be to have a CAR
construct with a longer spacer region to achieve an optimal distance and immunological
synapse formation. More recent research (Hudecek et al., 2013; Hudecek et al., 2015) delves
into optimizing these hinge lengths and understanding how they can affect the T cell
response. Utilizing the Fc 1gG4 template of CH2-CH3 and deleting regions within the Fc
IgG portion to test varying CAR lengths supported the hypothesis that spacers can
potentially play a role in proliferation, activation, and initiation of activation induced cell
death (AICD) through overstimulation of the T cell.

Design of the CAR spacer region should be carefully considered. Studies (Hombach et al.,
2010; Jonnalagadda et al., 2015) conducted with both Fc spacer regions of native IgG1 or
1gG4 sequences maintained partial function with respect to interactions with FcyR
receptors. These interactions have the potential to non-specifically activate the CAR T cells
without antigen when in the presence of Fc receptor expressing cells, such as monocytes and
NK cells. Likewise, the Fc receptor expressing cells can be unintentionally activated through
their FcyR receptors when in the presence of CAR T cells, initiating innate immune
responses such as secretion of proinflammatory cytokines. This property was observed to
inhibit efficacy of CAR T cells in treating tumor bearing mice and may be a potential reason
for the limited effectiveness in treating lymphoma patients (Hudecek et al., 2015; Savoldo et
al., 2011). To mitigate this effect, the Fc 1gG chains used as spacer regions were
reengineered with specific mutations within the sequence to disrupt the binding ability of the
Fc IgG to bind to its cognate reported Fc receptor (Hombach et al., 2010; Jonnalagadda et
al., 2015). These modifications allowed the CAR T cells to avoid off target activation of the
CAR T cells and innate immune cells, and improve CAR T cell persistence and antitumor
potency in vivo.

Transmembrane Region

The transmembrane domain of the CAR has been less studied than other components, thus
its contributions to CAR performance remains unclear. One early study (Romeo et al., 1992)
that utilized a CD3( transmembrane domain in a CAR construct found that the region was
important for formation of dimers with other CD3( proteins, as mutations in cysteine and
aspartic acid residues within the transmembrane resulted in disruption of dimerization. This
lack of dimerization was suggested to impact CAR T cell activation leading to weaker
cytolytic activity. These observations implied that the transmembrane region has the capacity
to provide stability to the CAR receptor, aiding in associations with other cell surface
proteins that can affect CAR T cell function.
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The transmembrane region of the NKG2D CAR permits the CAR to associate with Dap10
through interactions between specific amino acids present within the transmembrane region
(Zhang et al., 2006). Each NKG2D receptor associates with two Dap10 molecules, and the
use of the NKG2D transmembrane in a CAR allows the CAR to associate with endogenous
Dap10 in a spatial arrangement that the NKG2D receptor normally has with Dap10 (Lanier,
2009). Thus, it is possible to take advantage of transmembrane domains from proteins to
allow a CAR to associate with other beneficial co-receptors and cell surface proteins. Still,
more research is needed to further define which proteins may have useful transmembrane
domains suitable for optimizing CAR expression and effector functions.

Cytoplasmic Region

The cytoplasmic domain provides the downstream signaling which activates the CAR T cell
and directs its response. CARs have become classified into three different generations based
on the signaling domains associated with the constructs. The first generation of CARS
contained a primary activation signaling motif, utilizing either CD3(C or FcRy. Second
generation CARs were created soon after and combined the cytoplasmic domain of a
secondary costimulating signaling protein with the CD3( primary signal region.
Subsequently, third generation CARs were constructed, attempting to harness multiple
signaling pathways by combining multiple T cell costimulation domains, such as fusing the
cytoplasmic domains of CD3(, 4-1BB, and CD28 all into one CAR.

