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Engineered mammalian cells for medical purposes are becoming a clinically relevant reality thanks to advances in

synthetic biology that allow enhanced reliability and safety of cell-based therapies. However, their application is still

hampered by challenges including time-consuming design-and-test cycle iterations and costs. For example, in the

field of cancer immunotherapy, CAR-T cells targeting CD19 have already been clinically approved to treat several

types of leukemia, but their use in the context of solid tumors is still quite inefficient, with additional issues related

to the adequate quality control for clinical use.

synthetic biology,synthetic immunology,cell-based therapies,T-cell engineering,T-cell

immunotherapies,Boolean logic in T cells

1. Introduction 

Cancer immunotherapy has the goal of improving anti-tumor immune responses reducing off-target effects typical

of chemotherapies and other state-of-the-art treatments. Since cancer cells often evade the surveillance of the

immune system, immunotherapies have the function of priming the immune response to make it more efficient.

Different classes of immunotherapies have already been approved for cancer treatment and some others are in

clinical trials  intending to facilitate the recognition of cancer cells by the immune system . These include

checkpoint inhibitors, lymphocyte activating cytokines, agonists for co-stimulatory receptors, cancer vaccines,

oncolytic viruses, bispecific antibodies and T cell-based adoptive immunotherapy (ACT) . Checkpoint inhibitors

are the most relevant and largely studied immunotherapeutic drugs up to date. They act by blocking co-inhibitory

molecules binding to their cognate ligands on the surface of cancer cells. The two most common strategies are the

PD-1/PD-L1 axis blockade and the inhibition of CTLA-4, to prolong T cell activity and anti-tumoral effects . A

limitation of immune checkpoint inhibitors is that they can cause immune-related adverse events (irAEs), usually

related to autoimmunity in a dose-independent manner . In addition, many patients do not respond to this

therapy due to the low number of tumor-infiltrating lymphocytes (TILs), downregulation of co-inhibitory molecules in

both tumor cells and T cells, and adapted resistance .

Cytokines act by actively limiting tumor growth with a direct anti-proliferative or pro-apoptotic action or by

enhancing tumor recognition and cytotoxicity of the immune system against cancer cells . Nevertheless, several

issues including the pleiotropic function of many cytokines, which can act both as immunosuppressors or activators

depending on the cellular context, the redundancy of cytokine signaling, and the short half-life of these molecules

make the efficacy of these treatments difficult. This therapy often consists of the administration of high doses of

cytokines that can cause vascular leakage and cytokine release syndrome (CRS) . A recent strategy, still at an
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earlier phase of development, is the use of agonist antibodies designed to specifically bind co-stimulatory

molecules, such as CD28 or the inducible T cell co-stimulator (ICOS), increasing T cell proliferation and survival in

the immunoglobulin-like superfamily, as well as OX40, CD27, and 4-1BB in the TNFR superfamily . Of note,

agonist antibodies are designed to bind and activate the target receptor, mimicking the action of the natural ligand,

and the kinetics of this binding may depend on many factors, such as the affinity to the epitope, and the interaction

between the antibody fragment crystallizable domain (Fc) and its receptor.

Lastly, cancer vaccines represent another promising strategy to increase the immune response against cancer.

They are divided into (i) cell vaccines, obtained from the tumor or immune cells, (ii) protein/peptides vaccines

based on tumor-associated antigens (TAAs), and (iii) genetic vaccines, which use viral, plasmid vectors, or mRNA

from autologous tumor tissue to deliver the antigen.

Cancer vaccines can be either prophylactic or therapeutic. Examples of prophylactic vaccines include the one

against hepatitis B virus which accounts for liver cancer, and the one against human papillomavirus, responsible for

the most cervical cancers .

Therapeutic vaccines have the goal to increase the tumor-specific adaptive response. Cancer vaccines have

shown reduced toxicity and autoimmunity issues, although their efficacy is, for now, lower than other

immunotherapeutic strategies, due to (i) an inappropriate activation of effector cells, (ii) limited accumulation of

these cells in the tumor, and (iii) to the immunosuppressive tumor microenvironment. Advances in synthetic biology

allowed engineering safer and more effective vectors, DNA or RNA–based implemented on bacterial or viral

backbones, carrying genetic components, and functional resources .

