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Chimeric antigen receptor (CAR) -T cell therapy has become one of the hot topics in tumor
immunity research in recent years. Although CAR-T cell therapy is highly effective in
treating hematological malignancies, there are numerous obstacles that prevent CAR-T
cells from having anti-tumor effects. Traditional CARs, from the first to the fourth
generation, are incapable of completely overcoming these challenges. Therefore,
identifying ways to boost the efficacy of CAR-T cells by utilizing the limited tumor
surface antigens has become an urgent area of research. Certain special CARs that
have special structures, special systems, or are greatly improved on the basis of traditional
CARs, such as tandem CAR, dual-signaling CARs, AND-gate CARSs, inhibitory CAR,
AND-NOT CARs, CARs with three scFvs, ON/OFF-switch CARs, and universal CARs
have been introduced. This study aims to use these special CARs to improve the anti-
tumor ability, accuracy, and safety of CAR-T cells. In addition to summarizing various
special CARs of T cells, this paper also expounds some of our own conjectures, aiming to
provide reference and inspiration for CARs researchers.

Keywords: special CARs, improve, efficacy, safety, conjectures

INTRODUCTION

CAR-T cell therapy is a type of tumor immunotherapy that has developed rapidly in recent years.
Currently, CAR-T cell therapy is mainly used to treat hematological malignancies, and it has had
considerable success. However, the biological characteristics of solid tumors are more complex,
posing many obstacles to CAR-T cells (1-4), including CAR-T cells homing barriers, tumor
microenvironment (TME) inhibition, CAR-T cells trogocytosis (5), tumor antigen heterogeneity
(6), CAR-T cells toxic responses, among others. These obstacles inevitably influence the anti-tumor
effects of CAR-T cells in solid tumors. At present, CAR has developed from the first generation to
the fifth generation. The intracellular structure of first-generation CARs only has one signal
structure domain. The second-generation CARs add one co-stimulatory molecule to the first-
generation CAR. The third-generation CARs add 2 costimulatory molecules. The fourth-generation
CARs are modified by adding the cytokine inducer or suicide genes based on the second-generation
or the third-generation CARs. The fifth-generation CARs added a “third party” intermediate system
in the extracellular domain. None of the traditional CARs, from the first-generation to the fourth-
generation, can completely overcome the aforementioned obstacles. Nowadays, in addition to
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searching for tumor-specific antigens (TSAs), constructing new
special CARs or optimizing traditional CARs to minimize their
toxicity and kill tumor cells more efficiently has become the main
research focus of CAR-T cell therapy. This review will be
elaborated from the following four aspects, including
optimizing the recognition ability of CARs, improving the
accuracy of CARs, improving the killing ability of CARs and
improving the safety of CARs.

OPTIMIZE THE RECOGNITION ABILITY
OF CARS

Double scFvs

Double scFvs are designed with two corresponding scFvs for two
different tumor surface antigens. Examples of CARs that used
double scFvs include “tandem CARs”, “dual-signaling CARs”,
“AND-gate CARs”, and “inhibitory CARs”.

The Tandem CAR (TanCAR)

TanCAR adopts a design concept of the “OR” gate. Two different
scFvs are connected in the extracellular domain of a CAR. Grada
et al. (7) constructed TanCAR using gene-editing technology to
connect two different series of scFvs to a single transgenic
receptor. The two scFvs of TanCAR were connected outside
the cell (in series) by a Gly-Ser linker and had good flexibility

(Figure 1A) . The TanCAR, which is activated when any one of
the scFvs binds to a target antigen, can enable a CAR-T cell to
synchronously recognize two types of tumor surface antigens.
When two scFvs bind to their respective target antigens, the
TanCAR will not only be activated but will also produce
synergistic effects to further improve the activation of CAR-T
cells and their tumor killing ability (7-9). The synergistic effect
may be caused by binding two or more antigens simultaneously,
which may enhance the signal transduction of immune synapses
(10). When compared to traditional CARs with only one scFv,
TanCAR-T cells have a higher anti-tumor effect and can limit
tumor cell immune evasion (10-13).

A plasmid is very small, which makes it impossible to add
gene elements to it without restriction. Therefore, Grada et al. (7)
constructed the TanCAR based on a second-generation CAR,
whereas Zhao et al. (14) successfully constructed a TanCAR
using human trophoblast cell surface antigen 2 (Trop 2) and
programmed death-ligand 1 (PD-L1) as targets, based on the
third-generation CAR (Figure 1B). Preclinical experiments
revealed that (Trop2/PD-L1)-CAR-T cells significantly
enhanced the killing effect on gastric cancer cells when
compared to Trop2-CAR-T cells or PD-L1-CAR-T cells.

Conjectures
A TanCAR constructed based on the fourth-generation CAR, i.e. a
TanCAR that has the function of a fourth generation CAR, can
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The structures and conjectures of special CARs (double scFvs)
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FIGURE 1 | The structures and conjectures of special CARs (double scFvs). Construction of a TanCAR based on the (A) second-generation CAR, (B) third-
generation CAR, (C) fourth-generation CAR (the intracellular domain contains a costimulatory molecule), and (D) fourth-generation CAR (the intracellular domain
contains two costimulatory molecules). (E) Construction of the dual-signaling CARs based on the second-generation CAR.
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secrete additional anti-tumor cytokines when activated.
Extracellular domains of these CARs have an extra scFv
compared to traditional fourth-generation CARs (Figures 1C,
D). These two designs (Figures 1C, D) will further complicate
plasmid construction. These designs may increase the antigen
recognition range of CAR-T cells and may produce synergistic
effects (7-9), which will enhance the anti-tumor activity of CAR-T
cells. Although no relevant literature has been retrieved, the
structure and principle of these two CAR-T cells are relatively
simple, indicating that they may already exist or are
being developed.

Dual-Signaling CARs

Dual-signaling CARs refer to the expression of two separate CARs
on the same T cell respectively and simultaneously, with each CAR
cell having its own intracellular domains (Figure 1E). Ruella et al.
(15) constructed dual-signaling CARs (targeting CD19 and
CD123) by first creating two kinds of plasmids (CD19-CAR and
CD123-CAR) respectively, and then transfecting the same T cell
successively with lentivirus one by one. Finally, dual-signaling
CAR-T cells, which express two types of CARs simultaneously,
were screened out. Preclinical trials indicated that dual-signaling
CAR-T cells had stronger anti-tumor activity than single-
expression of CAR-T cells (CD19-CAR-T cells or CD123-CAR-

T cells) or the mixed combination of CAR-T cells (CD19-CAR-T
cells and CD123-CAR-T cells), and could better prevent disease
recurrence caused by downregulation or loss of target antigens on
the tumor cell surface.

Triple scFvs (Arranged in Tandem)
The antigen binding domain of CAR is composed of three scFvs
in tandem (Figure 2A). Bielamowicz et al. (16) created a
trivalent-tandem CAR with a single universal tricistronic
transgene to treat glioblastoma. The trivalent-tandem CAR
could target and recognize three different TAAs on the surface
of glioblastoma cells, including human epidermal growth factor
receptor 2 (HER2), interleukin-13 receptor subunit alpha-2
(IL13R02), and ephrin-A2 (EphA2). The results showed that
trivalent-tandem CAR-T cells have greater anti-tumor activity
and can overcome tumor antigen heterogeneity than nonspecific
or bispecific CAR-T cells. Balakrishnan et al. (17) also conducted
a similar study, constructing a trivalent-tandem CAR by
connecting three scFvs in tandem with designed ankyrin repeat
proteins (DARPins). The results demonstrated that these CAR-T
cells have potent anti-tumor effects and can better cope with
tumor antigen heterogeneity and immune escape.

The trivalent-tandem CARs were constructed by Bielamowicz
et al. (16) and Balakrishnan et al. (17) using intracellular

Tumor cell

antigen (c); finally, the CAR-T cell is activated.
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FIGURE 2 | Some conjectures about CARs containing three scFvs. (A) Connecting three scFvs in tandem. (B) In dual-signaling CARs, one CAR is replaced by a
TanCAR. (C) One of the dual-signaling CARs is replaced with a TanCAR, and the other is upgraded to a fourth-generation CAR. (D) Both CARs in dual-signaling
CAR are replaced with tandem CARs. (E) At first, synNotch 1 receptor is activated after binding to tumor antigen (a), and the activated synNotch 1 receptor induces
the expression of synNotch 2 receptor. Then synNotch 2 receptor binds to tumor antigen (b), which induces the expression of c-CAR; c-CAR can bind to the tumor
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costimulatory molecules CD28 and 4-1BB, respectively, based on
second-generation CARs. Because it has been extremely difficult
to build a trivalent-tandem CAR, making additional
improvements based on it, such as adding a costimulatory
molecule or constructing a tetravalent-tandem CAR, is more
challenging. The vector volume is also extremely high, hindering
the transmission of efficient genes, and the subsequent
transfection rate may be very low. Furthermore, determining
whether the genes can be successfully translated into proteins is a
great challenge.