First Generation CARs

First generation CARs typically use cytoplasmic portions of FcR-y or a CD3( chain, which
is sufficient to activate T cells through their immune tyrosine activation motifs (ITAM)
(Romeo et al., 1992; Romeo and Seed, 1991). This activation occurs independently of the
normal TCR-MHC interaction, as crosslinking antibodies to the extracellular portion of a
CAR can initiate signal transduction (Irving and Weiss, 1991). Co-incubation of CAR T
cells with tumors expressing the target antigen triggered cytotoxicity and secretion of
cytokines, notably IL-2 and IFN-y (Chmielewski et al., 2013; Eshhar et al., 1993). In vivo
models correlated with these readouts, showing improved survival for tumor bearing mice
upon CAR T cell treatment (Chmielewski et al., 2013; Hwu et al., 1995). Though first
generation CARs could treat tumors, their potency as a therapy was insufficient to
completely eradicate the tumors. This spurred the development of later CAR generations to
enhance CAR T cell efficacy against tumors.

Second Generation CARs

The need to enhance the potency of CAR T cell therapy resulted in the construction of CARs
that could enhance CAR signaling as well as influence T cell effector function. The
development of these CARs is centered on the concept of providing a costimulatory signal to
the T cell upon binding of a CAR to its ligand. This would ideally allow modulation of
persistence, proliferation, memory, trafficking, or cytokine/chemokine secretion profiles.
Many of these costimulatory domains are signaling domains which play a role in normal T
cell activation and biology. The most widely used costimulatory domains in CAR
construction come from CD28 or 4-1BB, but other CAR constructs have utilized the
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signaling domains from ICOS or OX40. Currently, the second generation CARs are the
platform commonly selected when constructing and studying CAR T cells, and are also the
ones most often used in clinical trials. In most constructs, the costimulatory domain is
located directly after the transmembrane domain and before the primary signaling domain.
This close proximity to the cell membrane is thought to be important to allow the
costimulation domain to interact with its signaling molecules located in this region of the
cell.

CD28—The CD28 costimulatory receptor is most widely known as the signal 2 in T cell
activation. Along with 4-1BB, it is one of the most common CAR platforms being developed
and used in the clinic. Because CD28 has a high potential to activate the T cells, CAR
constructs that contain a CD28 costimulatory domain generally induce greater amounts of
cytokine secretion, such as IL-2, IL-10, IFN-y, and TNF-a than other CAR constructs
(Chmielewski et al., 2011; Finney et al., 2004; Hombach et al., 2012; Pule et al., 2005).
Additionally, some studies (Long et al., 2015) with a CD28 CAR have shown tonic signaling
independent of receptor ligand interactions, which leads to expression of PD-1, TIM-3, and
LAG-3 and exhaustion of T cells. However, CD28 containing CARs are effective at tumor
cell killing and have been shown to have a higher proliferation rate than other common
second generation CARs (Frigault et al., 2015; Hombach and Abken, 2011). In vivo mouse
studies (Haynes et al., 2002) using CD28 CARs have shown greater efficacy in either
eradicating or inhibiting tumor growth than that of first generation CARs with the same
specificity. In clinical trials, CD28 CARs targeting CD19* lymphomas have shown efficacy
in eradicating the tumors (Brentjens et al., 2013; Davila et al., 2014; Kochenderfer et al.,
2012). One particular clinical trial (Savoldo et al., 2011) showed the capacity to proliferate
and persist longer than a first generation CAR.