2. T Cell-Based Therapies

T cells have a prominent key role in the immune response against cancer. TILs are commonly found in the tumor

microenvironment (TME), where they can exert anti-tumor actions . Their presence is frequently associated with

a better prognosis, even though a cytotoxic subset such as CD8  T cells may undergo impaired activation in the

TME. The isolation of these cells from excised tumors and the subsequent reinvigoration in vitro before

reintroducing them back to the patient is one of the strategies currently used in clinics to increase T cells response

against tumor .

Leveraging on immune cell infiltration in the TME, over the past years, several therapies have been developed to

improve their action against tumors. In particular, T cell-based adoptive immunotherapy (ACT) is a novel anticancer

treatment that consists of the in vitro expansion and activation of autologous immune cells, prior to reinfusion into

patients . So far, this treatment has been used mainly for hematologic cancers, although they have been

recently tested also for solid tumors . ACTs include (i) tumor-infiltrating lymphocytes (TILs) from an endogenous

source, (ii) T cell receptor (TCR)-modified T cells, and (iii) chimeric antigen receptor T cells (CAR-T cell) . The

use of TILs for cancer treatment is achieved by harvesting CD4  and CD8  T lymphocytes from the patient's tumor,

followed by in vitro expansion in a medium supplemented with IL-2 alone or in combination with IL-7, IL-15, and IL-
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21. TILs are composed of an enriched polyclonal population and are reinfused in the patient to increase the

immune response by recognizing tumor-associated antigens as well as tumor neoantigens, and mutated antigens

expressed only by tumor cells .

TCR-modified T cells are first isolated from tumor patients, and genetically modified with a TCR that is engineered

to specifically recognize antigens expressed on cancer cells presented by the MHC system . Instead, CAR-T

cells are genetically engineered to express a Chimeric Antigen Receptor (CAR) composed of two domains: (1) an

extracellular domain consisting of an antibody single-chain fragment (ScFv) that specifically recognizes cell surface

antigens on tumor cells and (2) a chimeric intracellular domain formed by the activating intracellular domains from

TCR complex (CD3ζ) and other co-stimulatory molecules. Unlike conventional TCR-mediated activation, CAR-

mediated activation is antigen-specific and MHC-unrestricted . CAR-T has proven higher efficacy, at least

against hematological malignancies such as B cell neoplasia and multiple myeloma.

Unfortunately, CAR-T therapy does not exhibit the same efficacy in solid tumors as it does for blood cancers. This

is due to several reasons among which tumor heterogeneity and T cell dysfunction are caused by tonic signaling

coming from tumor cells and chronic antigen exposure. Additionally, the immunosuppressive features of the tumor

microenvironment (i.e., hypoxia), the presence of inhibitory myeloid-derived cells (neutrophils, M2 macrophages,

myeloid-derived suppressor cells) and regulatory T cells (Tregs), and the inhibitory role of the extracellular matrix,

composed by fibrous proteins, collagen, and hyaluronan , have been described as potential immune escape

mechanisms of solid tumors in the scientific literature. Moreover, solid tumors induce the formation of aberrant

tumor vasculature by producing molecules such as VEGF and other proangiogenic factors, which induce the

expression of inhibitory receptors, like PD-1, TIM-3, and IDO-1 on relevant cytotoxic immune cell subsets .

All these different features have contributed to classifying tumors in cold and hot tumors depending on the amount

and relative quantities of lymphocytes at the tumor core and the tumor margin . Hot tumors, that have a high

level of infiltrating lymphocytes, represent the best candidates for immune checkpoint inhibition therapies or cell

therapies, whereas cold tumors display the lowest response rate . Several approaches have been proposed to

increase the response of those tumors to immunotherapy. Among them, combination therapies aiming to enhance

T cell responses by removing co-inhibitory signals, such as immune checkpoint inhibitors (ICIs) and myeloid-

derived suppressor cells (MDSC) depletion, along with the activation of co-stimulatory signals such as anti-OX40,

are currently being developed. Unfortunately, autoimmunity-related issues represent a major limitation when these

approaches are implemented in patients .