Conjectures
The following three combinations can be used in combining
dual-signaling CARs with the TanCAR.

a. Replacing one of the CARs in dual-signaling CARs with a
TanCAR (Figure 2B). This design will increase the recognition
range of CAR-T cells for targets to three different TAAs.

b. Replacing one CAR among the dual-signaling CARs with a
TanCAR, and upgrading the other to a fourth-generation
CAR (Figure 2C). This design will increase the recognition
range of CAR-T cells for targets, which can recognize three
different TAAs. Furthermore, the inclusion of four-generation
CAR may further enhance anti-tumor effects of CAR-T cells.

c. Replacing both CARs in dual-signaling CAR with TanCARs
(Figure 2D). This design will further increase the recognition

range of CAR-T cells for targets, resulting in the recognition
of four different TAAs.

The advantage of these CAR-T cells is that they can be
activated when one scFv binds to the corresponding tumor
antigen. When all scFvs bind to the corresponding tumor
antigens, they may have synergistic effects, enhancing the anti-
tumor ability of CAR-T cells (7-9). Moreover, certain designs,
such as trivalent-tandem CARs, can effectively cope with tumor
antigen heterogeneity and immune escape (11, 17-19).

IMPROVING THE ACCURACY OF CARS

AND-gate CARs

AND-gate CARs adopt the “AND” gate design concept, and can
only be activated when two scFvs bind to corresponding tumor
antigens simultaneously. Roybal et al. (20) invented the synNotch
receptor (a novel modular receptor), which is the core design of
AND-gate CARs. The synNotch receptor binds to tumor antigen
(), inducing the expression of b-CAR, which selectively binds to
tumor antigen (b). Finally, the T cell is activated (Figure 3A).
SynNotch AND-gate T cells can only kill tumor cells that express
double target antigens. Consequently, various studies (21-24) have
proved that SynNotch AND-gate T cells are considerably safe and
accurate, because they are ineffective against tumor cells

synNotch receptor

-»@

scFv (a) tumor antigen (a)

scFv (¢) tumor antigen (c)

scFv (b) e tumor antigen (b)
]
@@

transcriptional activator

domain
/h»w\

transcription factor

=N LY L

S~ ~
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1
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FIGURE 3 | AND gate CARs. (A) When the synNotch receptor binds to tumor antigen (a), the transcriptional activator domain of the receptor is released, which can
enter the nucleus and drive the expression of b-CAR genes. Subsequently, b-CAR will be expressed on the surface of the T cell, and the newly expressed b-CAR
specifically binds to tumor antigen (b) to form a closed loop. The CAR-T cell is finally activated. (B) The synNotch receptor binds to tumor antigen (a) and induces
TanCAR (b + c) expression. At this point, as long as one or two scFvs of this TanCAR bind to the corresponding tumor antigens, the T cell will be activated.

(C) Adding a TanCAR to the synNotch receptor. As long as one of the scFv or two scFvs of this TanCAR bind to the corresponding tumor antigens, the expression
of c-CAR will be induced. (D) Once the closed loop is formed, CAR-T cells will be activated.
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expressing a single antigen while efficient against tumor cells
expressing double target antigens.

The purpose of synNotch AND-gate CARs is to improve the
precision of CAR-T cells. To further improve the antigen
recognition range and anti-tumor effects of synNotch AND-
gate CAR-T cells, Sabahi et al. (25) proposed the construction of
tandem AND-gate CARs by combining TanCAR with AND-gate
CARs. Tandem AND-gate CARs are activated as follows: the
scFv (a) on the synNotch receptor induces the tandem CAR (b +
¢) after binding with tumor antigen (a) and the T cell is activated
soon after as long as one scFv of the TanCAR is attached to the
target antigen (Figure 3B). Recently, Williams et al. (26)
successfully constructed the tandem AND-gate CARs. The
experimental results showed that these CAR-T cells not only
have high accuracy, but also have the potential to increase the
recognition range of CAR-T cells and improve their ability to kill
tumor cells. Furthermore, they linked the synNotch receptor
with a TanCAR to construct another type of AND-gate CARs
(26). The formation of c-CAR is induced as long as one scFv of
the TanCAR is attached to the corresponding tumor antigen
(Figure 3C). CAR-T cells with this structure are more
easily activated.

Conjectures

a. Combining dual-signaling CARs with AND-gate CARs may
have two forms of construction. In the first structural form,

two CARs in dual-signaling CARs add a synNotch receptor in
the intracellular domain; as long as one of the CARs is
attached to the target antigen, the formation of the third
CAR will be induced (Figures 4A, B). Furthermore, two
CARs combine with target antigens while inducing the
formation of the third CAR (Figure 4C), resulting in the
release of more transcription factors (TF), which may further
increase the production of the third CAR.

b. The second structural form is mainly to further optimize the
synNotch receptor. When the synNotch receptor is combined
with the corresponding tumor antigen, dual-signaling CARs
(or two independent CARs) are formed (Figure 4D). In
theory, CARs with this structure should have equivalent
anti-tumor impact as tandem AND-gate CARs, but it
complicates plasmid construction due to the addition of an
extra set of intracellular elements of CAR.

Triple scFvs (the In-Series Three-Input
Cascade Circuit)

Williams et al. (26) constructed the more complex 3-input AND-
gate CARs, which have three CARs, on the basis of the original
AND-gate CARs, which have two CARs. They used the physical
series circuit concept and introduced two separate synNotch
receptors. These CARs are activated in a similar way to a cascade
reaction. First, the combination of synNotch 1 receptor and the
tumor antigen (a) induce the expression of synNotch 2 receptor.

Tumor cell

T

synNotch 1

synNotch 2

Tumor cell

synNotch 3

(N N |

transcription
factor

scFva

scFvb

scFve

M AR

. tumor antigen a

e tumor antigen b

2 tumorantigen ¢

Y

FIGURE 4 | Some conjectures on the construction of “dual-signaling CARs” combined with “AND gate CARs”. (A) a-CAR of dual-signaling CARs binds to the
corresponding tumor antigen (a), which can induce the expression of c-CAR. After c-CAR binds to tumor antigen (c), the CAR-T cell will be activated. (B) b-CAR of
dual-signaling CARs binds to the corresponding tumor antigen (b), which can induce the expression of c-CAR. After c-CAR binds to tumor antigen (c), the CAR-T
cell will be activated. (C) The expression of c-CAR can be induced by the combination of a-CAR and b-CAR with corresponding tumor antigens. After c-CAR binds
to tumor antigen (c), the CAR-T cell will be activated. (D) The combination of a-CAR with corresponding tumor antigen (a) can induce the expression of b-CAR and
¢c-CAR. As long as one of b-CAR and ¢-CAR binds to the corresponding tumor antigen, the CAR-T cell will be activated.
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Subsequently, the expression of c-CAR is induced by the
combination of synNotch 2 receptor and the tumor antigen
(b). Finally, c-CAR binds to the tumor antigen (c) and the CAR-
T cell is activated (26) (Figure 2E). In vitro experiments showed
that (26) “the in-series three-input cascade circuit” not only
improve the accuracy of CAR-T cells, but also enhance the
activation and tumor-Kkilling ability of CAR-T cells.

The activation of 3-input AND-gate CAR-T cells requires
special conditions, which includes the simultaneous expression
of three different tumor antigens by tumor cells. Therefore, this
design greatly improves the accuracy of CAR-T cells. However,
because four stages are involved in the activation of 3-input
AND-gate CAR-T cells, it takes longer than other traditional
CAR-T cells. Additionally, although this design improves the
accuracy of CAR-T cells, it is ineffective against tumor cells that
have lost the target antigen, which is a great disadvantage.

Inhibitory CARs (iCARs)

The iCAR was constructed by Fedorov et al. (27) to distinguish
between tumor cells and non-tumor cells and to suppress the T
cell reaction once activated. There are two kinds of CARs on the
surface of iCAR-T cells: traditional CARs, which target tumor
cell surface antigens, and iCARs, which target non-tumor cell
surface antigens. The iCAR contains a surface antigen
recognition region for non-tumor cells and an acute inhibition
signal region. CAR-T cells are activated when traditional CARs
bind to the target tumor antigens, killing tumor cells. However,
when iCARs bind to the target non-tumor antigens, they

generate inhibitory signals that inactivate traditional CARs,
protecting non-tumor cells from damage (Figure 5A). ICARs
can effectively reduce the off-target effects of CAR-T cells.
However, one drawback of this design is that finding related
surface antigens, which are missing or downregulated in tumor
tissues but highly expressed in non-tumor tissues, is difficult.

Conjectures

The iCAR can be upgraded to tandem iCARs, which will enhance
the recognition range of iCARs for non-tumor cell surface
antigens and hence reduce the effects of off-target more
effectively (Figure 5B). Furthermore, iCARs can be combined
with tandem CARs to increase the range of tumor cell surface
antigens recognized by CAR-T cells (Figure 5C).

