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1. Introduction  
 

1.1 Mammalian synthetic biology and medical applications  
Synthetic biology aims to engineer new capabilities in biological systems by designing, 

assembling and integrating genetic circuits. A genetic circuit is a set of biological 

components (e.g. promoters, coding sequences, UTRs etc) that, when combined, 

perform a specific function within a host organism. Gene circuits can be engineered to 

perform specific tasks and mimic the behavior of natural biological systems, including 

the oscillation of gene networks, toggle switches with multiple states, logical 

computation, and networks for intercellular signaling. [1] 

This approach is possible thanks to the rising amount of accessible genetic building 

blocks and a better characterization of biomolecular modules, including DNA regulatory 

sequences, protein interaction networks, and how to recombine them. Synthetic 

biology also takes advantage of progress in mathematical modeling and principles 

developed in engineering disciplines, including the standardization of genetic elements, 

like promoters or transcriptional terminator regions, and the idea of abstraction. This 

means deconstructing biological systems into individual parts and assembling these 

parts into devices. [2], [3], [4]   

The field initially developed with the engineering of prokaryotic systems in which 

several functionalities and phenomena were discovered and validated.[5] Here, 

synthetic networks demonstrated that methods based on engineering may be used to 

give a computational behavior to the cells and, moreover, they have shed light on how 

gene networks that occur naturally can produce dynamic responses, such as oscillations 

or the ability to remember brief stimuli.[2] 

More recently, there has been a shift towards exploring mammalian gene regulatory 

processes to achieve flexible, precise, and comprehensive control over gene expression 

and cellular development. New and more complex genetic devices have been used to 

examine cellular mechanisms, including alternative splicing, RNA interference (RNAi), 

and epigenetics. Additionally, the capability to manipulate complex and integrated 
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regulatory networks involved in cell signaling, cell communication, cell cycle, and 

differentiation has been achieved.[6] 

The possibility of engineering new functions in living organisms, or modifying the 

existing ones resulted in several applications in industrial and environmental 

biotechnology and healthcare. In particular, medical applications involve diagnosis, 

therapy, drug discovery, and tissue engineering. For instance, mammalian synthetic 

biology has been used to develop biosensors for histamine to detect allergies in high-

risk patients, or for toxins to detect pathogenic infections. [7], [8]. 

Leveraging synthetic biology, “theranostic” cells have been developed, and they can 

function as both diagnostic instruments and therapeutic delivery mechanisms. 

Theranostic cells are designed to express sensors that identify the presence of a disease 

marker and signaling apparatus that accurately regulates a cellular response. Compared 

to small molecules and biologics, which typically operate systemically and without 

timing, these therapies offer more precise control as they are designed to activate only 

upon detecting the target biomarker.[9] One of the most interesting medical 

applications regards T-cells and other immune cells engineering to improve efficacy and 

specificity against cancer. [10] 
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 1.2 Synthetic biology for immunotherapies  
 

The conventional treatment for cancer includes surgery, radiotherapy, and 

chemotherapy. Surgery is effective only if the diagnosis is premature, however, it must 

be followed by chemotherapy and/or radiation. Radiation therapy is toxic to healthy 

cells, organs, and tissues. Chemotherapy instead has reduced morbidity and mortality 

but it is still dangerous for healthy cells, in particular for rapidly growing cells. Moreover, 

chemotherapy is often responsible for drug resistance due to the reduction of drug 

uptake by cancer cells, and rapid drug metabolism. [11], [12] 

New approaches have been developed to increase the effectiveness of the immune 

system in the fight against cancer, including adoptive cell therapies (ACT). ACT foresees 

the extraction of lymphocytes from the patient, their expansion, and engineering.  In 

particular, it involves Tumor Infiltrating Lymphocytes (TILs) that can recognize the 

tumor cells and kill them, but due to the lack of sufficient TILs and the difficulties they 

encounter in the tumor microenvironment (TME), they are not able to perform their 

antitumor activity. TILs therapy consists in TIL isolation, ex-vivo expansion, and 

reimplantation. This kind of therapy has still some limitations, due to the difficulties in 

isolating TILs from all the tumors, the number of TILs required and the time required for 

the expansion. Moreover, the TME has immunosuppressive ability, thus reducing the 

real efficacy of the therapy. [13] 

1.2.1 TCR engineering 

CD8+ T cells recognize the antigen via the T-cell receptor (TCR) that binds epitopes 

processed and presented by MHC I on the surface of antigen-presenting cells (APC). This 

binding activates the cells that produce cytotoxic molecules to kill cancer. One of the 

strategies used for the implementation of adoptive cancer therapy is the engineering of 

the TCR to recognize an antigen expressed on the surface of the cancer cells. [10], [14] 

Since the MHC I is encoded by a gene with several diverse alleles, this strategy requires 

the expression of the correct allele of the MHC to allow the right processing by APC and 

recognition by the TCR. Due to the processing of the antigens by MHC I, TCR can 
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recognize also epitopes derived from intracellular proteins. Even if the TCR is very 

sensitive and needs few binding epitopes to lead the activation, the effectivity is 

reduced due to its ability to recognize only protein epitopes. Moreover, the specificity 

of TCR is limited to short and non-self-peptides, thus allowing cross-reactivity to similar 

sequences of amino acids.[14], [15] 