4-1BB—4-1BB (CD137) is part of the tumor necrosis factor receptor family and acts as a
costimulatory receptor, which helps to drive activation signaling in T cells. 4-1BB signaling
results in secretion of IL-2, IFN-y, and 1L-4, cell survival and resistance to activation
induced cell death (AICD), promotion of antitumor activity, and augmentation of CD28
mediated signaling (Myers and Vella, 2005; Vinay and Kwon, 1998; Vinay and Kwon,
2012). In vitro studies (Imai et al., 2004) revealed that CARs using the 4-1BB cytoplasmic
domain exhibited more cell killing and cytokine secretion upon recognition of the target
antigen compared to first generation CARs using the CD3( activation domain. Studies
(Long et al., 2015; Milone et al., 2009; Song et al., 2011) comparing anti-CD19 CARs with
costimulatory domains of either 4-1BB or CD28 showed differences in effector T cell
populations. A 4-1BB containing CAR was shown to induce higher amounts of specific lysis
compared to the CD28 CAR, while secreting less TH2 cytokines, namely IL-4 and I1L-10
(Milone et al., 2009). Additionally, 4-1BB CAR T cells were shown to have mitigated cell
exhaustion, expressing less PD-1, TIM-3, and LAG-3 compared to a similarly constructed
CD28 based CAR (Long et al., 2015). These in vitro differences translated to in vivo NSG
mouse models, as 4-1BB based CARs were observed to have more CAR T cell persistence
and increased antitumor efficacy than CAR T cells containing only the CD3( signaling
domain (Song et al., 2011). Clinically this CAR signaling platform paired with an anti-CD19
scFv has been successful in treating many different CD19* hematological malignancies
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including CLL, CML, and ALL, with some patients in sustained remission (Grupp et al.,
2013; Maude et al., 2014; Porter et al., 2015; Porter et al., 2011). Many patients have
exhibited increases in proinflammatory cytokine secretion 2—3 weeks post infusion, and the
presence of CAR T cells could be detected for up to a year post infusion, indicating function
and persistence of these CAR T cells (Kalos et al., 2011). The body constantly produces new
B cells, so CD19 specific CARs will be activated by recognition of these normal cells, which
may allow CD19-specific CAR T cells to remain in vivo for a long period of time. However,
secretion of proinflammatory cytokines remains a cause for concern as this can often lead to
immune toxicity.

ICOS—ICOS is a member of the CD28 super family but normally only functions after
initial T cell activation, acting as a costimulatory receptor. In contrast to CD28, it does not
seem to initiate proliferation but instead plays a role in cytokine production of CD4* TH1
and TH2 T cell subsets (Sharpe and Freeman, 2002). T cells transduced with ICOS based
CARs have antitumor activity, including Kkilling target cells and secretion of IFN-y (Shen et
al., 2013). However, major differences have been reported (Guedan et al., 2014) with respect
to the TH17 T cell subset. TH17 cells expressing an ICOS based CAR showed increases in
cytokine secretion of IL-17A, IL-17F, IL-22 and less IL-2 and TNF-a than a CD28 based
CAR. Unsurprisingly, gene expression differed between the second generation CARs
targeting human mesothelin, as upregulation of TH17 and TH1 genes were observed in
ICOS based CARs compared to CD28 or 4-1BB based CARs. Efficacy of these particular
CARs in a mouse NSG in vivo model showed that TH17 cells expressing CARs with an
ICOS costimulatory domain could treat tumors expressing mesothelin with similar efficacy
as TH17 cells expressing CARs designed with either a 4-1BB or CD28 costimulatory
domain. One notable difference was that ICOS based TH17 CAR T cells were able to persist
longer in an immunodeficient mouse model than other TH17 CAR T cells.

0OX40—0X40, similar to 4-1BB, is part of the TNFR family, and is considered a late
costimulatory molecule appearing to augment CD28 activation in T cells. OX40 CAR T
cells are reported (Hombach et al., 2012; Pule et al., 2005) to secrete little IL-2 and IL-10,
but do secrete IFN-y comparable to other CAR T cells. Furthermore, OX40 based CAR T
cells did not show the same amount of proliferation as CD28 based CAR T cells. Instead,
these OX40 based CAR T cells were observed to induce CD62L" memory T cells which can
escape AICD (Hombach and Abken, 2011). However, even though second generation OX40
CARs induce unique T cell properties, development of these second generation CAR
designs have been curtailed in favor of third generation CARs containing OX40 domains
(Hombach and Abken, 2011; Hombach et al., 2012).