AND-NOT CARs

To improve accuracy and tumor-killing ability of CAR-T cells
while reducing toxic reactions, Williams et al. (26) constructed
the OFF-Notch receptor by innovatively combining the “AND
gate” with the “NOT gate”. Combining OFF-Notch receptors
with the corresponding tumor antigens may promote the
expression of proapoptotic factor truncated BH3-interacting
domain death agonist (tBID), which may eventually induce
CAR-T cells apoptosis (26). The mechanism of AND-NOT
CARs is as follows: synNotch receptors bind to the
corresponding tumor antigens (a), inducing the expression of
b-CARs; subsequently, b-CARs bind to tumor antigens (b); and
finally, CAR-T cells are activated (Figure 6A). However, as long

Tandem iCAR

el

also inhibit the function of the TanCAR after being activated.

FIGURE 5 | Some conjectures about the iCARs. (A) When iCAR and the non-tumor cell surface antigen are combined, acute inhibitory signals are produced,
inhibiting the function of CAR 1. (B) Replacing the iCAR with a tandem iCAR. As long as one of the scFvs binds to the corresponding non-tumor cell surface antigen,
acute inhibitory signals will be generated. These acute inhibitory signals will inhibit the function of the CAR 1. (C) Combining an iCAR with a TanCAR. The iCAR will

acute inhibition signals
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be induced by the tBID.

as the OFF-Notch receptors bind to the corresponding antigens
(), the expression of tBID will be induced, and eventually cause
apoptosis of the CAR-T cells (Figure 6B).

This design is equivalent to a complex version of iCARs.
When compared to the iCARs, AND-NOT CARs improve
accuracy (by adding the AND-gate system) and anti-tumor
effect (double targets) of CAR-T cells. However, AND-NOT
CAR-T cells face a significant challenge: OFF-Notch receptors
must be timely activated to promptly promote apoptosis of these
effector CAR-T cells.

IMPROVING THE KILLING
ABILITY OF CARS

Special CARs Based on the Traditional
Fourth-Generation CARs

The intracellular domain of traditional fourth-generation CARs
have only one cytokine receptor. Adach et al. (28) constructed
7 x 19 CAR-T cells that expressed IL-7 and CCL19 chemokines
synchronously. When compared to the traditional fourth-
generation CAR-T cells, 7 x 19 CAR-T cells not only have
stronger proliferation ability, endurance, and anti-tumor
ability, but also improve the ability to recruit immune cells.

Conjectures

a. As aforementioned, constructing the fourth-generation
TanCARs (Figures 1C, D).

antigen a
tumor
antigen b
tumor
antigen ¢

Normal cell

S OFF-Notch
o oo

receptor

FIGURE 6 | AND-NOT CARs. (A) The synNotch receptor binds to the corresponding tumor antigen (a), causing the expression of b-CAR genes. Subsequently, the
newly expressed b-CAR binds to the target antigen (b). Finally, the CAR-T cell is activated. (B) The binding of the OFF-Notch receptor to the corresponding antigen
(c) induces the expression of tBID, regardless of whether b-CAR is formed and whether it binds to the corresponding tumor antigen. Apoptosis of the CAR-T cell can

b. Based on AND-gate CARs, a cytokine inducer is added to the
intracellular domain of the second CAR, which upgrades a
second-generation CAR to a fourth-generation CAR
(Figure 7A). Now that tandem AND-gate CARs
(Figure 3B) can be successfully constructed, this design
should also be feasible.

c. Based on tandem AND-gate CARs, a cytokine inducer is added
to the intracellular domain of the second CAR, upgrading the
second-generation CAR to a fourth-generation CAR
(Figures 7B, C). Addition of a fourth-generation CAR may
enhance the activation and anti-tumor effects of these CAR-T
cells. Similarly, it is more difficult to construct these CAR-T cells.

CARs That Can Reverse the Inhibition of
Immune Checkpoints or Tumor
Microenvironment

Chimeric-Switch Receptor (CSR)

Combining programmed cell death protein-1 (PD-1) on the
surface of T cells with PD-L1 on the surface of tumor cells
produces inhibitory signals that prevent the activation and
proliferation of T cells. Prosser et al. (29) were the first to design
a novel PD-1/CD28 chimeric-switch receptor (CSR), which could
reverse (rather than block) the PD-1 immunosuppression. Chen et
al. (30) combined CSR with the third-generation CAR (CD28, 4-
1BB) to construct cMet-PD1/CD28-CAR-T cells for treating
gastric cancer. In their experiment, they combined the
extracellular structure of PD-1 with the transmembrane and
intracellular domains of CD28 to form CSR. The PD-1/CD28
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FIGURE 7 | Some conjectures about special CARs based on the fourth-generation CARs. (A) The SynNotch receptor binds to the corresponding tumor antigen
(a), inducing the expression of b-CAR, which is a fourth-generation CAR. When activated, the CAR-T cell will release extra cytokines. (B) The SynNotch receptor

binds to the corresponding tumor antigen (a), which induces the expression of (b + ¢)-CAR (a tanCAR based on the fourth-generation CAR). When activated, the
CAR-T cell releases extra cytokines. (C) The SynNotch receptor has two scFvs connected in tandem, and as long as one scFv binds to the corresponding tumor
antigen, it will induce the expression of c-CAR (a fourth generation CAR); when activated, the CAR-T cell will also release extra cytokines.

CSR could convert the immunosuppression transmitted by PD-1
into activation signals in cells (Figure 8A). Preclinical
experiments revealed that cMet-PD1/CD28-CAR-T cells had
higher anti-tumor effects and safety than traditional c-Met
CAR-T cells (30).

Although the cMet-PD1/CD28-CAR-T cells belong to the
third-generation CAR-T cells group in principle, they are better
third-generation CAR-T cells. Despite the fact that the cMet-
PD1/CD28-CAR has only one scFv, it can simultaneously have
another target (PD-1). Therefore, the function and anti-tumor
effect of this CAR may be equivalent to that of a TanCAR.

Conjectures

a. Adding other immune checkpoints. More inhibitory signals
can be reversed by combining the extracellular structures of
two different immune checkpoints with intracellular CD28.

b. Replacing the intracellular 4-1BB of the cMet-PD1/CD28 CAR
with a cytokine receptor (upgrading from the third-generation
CAR to the fourth-generation CAR). Although the total
number of components of this CAR remains unchanged
when compared to cMet-PD1/CD28-CAR, this type of CAR-
T cells can also release some anti-tumor cytokines.

Inverted Cytokine Receptor (ICR)
The tumor microenvironment (TME) is rich in IL-4. It has been
proven that IL-4 promotes tumor growth while also protecting

tumor cells from autoimmune destruction (31). To reverse the
inhibitory effect of IL-4, Leen et al. (32) innovatively constructed
the IL4/7 chimeric receptor (IL4/7 ChR), which is also known as
IL4/7 inverted cytokine receptor (IL-4/7 ICR), by fusing the
extracellular domain of the IL-4 receptor with the intracellular
domain of the IL-7 receptor. The downstream signal generated
by the combination of IL-4/7 ICR and IL-4 would eventually be
sent out through the intracellular domain of the IL-7 receptor,
where it would be converted into an activation signal. The results
showed that IL-4/7 ICR could reverse the inhibitory effect of IL-
4, and enhance the persistence and anti-tumor activity of T cells
(maintaining Th1 phenotype). Mohammed et al. (33) used IL-4/
7 ICR to construct CAR-T cells that target prostate stem cell
antigen (PSCA) for treating pancreatic cancer. The preclinical
study showed that these CAR-T cells could not only survive in
IL-4-rich TME, but that IL-4 could also boost their activity and
anti-tumor ability (Figure 8B). Wang et al. (34) constructed the
IL-4/21 ICR-CAR-T cells, which were shown to be potentially
safer than IL-4/7 ICR-CAR-T cells. Moreover, IL-4/21 ICR-
CAR-T cells could only be activated when IL-4 and target
antigen coexisted.

These two designs enable CAR-T cells to play a potent anti-
tumor role in the IL-4-rich TME. Although both designs can
reverse inhibitory signals, there are essential differences between
them. The PD-1/CD28 CSR reverses inhibitory signals
transmitted by tumor cells, whereas the IL-4/7 ICR reverses
inhibitory effects of IL-4.
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FIGURE 8 | PD-1/CD28 CSR and IL-4/7 ICR. In T cells: (A) the PD-1/CD28 CSR converts inhibitory signals delivered by PD-1 into activation signals, whereas
(B) the IL-4/7 ICR converts inhibitory signals delivered by IL-4 into activation signals. The IL-4/7ICR can improve the proliferation and persistence of CAR-T cells in an
IL-4-rich tumor microenvironment. (C) The PD-1/CD28 CSR and the IL-4/7 ICR are both injected into CAR-T cells simultaneously.