It has been reported that CAR-T therapy exhibits some side effects, including neurotoxicity and Cytokine Release

Syndrome (CRS), that to date are not deeply understood. Symptoms of neurotoxicity include among others

headache, confusion, aphasia, attention deficit, memory loss, and only in severe cases cerebral edema, that may

lead to death. In the vast majority of the cases, their onset is 4–5 days post-infusion, but are usually reversible and

solved in 3–8 weeks after CAR-T cell injection. CRS usually occurs in up to 22 days post-injection and it is solved

in 60 days. Symptoms include fever, nausea, fatigue, hypotension, and hypoxia. The involved cytokines in CRS

following CAR-T cell therapy includes not only effector cytokines such as interferon (IFN)-γ, IL-2, IL-6, and
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granulocyte-macrophage colony-stimulating factor (GM-CSF) but also the cytokines mainly secreted by the

monocytes and/or macrophages such as IL-1, IL-6, IL-8, IL-10, IL-12, tumor necrosis factor (TNF)-α and IFN-α.

Neurotoxicity and CRS may be considered linked since they are derived from an extreme immune activation due

both to CAR-T cells and non-CAR-T cells .

3. Synthetic Biology Approaches to Boost CAR-T Cell
Treatment's Efficacy

3.1. Addressing the Tumor Immune Escape

The heterogeneous expression pattern of target antigens and antigen-negative relapses in long-term follow-ups

prompted the need of targeting more than one antigen synergistically. An OR-gate CAR can be used to recognize

two different tumor-associated antigens, requiring only one of them to activate cells. More recent strategies consist

in the integration in the same CAR construct of two scFv domains separated by a protein linker, thus forming a bi-

specific CAR namely "Tandem" CAR (Figure 1) . CD19/CD20, as well as CD19/CD22 bi-specific CAR-T

cells, are being currently tested on clinical trials (NCT04007029, NCT04215016, NCT03919526, NCT04303520)

for the treatment of B cell malignancies.

Figure 1. Synthetic biology approaches to boost CAR-T cell treatment's efficacy. Graphical abstract summarizing

main synthetic biology approaches developed to prevent current limitations of adoptive T cell therapies. Strategies

to boost CAR-T cell therapy efficacy are mechanistically classified into (1) approaches to overcome tumor immune

escape (top left), (2) strategies to rewire immunosuppressive signals from the tumor microenvironment (TME) (top

middle), (3) Boolean logic gates to reduce CAR-T cell treatment toxicity (right), (4) strategies to limit cytokine-

dependent off-target cytotoxicity (bottom middle), and (5) safety switches on engineered CAR-T cells (bottom left).
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Main strategies to overcome tumor antigen escape depicted in the figure include Tandem (or bi-specific) CAR,

switchable CAR or sCAR, and split, universal, and programmable CAR or SUPRA CAR. Fusion proteins combining

TGFβ/IL-4 immunosuppressive ectodomains with CD3/CD28-4-1BB or IL-7/IL-2-IL-15 endodomains are included

among approaches devised to rewire immunosuppressive signal from the TME. Approaches focused on reducing

CAR-T cell treatment toxicity depicted in the figure include Dual CAR, SynNotch, and COVERT strategies, which

depend on the presence in target tumor cells of two different antigens to allow T cells activation, and iCAR/Tmod2

approaches that prevent activation of T cells against normal cells that express the antigen recognized by the

inhibitory CAR. Strategies to limit cytokine-dependent off-target cytotoxicity include Armored CARs, which can

secrete cytokines locally upon activation, preventing systemic undesired side effects induced by repeated systemic

cytokines administration. Safety switches included in the figure comprise the iCasp system, which triggers

engineered cells apoptosis upon AP-1930 administration, as well as TET-inducible, hypoxia-inducible and light-

inducible CAR expression to allow tight control of CAR expression upon doxycycline treatment, hypoxia onset, or

blue light stimulation, respectively.