Third Generation CARs

Third generation CARs attempted to further enhance potency of CARs by encompassing two
costimulatory domains with a primary signaling domain. The idea was to create a CAR
which would exhibit a T cell activation profile based on many signaling domains, including
cytokine secretion, cytotoxicity, and driving the cell into a specific differentiation state. Two
CARs that have exhibited some of these properties make use of CD28/0X40 or CD28/41BB
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combined costimulation domains. Currently, few of these CARs have made it into clinic, as
there have been little advantages in vivo over second generation CARSs.

CD28/0OX40—In the pursuit of improved T cell effector function against tumors coupled
with the knowledge of the success of second generation CARs, the CD28/0X40 CARs were
designed to take advantage of the signaling activities of the early costimulatory CD28
molecule and the late costimulatory molecule OX40 to augment CAR function in
proliferation, persistence, cytotoxicity, and cytokine secretion. Although the CD28 CAR was
effective for CAR design, it does have its pitfalls. Among these was the increased cytokine
production of I1L-10. In contrast, CD4" CAR T cells containing the OX40 costimulatory
domain were characterized by higher amounts of IL-2, lower amounts of IL-10, and lower
proliferation, but had comparable amounts of secreted IFN-y and tumor cell killing with
respect to a CD28 based CAR (Hombach et al., 2012). The fusion of these two
costimulatory domains resulted in suppression of 1L-10 production, while retaining T cell
effector function, proinflammatory cytokine secretion, proliferation, and prevention of
apoptosis in certain T cell subsets, namely CD62L" T cells (Hombach and Abken, 2011;
Pule et al., 2005). However, in vivo studies (Hombach and Abken, 2011; Hombach et al.,
2013) with immune deficient mouse tumor models have given mixed results. In some cases,
using these CD28/0X40 based CAR T cells showed better efficacy, for example when
treating CEA* tumors (Hombach and Abken, 2011). However, cytokine induced killer cells,
immune cells which have very potent effector functions, expressing the OX40/CD28 CAR
did not treat tumors as well as a CD28 based CAR (Hombach et al., 2013). This suggests
that certain T cell types may work better with specific CAR constructs over others, and this
should be taken into consideration when attempting to manipulate an immune cell to
perform specific tasks.

CD28/4-1BB—A different third generation CAR fused the CD28 and 4-1BB signaling
domains. This CD28/4-1BB CAR was shown to have greater efficacy in treating in vivo
tumor models compared to second generation CARs based on CD28 or 4-1BB and first
generation CARs using CD3( alone (Tammana et al., 2010). However, cytokine production
of IL-2 and IFN-vy showed little differences between the CD28/4-1BB based CAR from its
respective second generation CARs upon stimulation with antigen expressing tumor cells.
Carpenito et al. (2009) had varying results, observing that CD28/4-1BB CAR T cells treated
solid tumors in mice as well as CD28 CAR T cells, but persisted longer in vivo comparable
to that of a second generation 4-1BB based CAR (Carpenito et al., 2009). Studies (Zhong et
al., 2010) elucidating the signaling of this third generation CAR demonstrated upregulation
of Bcl-X, which was attributed to increased activity of PI3K/AKT signaling. This observed
upregulation of Bcl-X| was higher than that of respective second generation CARs. This
seemed to further enhance T cell mediated tumor eradication and decrease apoptosis. Other
groups (Kunkele et al., 2015) have found that stimulation through the fused CD28/4-1BB
signaling domains induced apoptosis in CAR T cells through Fas/FasL interactions,
diminishing antitumor efficacy in mouse tumor models in vivo. However, this observation
could also be due to other discrepancies in the CAR design between the two studies.
Clinically, CD28/4-1BB CARs have not been as successful as second generation CARs, and
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lymphoma patients treated with a CD28/4-1BB based CARs had partial responses or disease
relapse (Till et al., 2012).