Conjectures

Both the PD-1/CD28 CSR and the IL-4/7 ICR should be
combined (Figure 8C). After being activated, CAR-T cells
expressing these two receptors may be able to reverse the
inhibitory signal transmitted by tumor cells as well as the
inhibitory effect of IL-4 simultaneously (29, 32, 34-37).

Universal CARs

One of the biological hallmarks of malignant tumors is antigen
heterogeneity. Because traditional CARs can only target one
tumor antigen, it is possible for tumor cells that do not express
or underexpress these antigens to elude the immune system
during treatment. To improve the flexibility of CARs and expand
the range of antigen recognition, researchers have developed
universal CARs, also known as fifth-generation CARs. Universal
CARs can overcome tumor antigen heterogeneity better than
traditional CARs. Unlike traditional CARs, universal CARs have
a “third party” intermediate system between the transmembrane
domain and the scFv. Currently, universal CARs mainly include
BBIR CAR and SUPRA CAR. As an example, the SUPRA CAR

system consists of two parts: scFv with leucine zipper adaptor
(zipFV) and T cell universal receptor with leucine zipper adaptor
(zipCAR) (38). Combining zipFV and zipCAR will induce T cell
activation (Figure 9A). Universal CARs are currently in the
preclinical research stage.

Synthetic T Cell Receptor and Antigen
Receptor (STAR)
CAR-T cell therapy has shown a high response rate and lasting
disease control in hematological malignancies. Although TCR is
stronger than CAR in signal transduction (39), co-expression of
the two on the surface of T cells is not recommended. One of the
principles of producing universal T cells is to knockout TCR
genes and HLA class I genes of T cells, preventing the occurrence
of graft-versus-host response (GvHD). Although knocking out
the TCR genes improves anti-tumor effects of CAR-T cells, it
reduces their persistence (40).

To overcome these defects, Liu et al. (39) did not co-express
TCR and CAR on the surface of T cells, but instead used another
innovative idea to fuse their structures and successfully
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Intermediate

parts: the scFv of CAR and the constant region of TCR.

constructed a novel chimeric receptor. This is a double-chain
chimeric receptor referred to as STAR. The STAR contains a
specific scFv of the CAR, which recognizes the tumor antigen,
and the constant region of TCR, which participates in
endogenous signal transduction (Figure 9B). Therefore, STAR
combines the advantages of the CAR and the TCR. Preclinical
experiments revealed that (39) the anti-tumor ability of STAR-T
cells in a variety of solid tumor models was obviously superior to
traditional CAR-T cells. The advantages were mainly manifested
in the fact that STAR further improved the antigen sensitivity,
persistence, and proliferation ability of T cells without causing
obvious toxic reactions.

IMPROVING THE SAFETY OF CARS

If the proliferation of CAR-T cells is not controlled once they are
inserted into patients, significant toxic reactions may occur.
According to meta-analyses, the incidence of cytokine release
syndrome (CRS) is about 55.3% (41), and the incidence of
immune effector cell-associated neurotoxicity syndrome
(ICANS) is approximately 37.2% (41) or 21.7% (42) in patients
with hematological malignancies receiving CAR-T cell therapy.
In recent years, certain non-traditional CARs that can reduce
toxic reactions have emerged.

ON/OFF-Switch CAR

To control the activation of CAR-T cells more accurately and
prevent them from overreacting, Wu et al. (43) constructed a
split synthetic receptor system. They used the system to divide
the intracellular signal domain of a CAR into two parts
(costimulatory domain and CD3(), and construct a special
CAR called ON-switch CAR. ON-switch CAR-T cell is initially
in an inactivated state, because the intracellular costimulatory
domain and CD3( are in separate states. The intracellular
costimulatory domain and CD3( can be reassembled and the
intracellular domain restored to a complete state only with the
use of a specially designed drug (rapamycin analog AP21967).
Finally, the ON-switch CAR-T cell can be activated after
combining with the corresponding tumor antigen

FIGURE 9 | Universal CAR and STAR. (A) Adding a “third party” intermediate system to the extracellular domain of CAR. (B) STAR is mainly composed of two

(Figure 10A). Local administration of activating drugs can
better reduce off-target effects for on-switch CAR-T cells.

Jan et al. (44) constructed the ON-switch CAR (Lenalidomide
ON-switch split CAR) and the OFF-switch CAR (Lenalidomide
OFF-switch degradable CAR). The ON-switch CAR uses the
same design principle as Wu et al. (43), and a special drug is also
needed to reassemble the intracellular domain of the CAR. The
OFF-switch CAR uses “targeted protein degradation
technology”, which could degrade the labeled CAR proteins in
the presence of Lenalidomide, preventing CAR-T cells from
recognizing tumor cells. After stopping using Lenalidomide, T
cells produce new CAR proteins and gradually restore anti-
tumor function (Figure 10B). This design can limit the short-
term toxicity of CAR-T cells (the time depends on the metabolic
time of Lenalidomide) but has no effect on their long-term anti-
tumor efficacy.

Conjectures
The aforementioned designs are mainly aimed at alleviating toxic
reactions, and the next step should be to further improve their
anti-tumor effects.

a. Constructing the ON/OFF-switch CAR based on a fourth-
generation CAR.

b. Combining the ON/OFF-switch CARs with TanCARs to
expand their recognition range of tumor antigens.

CARs That Require Special Conditions
(Light or Ultrasound) to be Activated

The light-switchable gene systems can regulate the expression of
target genes by adjusting light intensity and duration (45). These
systems not only realizes temporal and spatial control of gene
expression, but they also improve the accuracy and safety of anti-
tumor therapy, which has great potential in the treatment of
malignant tumors (45-47). Huang et al. (48) constructed a light-
inducible nuclear translocation and dimerization (LINTAD)
system that enabled them to control the expression of CAR
genes by blue light and the activation of CAR-T cells by
regulating genes (Figure 10C). They found that light
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FIGURE 10 | Special CARs that can reduce toxic reactions. (A) Only when special drugs exist can the ON-switch CAR return to its complete state and be activated.
When these drugs are removed, the ON-switch CAR will gradually return to the inactive state. (B) In the absence of lenalidomide, the OFF-switch CAR-T cell can be
normally activated. In the presence of lenalidomide, the labeled CAR proteins will be degraded, preventing the CAR-T cell from recognizing the tumor cell. CAR
proteins will gradually be generated after these drugs are removed. (C) These CAR genes can only be activated and translated into CAR proteins under the

stimulation for 12 hours could achieve the maximum induction,
and that this induction ability could last for about two days.
Therefore, the activated CARs could only last for two days after
turning off the illumination. With the help of the LINTAD
system, the activation of CAR-T cells at the appropriate place
and time can precisely be controlled, and be limited to the tumor
site. The results showed that these CAR-T cells could minimize
off-target toxicity and improve safety while ensuring anti-tumor
activity (48). Additionally, Allen et al. (49) constructed the
TamPA-Cre system, a novel genetic AND-gate switch that can
induce the activation of CAR genes only when special drugs
(tamoxifen) and blue light were simultaneously present. Their
results revealed that the TamPA-Cre system could accurately
control the local expression of CARs and subsequent activation
of CAR-T cells while further reducing off-target toxicity (49).

Nevertheless, each of these designs has its own limitations.
Due to the limited capacity to transmit blue light, these CAR-T
cells are more suited to treat superficial tumors. Although red
light or the red light system has a stronger penetration ability, it
appears less effective than the blue light system (50), and requires
additional auxiliary factors (51).

Ultrasound is a form of sound wave with a frequency higher
than 20,000 Hz that can transport mechanical energy into the body

(tens of centimeters from the body surface) safely and non-
invasively (52, 53). On that account, the penetration ability of
ultrasound far exceeds that of light (52, 53). Focused ultrasound
(FUS) has thermal effects (54) that can make biological tissues to
heat up locally. Wu et al. (55) constructed a heat-induced system,
which was an eGFP reporter vector with a heat-shock proteins
(Hsp) promoter. Additionally, they integrated Cre-lox gene switch
into the system. Under heating conditions (43°C), T cells with this
heat-induced system could express corresponding CAR proteins. In
mice experiments, FUS was used to control the local temperature in
vivo under the guidance of magnetic resonance imaging (MRI), and
significant expression of CAR genes was observed in FUS-CAR-T
cells with only two 5-minute FUS stimulation (Nalm-6 cells and
double luciferase reporter gene were used to judge FUS-induced
gene activation) (55).

To minimize the use of exogenous components, Wu et al, further
optimized the FUS-CAR-T cells, in which the CARs expression was
directly driven by Hsp without the use of a Cre-lox switch. Six hours
after the first round of heat induction (43°C, 15 minutes), 43.9% of
Hsp-CAR-T cells expressed CARs, and their expression level
returned to the original basal level after 24 hours. During the
second round of heat induction, 44.2% of Hsp-CAR-T cells
expressed CARs, and the same degradation kinetics appeared.
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The experimental results showed that (55) Hsp-driven FUS-CAR-T
cells were not only safe and effective, but also reversible.