An intelligent approach to obtain a universal and modular platform of T cells to bind several different targets is the

peptide-specific switchable CAR-T-cells (sCARs). The general idea consists of an extracellular domain of the CAR

to recognize a ligand which is provided as a free molecule fused to an scFv specific to the tumor antigen (Figure 1).

Thus the ligand-scFv function as a bridge between the "universal" CAR and the tumor cells, and the cytotoxicity is

limited only to cells coated with the antibodies/adapters . An elegant evolution of this strategy is the Split

Universal Programmable (SUPRA) CARs . Similar to sCARs, SUPRA CARs are universal CARs composed of a

leucine zipper that binds a homologous domain fused to an scFv, creating a synapsis between the CAR and the

tumor cells (Figure 1). This design allows fine-tuning of T cell activation through the binding affinity of the leucine

zippers, by adding competing leucine zippers and playing with the binding affinity of the scFv.

Overall, these two modular strategies could substantially reduce the costs and time of T cell expansion into

antigen-specific CAR-T cells. Furthermore, by adding or withholding the scFv part of the construct it might be able

to tightly control CAR-T cells activation, improving CAR-T cells safety.

3.2. Rewiring Immunosuppressive Signals from the TME

It is well known that the TME releases several signals which depress the immune response against cancer. For

example, TGFβ can induce a shift of cytotoxic T cells towards a Treg-like phenotype with highly

immunosuppressive functions in the TME. To counteract this effect, CAR, where the extracellular part of the

TGFβRII is fused to the endodomain of 4-1BB or that link a TGFβ-specific scFv to the CD28-CD3ζ intracellular

signaling domains, have been engineered (Figure 1), activating rather than inhibiting CAR-T cells by TGFβ

stimulation . The ability to convert an immunosuppressive stimulus coming from the TME into an

immunostimulatory response was achieved also by fusing the IL-4 receptor ectodomain (an immunosuppressive

cytokine) to the IL-7 receptor endodomain or the βc receptor subunit common to IL-2 and IL-15 signaling

(immunostimulatory cytokines) (Figure 1) . Of note, an undesired limitation of these approaches is that

[31][32][33][34]

[35]

[36][37]

[38][39]



Gene Circuits for Cancer Immunotherapy | Encyclopedia.pub

https://encyclopedia.pub/entry/6323 6/16

rewiring an immunosuppressive stimulus to an activating/co-stimulatory signal might lower T cells activation

threshold, thus favoring OFF-target cytotoxicity onset.

Switch receptor combining immune checkpoint proteins ectodomain fused to co-stimulatory proteins endodomains

also showed to enhance T cells antitumor immunity. For example, PD-1-CD28 and CTLA-4-CD28 chimeric

receptors demonstrated to boost tumor-specific T cells killing of tumor cells . Similarly, T cell immunoreceptor

with Ig and ITIM domains (TIGIT) modified following the same strategy, showed better control of tumor growth in

vivo (Figure 1) . The engagement of endogenous non-engineered T cells by secretion of bispecific T-cell

engagers (BiTEs) is a more recent development. In a preliminary approach, these bi-specific antibodies were

secreted by engineered cells and consisted of one scFv targeting EGFR, overexpressed by glioblastoma cells, and

the scFv on the other side of the molecule targeting CD3. This strategy facilitated the elimination of tumor

xenografts in vivo .

3.3. Boolean Logic Gates Design to Reduce CAR-T Cell Treatments Toxicity

By enhancing multiple signals-derived specificities, Boolean logic gates have been demonstrated to be useful to

prevent or reduce toxicity concerns arising from immune cellular therapies. By this approach, CAR-T cells would

exert their function only in the presence of the two antigens A and B (AND gate) or if the downstream activation of

A is blocked by the presence of inhibitory B (AND NOT gate) (Figure 2) .