CAR-Safety and Efficiency

Inducible Caspase

As a way to prevent unwanted CAR mediated signaling, safety mechanisms are being
developed to control the activity of CAR T cells. One of these mechanisms revolves around
an inducible caspase system, effectively creating a suicide gene system (Figure 3A). These
caspase systems use either Caspase 8 or Caspase 9, which are engineered to have domains
that require a compound to dimerize the Caspase proteins (Budde et al., 2013; Khaleghi et
al., 2012; Straathof et al., 2005). Once dimerization occurs, the apoptotic signaling cascade
is initiated. Thus, any CAR T cells that have this suicide gene should undergo apoptosis
upon exposure to the dimerization compound. This approach has been used in adoptive T
cell therapy clinical trials to resolve graft-versus-host disease (GVHD) and could be used to
ensure patient safety upon CAR T cell therapy (Di Stasi et al., 2011).

Dual CAR Systems

To regulate off tumor targeting of CAR T cells, some designs make use of a dual CAR
system, dissociating the activation signaling domain from the costimulatory signaling
domain into two separate CARs with different antigen specificities (Figure 3B). Specificity
for the tumor population is attained through the targeting of two distinct tumor associated
ligands co-expressed on the tumor. The activation domain is embedded into a CAR specific
for one of the ligands, and the costimulatory domain is generated as part of a CAR targeting
the other ligand. Ideally, CAR T cells will generate a robust antitumor response only in the
presence of both ligands. Thus, this setup could mitigate the off target effects against normal
cells that may express only one of the targeted ligands. Studies (Kloss et al., 2013; Wilkie et
al., 2012) separating the signaling domains into two CARs has successfully shown that the
two CAR system was feasible to create functional CAR T cells and displayed some
advantages over a single CAR. Further research (Lanitis et al., 2013) has showed that a
robust antitumor T cell response of the two CAR system is comparable to that of second
generation CAR outcomes in an in vivo NSG mouse model. Importantly, tumor targets
lacking one of the ligands resulted in an attenuated CAR T cell response. However, if the
ligand for the primary signaling CD3C CAR was highly expressed, then the CAR T cells
could be activated by this antigen recognition alone. The avidity of the CARs for their
antigens may need to be carefully considered to make this approach effective and selective
only for cells that express both antigens.

Switchable CARs

Additionally, CARs that can be switched on and off have been developed. One such type of
switchable CAR termed ON-switch CARs has been developed (Wu et al., 2015a). This
system revolves around separating the activation domain from the scFv binding domain
(Figure 3C). Although, both the scFv and the CD3( are attached to the membrane, they are
not able to interact and fully activate a T cell even when the scFv has recognized and bound
its antigen. Instead, the two pieces of the CAR were engineered with a heterodimerizing
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domain such that only in the presence of a specific small molecule, such as Rapalog or
Gibberellin, can the CAR assemble at the cell membrane and be able to fully stimulate the T
cell (Wu et al., 2015a). This setup allows all the potential characteristics of a regularly
constructed CAR but gives the ability to control the potency of the CAR T cell through dose
titrations of the small molecule, which could aid to curb immune toxicity in patients.

Another type of switchable CAR was created using a two antibody fragment system (Ma et
al., 2016; Rodgers et al., 2016). In this system, the CAR contains an scFv that is specific for
an antigen such as FITC or a small peptide (Figure 3D). These antigens would then be
incorporated onto a second antibody, either by site specific conjugation or engineering the
antibody itself to contain the peptide epitope. This second antibody would be specific for a
target antigen. Thus, similar to the universal CD16 CAR receptor, CAR T cells should only
be activated in the presence of the second target specific antibody, which would be infused
when desired and be restricted by their own pharmacokinetics. In this way, the potency of
the CAR T cell response could be controlled based on the amount of antibody administered
to a patient.