Conjectures

Huang et al. (48) also proposed several improved conjectures to
enhance the limited penetration ability of blue light, including
the use of up-conversion nanoparticles, which can convert near-
infrared (NIR) light to stimulate blue light-responsive proteins,
and implantable light-emitting diodes that were wirelessly
controlled via radio frequency or NIR light for those solid
tumors located deeper,.

Adding Suicide Genes

Suicide genes are added to CAR-T cells (56, 57), and when the
suicide genes are active, they induce irreversible apoptosis of
CAR-T cells that cause toxic reactions or over-activation, thus
reducing the toxic reaction. Common suicide genes include
herpes simplex virus thymidine kinase (HSV-tk), the caspase 9

TABLE 1 | Summary of some CAR types.

(iCasp9) suicide genes, and CD20 and truncated epidermal
growth factor receptor (EGFRt). According to certain
preclinical experiments, CAR-T cells containing suicide genes
could reduce their toxic reactions and improve their safety (58-
61). While the suicide genes regulate toxicity, they also inevitably
trigger irreversible apoptosis of certain CAR-T cells, reducing the
anti-tumor effect.

Designing the Optimal Length of CD8a
Hinge and Transmembrane Domain

The CD80a hinge and transmembrane domain play an important
role in anti-tumor function and safety of CAR-T cells (62, 63). To
reduce the adverse reactions of CAR-T cell therapy, Ying et al.
(64) used the tertiary structure prediction program (Phrye2) to
construct a group of CD19-BBz variants mainly by changing the
length of CD8a hinge and transmembrane domain. Ying et al.
found that CD19-BBZ (86) in this group of variants not only
guaranteed the robust anti-tumor activity of CAR-T cells, but

Year Authors References

2013 Grada et al.
Cancer Immunotherapy (7)
2016 Ruella et al.
after CD19-directed immunotherapies (15)

2018 Bielamowicz et al. Trivalent CAR T cells overcome interpatient antigenic variability in

glioblastoma (16)
2016 Roybal et al.
Antigen-Sensing Circuits (20)
2020 Wiliams et al.
linking multiple receptors (26)
2020 Wiliams et al.
linking multiple receptors (26)
2013 Fedorov et al.
(iCARs) divert off-target immunotherapy responses (27)
2020 Wiliams et al.
linking multiple receptors (26)
2018 Adach et al.
infiltration and CAR-T cell survival in the tumor (28)
2012 Prosser et al.

TanCAR: A Novel Bispecific Chimeric Antigen Receptor for

Dual CD19 and CD123 targeting prevents antigen-loss relapses

Precision Tumor Recognition by T Cells With Combinatorial
Precise T cell recognition programs designed by transcriptionally
Precise T cell recognition programs designed by transcriptionally
PD-1- and CTLA-4-based inhibitory chimeric antigen receptors
Precise T cell recognition programs designed by transcriptionally
IL-7 and CCL19 expression in CAR-T cells improves immune cell  Nature Biotechnology

Tumor PD-L1 co-stimulates primary human CD8(+) cytotoxic T

Journals Types of CARs

Molecular Therapy
Nucleic Acids

The Journal of Clinical
Investigation
Neuro-oncology

Tandem CAR (TanCAR)
Dual-signaling CARs
Trivalent-tandem CAR
Cell synNotch AND-gate CAR
Science Tandem AND-gate CAR
Science 3-input AND-gate CAR
Science Translational

Medicine
Science

Inhibitory CAR ((CAR)
AND-NOT CARs
7 x 19 CAR (the fourth generation)

Molecular Immunology ~ PD-1/CD28 CSR

cells modified to express a PD1:CD28 chimeric receptor (29)

2014 Leenetal.
receptor (32)
2019 Wang et al.

34)
2018 Cho et al.

Logical Control of T Cell Responses (38)
2021 Liu et al.

responses against solid tumors (39)
2021 Jan et al.
controlled by lenalidomide (44)
Engineering light-controllable CAR T cells for cancer
immunotherapy (48)

2020 Huang et al.

2021 Wuetal.
ultrasound (55)
2019 Warda et al.

Reversal of tumor immune inhibition using a chimeric cytokine

An IL-4/21 Inverted Cytokine Receptor Improving CAR-T Cell
Potency in Immunosuppressive Solid-Tumor Microenvironment

Universal Chimeric Antigen Receptors for Multiplexed and
Chimeric STAR receptors using TCR machinery mediate robust

Reversible ON- and OFF-switch chimeric antigen receptors

Control of the activity of CAR-T cells within tumors via focused

CML Hematopoietic Stem Cells Expressing IL1RAP Can Be

Molecular Therapy IL-4/7 ICR

Frontiers In IL-4/21 ICR
Immunology

Cell Universal CAR
Science Translational STAR

Medicine

Science Translational ON/OFF-switch CAR
Medicine

Science Advances Needing special light (LINTAD system)
Nature Biomedical
Engineering
Cancer Research

Needing focused ultrasound (FUS)

Adding suicide genes

Targeted by Chimeric Antigen Receptor-Engineered T Cells (58)

2019 Ying et al. A safe and potent anti-CD19 CAR T cell therapy (64)

2021 Singh et al.
costimulated CD22 CAR T cells (65)

Antigen-independent activation enhances the efficacy of 4-1BB-

Nature Medicine Designing the optimal length of CD8a. hinge
and transmembrane domain

Nature Medicine Optimizing the length of the linker
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also significantly reduced their toxic reactions. Twenty-five
patients with B lymphomas received CD19-BBZ (86)-CAR-T
cells. The results of the study showed that anti-tumor effects of
these CAR-T cells were not compromised, and the most
encouraging thing was that none of the 25 patients had CRS (>
Grade 1) or ICANS. Recently, Singh et al. (65) found that
shortening the length of the linker can better activate CAR-T
cells and improve their anti-tumor effects. Although the
underlying mechanism is not clear, it is feasible to improve
the anti-tumor activity and safety of CAR-T cells by optimizing
the length of CD80o. hinge, transmembrane domain, and linker.

SUMMARY

Chimeric antigen receptor-T (CAR-T) cell therapy has been
proven to be a promising immunotherapy for hematological
malignancies. Compared to hematological malignancies, CAR-T
cells need to overcome more obstacles to play a better anti-tumor
role in solid tumors. To improve the efficacy and safety of CAR-T
cells in malignant tumors, numerous researchers are focusing on
designing new CARs and optimizing the CAR framework
structures (Table 1). Several new designs and optimizations of
CARs have shown promising anti-tumor effects in preclinical and
clinical trials. However, as the complexity of CAR framework
structures and the increasing number of CAR components
increases, constructing corresponding plasmids is becoming
more difficult, and transfection efficiency is decreasing.
Therefore, the concept of CAR construction in the future will

REFERENCES

1. Sterner RC, Sterner RM. CAR-T Cell Therapy: Current Limitations and
Potential Strategies. Blood Cancer J (2021) 11(4):69. doi: 10.1038/s41408-021-
00459-7

2. Miao L, Zhang Z, Ren Z, Tang F, Li Y. Obstacles and Coping Strategies of
CAR-T Cell Immunotherapy in Solid Tumors. Front Immunol (2021)
12:687822. doi: 10.3389/fimmu.2021.687822

3. Edeline J, Houot R, Marabelle A, Alcantara M. CAR-T Cells and BiTEs in
Solid Tumors: Challenges and Perspectives. ] Hematol Oncol (2021) 14(1):65.
doi: 10.1186/s13045-021-01067-5

4. Safarzadeh Kozani P, Safarzadeh Kozani P, Rahbarizadeh F, Khoshtinat
Nikkhoi S. Strategies for Dodging the Obstacles in CAR T Cell Therapy.
Front Oncol (2021) 11:627549. doi: 10.3389/fonc.2021.627549

5. Hamieh M, Dobrin A, Cabriolu A, van der Stegen SJC, Giavridis T, Mansilla-
Soto J, et al. CAR T Cell Trogocytosis and Cooperative Killing Regulate
Tumour Antigen Escape. Nature (2019) 568(7750):112-6. doi: 10.1038/
541586-019-1054-1

6. Hou AJ, Chen LC, Chen YY. Navigating CAR-T Cells Through the Solid-
Tumour Microenvironment. Nat Rev Drug Discov (2021) 20(7):531-50.
doi: 10.1038/s41573-021-00189-2

7. Grada Z, Hegde M, Byrd T, Shaffer DR, Ghazi A, Brawley VS, et al. TanCAR:
A Novel Bispecific Chimeric Antigen Receptor for Cancer Immunotherapy.
Mol Ther Nucleic Acids (2013) 2(7):e105. doi: 10.1038/mtna.2013.32

8. Wang D, Shao Y, Zhang X, Lu G, Liu B. IL-23 and PSMA-Targeted Duo-CAR
T Cells in Prostate Cancer Eradication in a Preclinical Model. J Trans Med
(2020) 18(1):23. doi: 10.1186/5s12967-019-02206-w

9. Schneider D, Xiong Y, Wu D, Nélle V, Schmitz S, Haso W, et al. A Tandem
CD19/CD20 CAR Lentiviral Vector Drives on-Target and Off-Target Antigen
Modulation in Leukemia Cell Lines. | Immunother Cancer (2017) 5:42.
doi: 10.1186/s40425-017-0246-1

still be to further streamline the components of CARs, optimize
the structure of CARs, or build new CARs in order to ensure anti-
tumor ability and safety. Some of the conjectures in this paper may
be realized only partially or not at all. As gene-editing technology
advances, we anticipate that these conjectures will be verified. Five
CAR-T cell therapies have been approved for marketing so far,
and we expect that an increasing number of malignant tumor
patients will benefit from CAR-T cell therapy in the future.