Figure 2. Logic gates design to reduce CAR-T cell treatment toxicity. (A) An AND gate CAR-T design consisting of

splitted intracellular activation (CD3ζ signaling domain in the CAR receptor and CD28/4–1BB costimulatory

domains in another receptor). Single antigen recognition is not able to activate T cell response, preventing damage

in normal tissues. Double antigen recognition (A AND B) drives the activation of T cells and killing of the tumor. (B)

An AND gate approach using a synNotch receptor combined with a CAR receptor to increase antigen specificity

and safety. Under the recognition of a first antigen by synNotch receptor, an intracellular transcription factor (TF) is
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released and induces the activation of CAR receptor specific to a second antigen, allowing the activation of T cells.

(C,D) By using inhibitory CAR receptors (iCAR) (C) or blocking Tmod2 (D), AND NOT gates allow the engineered

cells to distinguish normal tissues by preventing T cell activation when a double antigen recognition is present.

Several strategies that implement AND logic gates on engineered T cells have been developed up to date. One

model consists of splitting intracellular activation domains into two different CARs recognizing diverse antigens

(e.g., CD3ζ signaling domain in one CAR and CD28/4–1BB costimulatory domains in the other, Figure 2A) .

Similarly, SynNotch CAR-T cells exert their cytotoxic activity only if two different antigens are present on the target

cell surface . In this two-steps approach, the binding of the SynNotch receptor to the first TAA triggers the

release of an intracellular transcription factor, which drives the expression of a CAR specific to a second TAA. CAR

binding to the second TAA will ultimately promote T cell activation against cells expressing both TAA (Figure 2B).

Lastly, an AND-like gate is the Cytoplasmic Oncoprotein VErifier and Response Trigger (COVERT) system. Here, T

cells bind the TAA to release a conditionally active cytotoxic protein SUMO-GranzymeB (SUMO-GrzB). GrzB is

inactive unless SUMO is removed by the SENP1 protease which is selectively overexpressed by tumor cells. Thus,

only in cancer cells, the cleavage of SUMO by SENP1 allows GrzB to unleash its cytotoxic capacity .

To limit OFF-side effects of CAR-T, AND NOT logic gates have also been implemented. The co-expression on

CAR-T cells of activating and inactivating CARs (iCAR) have been shown to prevent T cell activation against cells

expressing two antigens while killing the ones expressing only the antigen recognized by activating CARs. iCAR

design consists of a ligand-binding extracellular domain fused to an immune checkpoint protein endodomain (e.g.,

PD-1, CTLA-4), thus transmitting inhibitory signals upon antigen encounter, and preventing CAR-T cells activation

against cells expressing two TAA (Figure 2C). Specifically, T cells were engineered to co-express a second-

generation anti-CD19 CAR along with an iCAR targeting the prostate-specific membrane antigen (PSMA).

Engineered iCAR-T cells were effectively activated when in contact with cells expressing only CD19 AND NOT

PSMA . In line with this work, Hamburguer et al. recently built-up an optimized iCAR system, namely the Tmod2

system . Here, Tmod2 cells are engineered to co-express an activator CAR or TCR recognizing a TAA

expressed by tumor and normal cells, as well as a blocker receptor able to recognize a surface antigen that is lost

in tumor cells due to loss of heterozygosity (LOH) (Figure 2D). Thus, engineered cells are tuned ON only if the

second antigen is absent from the target cell surface. In this system, signal integration relies on the presence of

immunoreceptor tyrosine-based activation motif (ITAM) sequences on activating CARs/TCRs and an

immunoreceptor tyrosine-based inhibitory motif (ITIM) segment that mediates blocker receptor inhibitory signaling.

This seminal study opens the field of targeting missing antigens, rather than the expressed ones, for cancer

immunotherapy.

3.4. Strategies to Limit Cytokine-Dependent Off-Target Cytotoxicity

Standard TIL treatment protocols usually require treating patients with repeated high doses of IL-2 which however

can also induce the expansion of immunosuppressive Tregs and trigger severe side effects on treated patients 

. Hence, several approaches have been developed to deliver cytokine signaling in engineered T cells, avoiding

off-target stimulation (e.g., in Tregs). One of the most original approaches consists of the development of
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orthogonal IL-2 receptor pairs that are activated by mutated IL-2, which is not able to activate native IL-2 receptors.