Concluding Remarks

Cell engineering holds great promise to create designer immune cells that can modulate
specific disease conditions. CAR technology will allow these cells to target disease tissues in
an antigen specific manner. With the use of multicistronic viral vectors, immune cells are
now being created that express CARs along with other effector molecules to improve CAR T
cell function, such as specific cytokines or blocking Fv regions that can influence immune
activity. These innovations, sometimes referred to as fourth generation CARs, will allow
therapies to be derived and delivered to disease sites in specific and selective ways. There
are likely limits to the size and complexity of a single CAR protein that will still allow it to
function effectively. Therefore, inclusion of a second CAR or other effector proteins can
make these engineered immune cells even more effective.

As various CAR T cell therapies continue to move through the clinic, understanding why
some CAR constructs induce specific responses will enable tailored designs for specific
diseases. Each region of a CAR contributes to its overall function and researchers continue
to elucidate these complexities. Although much of the knowledge from antibody engineering
can be relevant to CAR design, CARs are cell-based receptors and the design needs to
function best when cell-cell contact occurs. The ability of CARs to bind their antigen, but
also to release antigen and trigger proper signaling cascades in the effector cell is essential to
create effective CARs. Additionally, regulation of CAR T cell activity through various novel
protein engineering ensures the safety of CAR therapy. Going forward, CAR technology
promises to change the therapeutic strategy for patients with cancers and other diseases and
act as a major contributor to the new wave of immunotherapies being developed.
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Abbreviations

CAR Chimeric Antigen Receptor
MHC major histocompatibility complex
scFv single-chain variable fragment
AICD Activation induced cell death
TCR T cell receptor

NK cells Natural Killer cells
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Figure 1. Overview of chimeric antigen receptor structure
CARs consist of an extracellular binding region, a hinge or spacer region, a transmembrane

domain, and cytoplasmic domain. Most CARs use an scFv as their extracellular binding
region, constructed by joining the variable (Vy and V| ) regions of an antibody. The
cytoplasmic region is composed of an activation domain, such as CD3( and is often paired
with a costimulatory domain (l.e. 4-1BB or CD28), which can influence CAR T cell effector
function.
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Figure 2. CAR Generations
CAR generations are based upon how many co-stimulation domains have been incorporated

into the cytoplasmic region of a CAR. First Generation CARs were constructed with only an
activation domain. Second Generation CARs were constructed with an additional co-
stimulatory domain to augment activation. Third Generation CARs were constructed with
the intent of harnessing multiple co-stimulatory domains to further enhance CAR T cell
function.
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Figure 3. Approachesto regulate CAR function
(A) Inducible Caspase System: Caspase 8 or 9 fused to a dimerization protein can be co-

expressed with ina CAR T cell. Activation of this inducible Caspase system required
addition of a small molecule to effectively dimerize these inducible Caspases and
subsequently initiate the cell’s apoptotic cascade. (B) Dual CAR: Regulation system in
which the activation domain and the co-stimulation domain are split between two separate
CARs. The CAR T cells can be activated alone if the primary activation CAR (Green) can be
crosslinked in the presence of high antigen density, but lacks the augmentation that is
provided by a co-stimulatory domain. Only when both CARs interact with their respective
antigens does the CAR T cell benefit from the combined signaling. (C) ON-Switch CAR:
Signaling domains have been split such that the extracellular binding domain is separate
from the activation domain. Both separated parts are fused to binding proteins that allow for
dimerization in presence of a small molecule. To induce CAR T cell activation, the
extracellular domain must bind its target antigen while in the presence of the small
molecule. (D) Switchable CAR: This system uses CARs to target one specific epitope. This
epitope is then engineered onto an antibody or a Fab (as shown) which can bind to the
antigen of interest. In this way, only the addition of the targeting protein containing this
unique epitope induces CAR T cell effector functions.
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