AUTHOR CONTRIBUTIONS

LM: Writing-Original draft preparation, manuscript,
investigation, and figure preparation. JZ and BH: manuscript,
investigation, and figure preparation. ZZ, SW, and FT:
Investigation. MT: Investigation, methodology, supervision. YL:
Conceptualization, methodology, supervision. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was funded by Special Research Project of Lanzhou
University Serving the Economic Social Development of Gansu
Province (054000282) Lanzhou Talent Innovation and
Entrepreneurship Project (2020-RC-38), the Fundamental
Research Funds for the Central Universities (lzujbky-2020-
kb14), and Major Science and Technology Special Project of
Gansu Province (20ZD7FA003).

10. Hegde M, Mukherjee M, Grada Z, Pignata A, Landi D, Navai SA, et al.
Tandem CAR T Cells Targeting HER2 and IL13Rai2 Mitigate Tumor Antigen
Escape. ] Clin Invest (2016) 126(8):3036-52. doi: 10.1172/jci83416

Hegde M, Mukherjee M, Grada Z, Pignata A, Landi D, Navai SA, et al.
Tandem CAR T Cells Targeting HER2 and IL13Ro:2 Mitigate Tumor Antigen
Escape. ] Clin Invest (2021) 131(13):€152477. doi: 10.1172/jci152477

Zhang Y, Wang Y, Liu Y, Tong C, Wang C, Guo Y, et al. Long-Term Activity
of Tandem CD19/CD20 CAR Therapy in Refractory/Relapsed B-Cell
Lymphoma: A Single-Arm, Phase 1-2 Trial. Leukemia (2021) 36(1):189-96.
doi: 10.1038/s41375-021-01345-8

Feng Y, Liu X, Li X, Zhou Y, Song Z, Zhang J, et al. Novel BCMA-OR-CD38
Tandem-Dual Chimeric Antigen Receptor T Cells Robustly Control Multiple
Myeloma. Oncoimmunology (2021) 10(1):1959102. doi: 10.1080/
2162402x.2021.1959102

Zhao W, Jia L, Zhang M, Huang X, Qian P, Tang Q, et al. The Killing Effect of
Novel Bi-Specific Trop2/PD-L1 CAR-T Cell Targeted Gastric Cancer. Am ]
Cancer Res (2019) 9(8):1846-56.

Ruella M, Barrett DM, Kenderian SS, Shestova O, Hofmann TJ, Perazzelli J,
et al. Dual CD19 and CD123 Targeting Prevents Antigen-Loss Relapses After
CD19-Directed Immunotherapies. J Clin Invest (2016) 126(10):3814-26.
doi: 10.1172/ci87366

Bielamowicz K, Fousek K, Byrd TT, Samaha H, Mukherjee M, Aware N, et al.
Trivalent CAR T Cells Overcome Interpatient Antigenic Variability in
Glioblastoma. Neuro-oncology (2018) 20(4):506-18. doi: 10.1093/neuonc/
nox182

Balakrishnan A, Rajan A, Salter Al, Kosasih PL, Wu Q, Voutsinas J, et al.
Multispecific Targeting With Synthetic Ankyrin Repeat Motif Chimeric
Antigen Receptors. Clin Cancer Res an Off ] Am Assoc Cancer Res (2019) 25
(24):7506-16. doi: 10.1158/1078-0432.Ccr-19-1479

Yang M, Tang X, Zhang Z, Gu L, Wei H, Zhao S, et al. Tandem CAR-T Cells
Targeting CD70 and B7-H3 Exhibit Potent Preclinical Activity Against

11.

12.

13.

14.

15.

16.

17.

18.

Frontiers in Oncology | www.frontiersin.org

March 2022 | Volume 12 | Article 832765


https://doi.org/10.1038/s41408-021-00459-7
https://doi.org/10.1038/s41408-021-00459-7
https://doi.org/10.3389/fimmu.2021.687822
https://doi.org/10.1186/s13045-021-01067-5
https://doi.org/10.3389/fonc.2021.627549
https://doi.org/10.1038/s41586-019-1054-1
https://doi.org/10.1038/s41586-019-1054-1
https://doi.org/10.1038/s41573-021-00189-2
https://doi.org/10.1038/mtna.2013.32
https://doi.org/10.1186/s12967-019-02206-w
https://doi.org/10.1186/s40425-017-0246-1
https://doi.org/10.1172/jci83416
https://doi.org/10.1172/jci152477
https://doi.org/10.1038/s41375-021-01345-8
https://doi.org/10.1080/2162402x.2021.1959102
https://doi.org/10.1080/2162402x.2021.1959102
https://doi.org/10.1172/jci87366
https://doi.org/10.1093/neuonc/nox182
https://doi.org/10.1093/neuonc/nox182
https://doi.org/10.1158/1078-0432.Ccr-19-1479
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Miao et al.

Special CARs of T Cells

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Multiple Solid Tumors. Theranostics (2020) 10(17):7622-34. doi: 10.7150/
thno.43991

Hegde M, Mukherjee M, Grada Z, Pignata A, Landi D, Navai SA, et al.
Tandem CAR T Cells Targeting HER2 and IL13Ro:2 Mitigate Tumor Antigen
Escape. ] Clin Invest (2019) 129(8):3464. doi: 10.1172/jci131246

Roybal KT, Rupp LJ, Morsut L, Walker WJ, McNally KA, Park JS,
et al. Precision Tumor Recognition by T Cells With Combinatorial
Antigen-Sensing Circuits. Cell (2016) 164(4):770-9. doi: 10.1016/
j.cell.2016.01.011

Srivastava S, Salter Al Liggitt D, Yechan-Gunja S, Sarvothama M, Cooper K,
et al. Logic-Gated ROR1 Chimeric Antigen Receptor Expression Rescues T
Cell-Mediated Toxicity to Normal Tissues and Enables Selective Tumor
Targeting. Cancer Cell (2019) 35(3):489-503.e8. doi: 10.1016/j.ccell.
2019.02.003

Luo H, Wu X, Sun R, Su J, Wang Y, Dong Y, et al. Target-Dependent
Expression of IL12 by Synnotch Receptor-Engineered NK92 Cells Increases
the Antitumor Activities of CAR-T Cells. Front Oncol (2019) 9:1448.
doi: 10.3389/fonc.2019.01448

Cho JH, Okuma A, Al-Rubaye D, Intisar E, Junghans RP, Wong WW.
Engineering Axl Specific CAR and SynNotch Receptor for Cancer Therapy.
Sci Rep (2018) 8(1):3846. doi: 10.1038/s41598-018-22252-6

Moghimi B, Muthugounder S, Jambon S, Tibbetts R, Hung L, Bassiri H, et al.
Preclinical Assessment of the Efficacy and Specificity of GD2-B7H3 SynNotch
CAR-T in Metastatic Neuroblastoma. Nat Commun (2021) 12(1):511.
doi: 10.1038/s41467-020-20785-x

Sabahi M, Jabbari P, Alizadeh Haghighi M, Soltani S, Soudi S, Rahmani F,
et al. Proposing a Tandem AND-Gate CAR T Cell Targeting Glioblastoma
Multiforme. Med Hypotheses (2020) 137:109559. doi: 10.1016/
j.mehy.2020.109559

Williams JZ, Allen GM, Shah D, Sterin IS, Kim KH, Garcia VP, et al. Precise T
Cell Recognition Programs Designed by Transcriptionally Linking Multiple
Receptors. Sci (New York NY) (2020) 370(6520):1099-104. doi: 10.1126/
science.abc6270

Fedorov VD, Themeli M, Sadelain M. PD-1- and CTLA-4-Based Inhibitory
Chimeric Antigen Receptors (iCARs) Divert Off-Target Immunotherapy
Responses. Sci Trans Med (2013) 5(215):215ral72. doi: 10.1126/
scitranslmed.3006597

Adachi K, Kano Y, Nagai T, Okuyama N, Sakoda Y, Tamada K. IL-7 and
CCL19 Expression in CAR-T Cells Improves Immune Cell Infiltration and
CAR-T Cell Survival in the Tumor. Nat Biotechnol (2018) 36(4):346-51.
doi: 10.1038/nbt.4086