Thus, with this method, it should be possible to specifically activate engineered T cells avoiding IL-2 OFF-target

deleterious effects. This strategy showed to enhance engineered T cells expansion and anti-tumor efficacy, upon

exogenous administration of mutant IL-2, in preclinical models . A similar strategy was followed in the

engineering of T cells to express constitutively activated IL-7 receptors, thus providing a pro-survival stimulus to

engineered cells that leads to enhanced antitumor activity and an increase in T cells persistence in mice .

Other approaches trying to confine cytokine signaling to engineered cells involve IL-12 expression. For instance,

stably transduced T cells to express IL-12 driven by NFAT synthetic promoter  allow IL-12 production upon TCR

stimulation of engineered cells. Although validated in preclinical models, this approach led to significant toxicities in

clinical trials, which were associated with promoter leakiness . To address this disappointing result, genetically

engineered cells with an activation-induced, membrane-anchored version of IL-12 were generated, limiting

diffusion of IL-12 and minimizing off-target effects . Tumor-associated T cells expressing IL-18 upon activation

were also proved safe and to induce better tumor clearance in preclinical models .

This strategy has been also developed for CAR-T cell models. Multiple cytokine-producing CARs, namely

"armored" CAR-T cells (Figure 1), including IL-12, IL-15, and IL-18  are nowadays at early phases of

development. Interestingly, IL-23-secreting CAR-T cells stand out for showing better antitumor efficacy and safety

profiles than either, IL-15- and IL-18-secreting CAR-T cells .

3.5. Safety Switches on Engineered CAR-T Cells

As CAR-T cell therapies can induce a large array of severe, life-threatening side effects in patients, tight spatio-

temporal control of CAR-T cell viability represents a fundamental objective to make these therapies safer 

. CAR-T cells were engineered to express modified human caspase-9 fused to human FKBP12 (iCasp9

system, Figure 1) such that exogenous administration of AP1930 (small molecule) induces dimerization of FKBP12

and activation of caspase-9, triggering cell apoptosis . Another approach to selectively kill CAR-T cells consist

of the co-expression of CD20/tEGFR (truncated EGFR), which can be targeted by Rituximab/Cetuximab. Thus,

binding of these antibodies to CAR-T cells trigger antibody-dependent cellular cytotoxicity (ADCC) and

subsequently killing of engineered cells .

The counterpart of these strategies is irreversibility. Alternatively, more dynamic ON-OFF strategies were

developed to temporarily inactivate engineered T cells in cases of severe side effects. To achieve this, TET-ON and

TET-OFF systems (Figure 1) have demonstrated to induce/prevent CAR expression on engineered cells by the

addition of tetracycline . Moreover, inducible promoters responsive to hypoxia-inducible factor (HIF)-1α

showed to induce CAR expression only under hypoxic conditions (Figure 1), thus limiting CAR-T cells activation to

hypoxic environments, like the tumor cores .

Lastly, optogenetics provides a means of tight spatio-temporal control of CAR-T cell activation. Briefly, optogenetics

are based on the engineering of target cells with light-inducible sensors which, upon activation, can trigger the
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expression of actuator proteins in a tight spatio-temporal manner. By using optogenetic devices based on CRY2

(cryptochrome 2)–CIB1 (cryptochrome-interacting basic-helix-loop-helix 1) system, fused to transcription factors

involved in target gene expression, scientists successfully induced IL-2, IL-15, and TNFα production , as well as

CAR expression  in engineered T cells upon blue-light stimulation, with no relevant leakiness or constitutive

activation of the systems, observed so far (Figure 1). The main limitation of this approach is the scarce penetration

of visible light into tissues, which might be overcome by using a different kind of waves able to penetrate deeper

into tissues (e.g., ultrasounds).
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