Prosser ME, Brown CE, Shami AF, Forman SJ, Jensen MC. Tumor PD-L1 Co-
Stimulates Primary Human CD8(+) Cytotoxic T Cells Modified to Express a
PD1:CD28 Chimeric Receptor. Mol Immunol (2012) 51(3-4):263-72.
doi: 10.1016/j.molimm.2012.03.023

Chen C, Gu YM, Zhang F, Zhang ZC, Zhang YT, He YD, et al. Construction of
PD1/CD28 Chimeric-Switch Receptor Enhances Anti-Tumor Ability of C-
Met CAR-T in Gastric Cancer. Oncoimmunology (2021) 10(1):1901434.
doi: 10.1080/2162402x.2021.1901434

Gocheva V, Wang HW, Gadea BB, Shree T, Hunter KE, Garfall AL, et al. IL-4
Induces Cathepsin Protease Activity in Tumor-Associated Macrophages to
Promote Cancer Growth and Invasion. Genes Dev (2010) 24(3):241-55.
doi: 10.1101/gad.1874010

Leen AM, Sukumaran S, Watanabe N, Mohammed S, Keirnan J, Yanagisawa
R, et al. Reversal of Tumor Immune Inhibition Using a Chimeric Cytokine
Receptor. Mol Ther ] Am Soc Gene Ther (2014) 22(6):1211-20. doi: 10.1038/
mt.2014.47

Mohammed S, Sukumaran S, Bajgain P, Watanabe N, Heslop HE, Rooney
CM, et al. Improving Chimeric Antigen Receptor-Modified T Cell Function
by Reversing the Immunosuppressive Tumor Microenvironment of
Pancreatic Cancer. Mol Ther ] Am Soc Gene Ther (2017) 25(1):249-58.
doi: 10.1016/j.ymthe.2016.10.016

Wang Y, Jiang H, Luo H, Sun Y, Shi B, Sun R, et al. An IL-4/21 Inverted
Cytokine Receptor Improving CAR-T Cell Potency in Immunosuppressive
Solid-Tumor Microenvironment. Front Immunol (2019) 10:1691.
doi: 10.3389/fimmu.2019.01691

Liu H, Lei W, Zhang C, Yang C, Wei ], Guo Q, et al. CD19-Specific CAR T
Cells That Express a PD-1/CD28 Chimeric Switch-Receptor Are Effective in

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Patients With PD-L1-Positive B-Cell Lymphoma. Clin Cancer Res an Off ] Am
Assoc Cancer Res (2021) 27(2):473-84. doi: 10.1158/1078-0432.Ccr-20-1457
Blaeschke F, Stenger D, Apfelbeck A, Cadilha BL, Benmebarek MR, Mahdawi
], et al. Augmenting Anti-CD19 and Anti-CD22 CAR T-Cell Function Using
PD-1-CD28 Checkpoint Fusion Proteins. Blood Cancer J (2021) 11(6):108.
doi: 10.1038/541408-021-00499-z

Liang Y, Liu H, Lu Z, Lei W, Zhang C, Li P, et al. CD19 CAR-T Expressing
PD-1/CD28 Chimeric Switch Receptor as a Salvage Therapy for DLBCL
Patients Treated With Different CD19-Directed CAR T-Cell Therapies.
] Hematol Oncol (2021) 14(1):26. doi: 10.1186/s13045-021-01044-y

Cho JH, Collins JJ, Wong WW. Universal Chimeric Antigen Receptors for
Multiplexed and Logical Control of T Cell Responses. Cell (2018) 173
(6):1426-1438.e11. doi: 10.1016/j.cell.2018.03.038

LiuY, Liu G, Wang J, Zheng ZY, Jia L, Rui W, et al. Chimeric STAR Receptors
Using TCR Machinery Mediate Robust Responses Against Solid Tumors. Sci
Trans Med (2021) 13(586):eabb5191. doi: 10.1126/scitranslmed.abb5191
Stenger D, Stief TA, Kaeuferle T, Willier S, Rataj F, Schober K, et al.
Endogenous TCR Promotes In Vivo Persistence of CD19-CAR-T Cells
Compared to a CRISPR/Cas9-Mediated TCR Knockout CAR. Blood (2020)
136(12):1407-18. doi: 10.1182/blood.2020005185

Grigor EJM, Fergusson D, Kekre N, Montroy J, Atkins H, Seftel MD, et al.
Risks and Benefits of Chimeric Antigen Receptor T-Cell (CAR-T) Therapy in
Cancer: A Systematic Review and Meta-Analysis. Transfusion Med Rev (2019)
33(2):98-110. doi: 10.1016/j.tmrv.2019.01.005

Cao JX, Wang H, Gao WJ, You J, Wu LH, Wang ZX. The Incidence of
Cytokine Release Syndrome and Neurotoxicity of CD19 Chimeric Antigen
Receptor-T Cell Therapy in the Patient With Acute Lymphoblastic Leukemia
and Lymphoma. Cytotherapy (2020) 22(4):214-26. doi: 10.1016/
1.jcyt.2020.01.015

Wu CY, Roybal KT, Puchner EM, Onuffer J, Lim WA. Remote Control of
Therapeutic T Cells Through a Small Molecule-Gated Chimeric Receptor. Sci
(New York NY) (2015) 350(6258):aab4077. doi: 10.1126/science.aab4077

Jan M, Scarfo I, Larson RC, Walker A, Schmidts A, Guirguis AA, et al.
Reversible ON- and OFF-Switch Chimeric Antigen Receptors Controlled by
Lenalidomide. Sci Trans Med (2021) 13(575):eabb6295. doi: 10.1126/
scitranslmed.abb6295

Hou X, Shou C, He M, Xu J, Cheng Y, Yuan Z, et al. A Combination of
LightOn Gene Expression System and Tumor Microenvironment-Responsive
Nanoparticle Delivery System for Targeted Breast Cancer Therapy. Acta
Pharm Sin B (2020) 10(9):1741-53. doi: 10.1016/j.apsb.2020.04.010

He M, Wang Y, Chen X, Zhao Y, Lou K, Wang Y, et al. Spatiotemporally
Controllable Diphtheria Toxin Expression Using a Light-Switchable
Transgene System Combining Multifunctional Nanoparticle Delivery
System for Targeted Melanoma Therapy. J Controll Release Off ] Controll
Release Soc (2020) 319:1-14. doi: 10.1016/j.jconrel.2019.12.015

Zhao B, Wang Y, Tan X, Zheng X, Wang F, Ke K, et al. An Optogenetic
Controllable T Cell System for Hepatocellular Carcinoma Immunotherapy.
Theranostics (2019) 9(7):1837-50. doi: 10.7150/thno.27051

Huang Z, Wu Y, Allen ME, Pan Y, Kyriakakis P, Lu S, et al. Engineering Light-
Controllable CAR T Cells for Cancer Immunotherapy. Sci Adv (2020) 6(8):
eaay9209. doi: 10.1126/sciadv.aay9209

Allen ME, Zhou W, Thangaraj ], Kyriakakis P, Wu Y, Huang Z, et al. An
AND-Gated Drug and Photoactivatable Cre-loxP System for Spatiotemporal
Control in Cell-Based Therapeutics. ACS Synth Biol (2019) 8(10):2359-71.
doi: 10.1021/acssynbio.9b00175

Kirillin M, Kurakina D, Khilov A, Orlova A, Shakhova M, Orlinskaya N, et al.
Red and Blue Light in Antitumor Photodynamic Therapy With Chlorin-
Based Photosensitizers: A Comparative Animal Study Assisted by Optical
Imaging Modalities. Biomed Opt Express (2021) 12(2):872-92. doi: 10.1364/
boe.411518

Kyriakakis P, Catanho M, Hoffner N, Thavarajah W, Hu VJ, Chao S, et al.
Biosynthesis of Orthogonal Molecules Using Ferredoxin and Ferredoxin-
NADP(+) Reductase Systems Enables Genetically Encoded PhyB
Optogenetics. ACS Synth Biol (2018) 7(2):706-17. doi: 10.1021/
acssynbio.7b00413

Son S, Kim JH, Wang X, Zhang C, Yoon SA, Shin J, et al. Multifunctional
Sonosensitizers in Sonodynamic Cancer Therapy. Chem Soc Rev (2020) 49
(11):3244-61. doi: 10.1039/c9cs00648f

Frontiers in Oncology | www.frontiersin.org

March 2022 | Volume 12 | Article 832765


https://doi.org/10.7150/thno.43991
https://doi.org/10.7150/thno.43991
https://doi.org/10.1172/jci131246
https://doi.org/10.1016/j.cell.2016.01.011
https://doi.org/10.1016/j.cell.2016.01.011
https://doi.org/10.1016/j.ccell.2019.02.003
https://doi.org/10.1016/j.ccell.2019.02.003
https://doi.org/10.3389/fonc.2019.01448
https://doi.org/10.1038/s41598-018-22252-6
https://doi.org/10.1038/s41467-020-20785-x
https://doi.org/10.1016/j.mehy.2020.109559
https://doi.org/10.1016/j.mehy.2020.109559
https://doi.org/10.1126/science.abc6270
https://doi.org/10.1126/science.abc6270
https://doi.org/10.1126/scitranslmed.3006597
https://doi.org/10.1126/scitranslmed.3006597
https://doi.org/10.1038/nbt.4086
https://doi.org/10.1016/j.molimm.2012.03.023
https://doi.org/10.1080/2162402x.2021.1901434
https://doi.org/10.1101/gad.1874010
https://doi.org/10.1038/mt.2014.47
https://doi.org/10.1038/mt.2014.47
https://doi.org/10.1016/j.ymthe.2016.10.016
https://doi.org/10.3389/fimmu.2019.01691
https://doi.org/10.1158/1078-0432.Ccr-20-1457
https://doi.org/10.1038/s41408-021-00499-z
https://doi.org/10.1186/s13045-021-01044-y
https://doi.org/10.1016/j.cell.2018.03.038
https://doi.org/10.1126/scitranslmed.abb5191
https://doi.org/10.1182/blood.2020005185
https://doi.org/10.1016/j.tmrv.2019.01.005
https://doi.org/10.1016/j.jcyt.2020.01.015
https://doi.org/10.1016/j.jcyt.2020.01.015
https://doi.org/10.1126/science.aab4077
https://doi.org/10.1126/scitranslmed.abb6295
https://doi.org/10.1126/scitranslmed.abb6295
https://doi.org/10.1016/j.apsb.2020.04.010
https://doi.org/10.1016/j.jconrel.2019.12.015
https://doi.org/10.7150/thno.27051
https://doi.org/10.1126/sciadv.aay9209
https://doi.org/10.1021/acssynbio.9b00175
https://doi.org/10.1364/boe.411518
https://doi.org/10.1364/boe.411518
https://doi.org/10.1021/acssynbio.7b00413
https://doi.org/10.1021/acssynbio.7b00413
https://doi.org/10.1039/c9cs00648f
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Miao et al.

Special CARs of T Cells

53.

54.

55.

56.

57.

58.

59.

60.

61.

Gong Z, Dai Z. Design and Challenges of Sonodynamic Therapy System for Cancer
Theranostics: From Equipment to Sensitizers. Advanced Sci (Weinheim Baden-
Wurttemberg Germany) (2021) 8(10):2002178. doi: 10.1002/advs.202002178

Tian Y, Liu Z, Tan H, Hou J, Wen X, Yang F, et al. New Aspects of
Ultrasound-Mediated Targeted Delivery and Therapy for Cancer. Int ]
Nanomed (2020) 15:401-18. doi: 10.2147/ijn.5201208

Wu Y, Liu Y, Huang Z, Wang X, Jin Z, Li ], et al. Control of the Activity of
CAR-T Cells Within Tumours via Focused Ultrasound. Nat Biomed Eng
(2021) 5(11):1336-47. doi: 10.1038/s41551-021-00779-w

Guercio M, Manni S, Boffa I, Caruso S, Di Cecca S, Sinibaldi M, et al. Inclusion
of the Inducible Caspase 9 Suicide Gene in CAR Construct Increases Safety of
CAR.CDI19 T Cell Therapy in B-Cell Malignancies. Front Immunol (2021)
12:755639. doi: 10.3389/fimmu.2021.755639

van de Donk N, Usmani SZ, Yong K. CAR T-Cell Therapy for Multiple
Myeloma: State of the Art and Prospects. Lancet Haematol (2021) 8(6):e446-
e461. doi: 10.1016/52352-3026(21)00057-0

Warda W, Larosa F, Neto Da Rocha M, Trad R, Deconinck E, Fajloun Z, et al.
CML Hematopoietic Stem Cells Expressing ILIRAP Can Be Targeted by
Chimeric Antigen Receptor-Engineered T Cells. Cancer Res (2019) 79(3):663—
75. doi: 10.1158/0008-5472.Can-18-1078

Quintarelli C, Orlando D, Boffa I, Guercio M, Polito VA, Petretto A, et al.
Choice of Costimulatory Domains and of Cytokines Determines CAR T-Cell
Activity in Neuroblastoma. Oncoimmunology (2018) 7(6):e1433518.
doi: 10.1080/2162402x.2018.1433518

Amatya C, Pegues MA, Lam N, Vanasse D, Geldres C, Choi S, et al.
Development of CAR T Cells Expressing a Suicide Gene Plus a Chimeric
Antigen Receptor Targeting Signaling Lymphocytic-Activation Molecule F7.
Mol Ther ] Am Soc Gene Ther (2021) 29(2):702-17. doi: 10.1016/
j.ymthe.2020.10.008

Warda W, Da Rocha MN, Trad R, Haderbache R, Salma Y, Bouquet L, et al.
Overcoming Target Epitope Masking Resistance That can Occur on Low-
Antigen-Expresser AML Blasts After IL-1IRAP Chimeric Antigen Receptor T
Cell Therapy Using the Inducible Caspase 9 Suicide Gene Safety Switch.
Cancer Gene Ther (2021) 28(12):1365-75. doi: 10.1038/s41417-020-00284-3

62. Hudecek M, Sommermeyer D, Kosasih PL, Silva-Benedict A, Liu L, Rader C,
et al. The Nonsignaling Extracellular Spacer Domain of Chimeric Antigen
Receptors Is Decisive for In Vivo Antitumor Activity. Cancer Immunol Res
(2015) 3(2):125-35. doi: 10.1158/2326-6066.Cir-14-0127

Alabanza L, Pegues M, Geldres C, Shi V, Wiltzius JJW, Sievers SA, et al.
Function of Novel Anti-CD19 Chimeric Antigen Receptors With Human
Variable Regions Is Affected by Hinge and Transmembrane Domains. Mol
Ther ] Am Soc Gene Ther (2017) 25(11):2452-65. doi: 10.1016/
j.ymthe.2017.07.013

Ying Z, Huang XF, Xiang X, Liu Y, Kang X, Song Y, et al. A Safe and Potent
Anti-CD19 CAR T Cell Therapy. Nat Med (2019) 25(6):947-53. doi: 10.1038/
541591-019-0421-7

Singh N, Frey NV, Engels B, Barrett DM, Shestova O, Ravikumar P, et al.
Antigen-Independent Activation Enhances the Efficacy of 4-1BB-
Costimulated CD22 CAR T Cells. Nat Med (2021) 27(5):842-50.
doi: 10.1038/s41591-021-01326-5

63.

64.

65.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Miao, Zhang, Huang, Zhang, Wang, Tang, Teng and Li. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Oncology | www.frontiersin.org

March 2022 | Volume 12 | Article 832765


https://doi.org/10.1002/advs.202002178
https://doi.org/10.2147/ijn.S201208
https://doi.org/10.1038/s41551-021-00779-w
https://doi.org/10.3389/fimmu.2021.755639
https://doi.org/10.1016/s2352-3026(21)00057-0
https://doi.org/10.1158/0008-5472.Can-18-1078
https://doi.org/10.1080/2162402x.2018.1433518
https://doi.org/10.1016/j.ymthe.2020.10.008
https://doi.org/10.1016/j.ymthe.2020.10.008
https://doi.org/10.1038/s41417-020-00284-3
https://doi.org/10.1158/2326-6066.Cir-14-0127
https://doi.org/10.1016/j.ymthe.2017.07.013
https://doi.org/10.1016/j.ymthe.2017.07.013
https://doi.org/10.1038/s41591-019-0421-7
https://doi.org/10.1038/s41591-019-0421-7
https://doi.org/10.1038/s41591-021-01326-5
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Special Chimeric Antigen Receptor (CAR) Modifications of T Cells: A Review
	Introduction
	Optimize the Recognition Ability of CARs
	Double scFvs
	The Tandem CAR (TanCAR)

	Conjectures
	Dual-Signaling CARs

	Triple scFvs (Arranged in Tandem)
	Conjectures

	Improving the Accuracy of CARs
	AND-gate CARs
	Conjectures
	Triple scFvs (the In-Series Three-Input Cascade Circuit)
	Inhibitory CARs (iCARs)
	Conjectures
	AND-NOT CARs

	Improving the Killing Ability of CARs
	Special CARs Based on the Traditional Fourth-Generation CARs
	Conjectures
	CARs That Can Reverse the Inhibition of Immune Checkpoints or Tumor Microenvironment
	Chimeric-Switch Receptor (CSR)

	Conjectures
	Inverted Cytokine Receptor (ICR)

	Conjectures
	Universal CARs
	Synthetic T Cell Receptor and Antigen Receptor (STAR)

	Improving the safety of CARs
	ON/OFF-Switch CAR
	Conjectures
	CARs That Require Special Conditions (Light or Ultrasound) to be Activated
	Conjectures
	Adding Suicide Genes
	Designing the Optimal Length of CD8α Hinge and Transmembrane Domain

	Summary
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