1.2.2 CAR-T therapy 

 

To address these challenges, another approach involves the use of a Chimeric Antigen 

Receptor (CAR). This receptor is made up of an extracellular domain that identifies the 

antigen through the variable region of a monoclonal antibody connected to a single chain 

of a variable fragment (ScFv). The hinge region connects the extracellular domain to the 

transmembrane domain, which is primarily derived from CD3, CD4, CD8, and CD28 

molecules. The transmembrane domain links the structure to the intracellular domain, 

which is activated when the extracellular domain recognizes the antigen. The CD3-ζ 

cytoplasmic domain is most commonly used, but CARs need a co-stimulatory domain to 

enhance activation and persist into the patient, and the CD27, CD28, CD134(OX40), and 

CD137(4-1BB) co-stimulatory domains have been successfully tested.[16] CAR can 

recognize only surface antigens since it does not require the presentation by MHC and 

the sensitivity is lower, compared to the TCR recognition, thus requiring a higher density 

of the antigen to allow a strong activation. [17] 

The first CAR-T therapy approved by the US Food and Drug Administration is Kymriah®, 

by Novartis, developed by the University of Pennsylvania.[7] It is approved for the 

treatment of relapsed/refractory (r/r) pediatric and young adult B-cell Acute 

Lymphoblastic Leukemia (B-ALL), r/r diffuse large B cell lymphoma (DLBCL), and r/r 

follicular lymphoma (FL).[18]  

It is a CD19-directed CAR-T that recognizes CD19 molecules expressed on the surface of 

most of the malignancies of the B cells. The Chimeric Antigen Receptor (CAR) is 

composed of a mouse single-chain antibody fragment binding to CD19. This fragment is 

connected to intracellular signaling domains from 4-1BB and CD3-ζ. The CD3-ζ 
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component is essential for triggering T-cell activation and antitumor activity, while 4-1BB 

boosts the expansion and persistence of the cells. When the CAR recognizes CD19, it 

sends a signal that leads to T-cell expansion and the persistence of the engineered CAR 

T cells. [19]  

Due to the success of this kind of therapy, the FDA approved five other CAR T therapies, 

all of them for blood malignancies, such as B-cell leukemia and multiple myeloma.[20] 

While CAR T cell therapy has achieved remarkable results in blood cancers, its 

effectiveness against solid tumors has not been as significant. There are several factors 

contributing to this issue, such as tumor heterogeneity and T-cell dysfunction triggered 

by tonic signaling from tumor cells. Tumor cells can also escape from the immune system 

reducing the expression of the recognized antigen.  Moreover, the tumor 

microenvironment has immunosuppressive characteristics, such as hypoxia, inhibitory 

myeloid-derived cells (MDSC), regulatory T cells (Tregs), and the inhibitory function of 

the extracellular matrix. Additionally, not all solid tumors are infiltrated enough by 

lymphocytes, dividing tumors into hot tumors, when infiltrated by T cells, and cold 

tumors when T cells do not infiltrate into the tumor.[21] 

Several synthetic biology approaches have been developed to face these challenges, thus 

allowing a more effective therapy against cancer. Here some of the most interesting 

strategies will be presented.  

 

Intending to improve target specificity and flexibility, researchers engineered T cells to 

recognize combinations of antigens, sense antigen density, and target heterogeneous 

antigens. [22] One approach is to engineer cells simultaneously with a low-affinity CAR 

for one antigen, with the CD3-ζ stimulatory signal, and a chimeric costimulatory receptor 

(CCR) for another antigen, with a costimulatory intracellular domain. In this method, the 

presence of the first antigen is not enough to kill cancer cells since the activation is 

reduced.[23] 

An interesting strategy is the use of SynNotch receptors. Based on the native Notch, 

SynNotch-CAR recognizes a target antigen and this recognition triggers a proteolytic 
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cleavage that allows a transcription factor to move into the nucleus and drive the 

expression of a desired gene, in particular of a CAR. This increases the specificity and the 

precision of the T-cell activity. Thanks to their flexibility and modularity, SynNotch 

receptors used in combination with CARs and TCR, can generate a huge variety of 

different Boolean gates.[24], [25] [26], [27]  

 

A strategy to allow reversible control of the CAR is a split, universal and programmable 

(SUPRA) CAR. In this system, a universal CAR receptor (zipCAR) uses a leucine zipper as 

the extracellular domain and it pairs with the tumor-targeting ScFv adaptor (zipFv) 

through a corresponding leucine zipper. The activation of CAR T cells can be 

accomplished by administering zipFv. Moreover, combining different zipFvs could allow 

multiple antigens targeting without the need for additional genetic manipulation or 

infusion of immune cells. [28] This system has been optimized to achieve a three-input 

logic configuration in adaptive and innate immune cells. Adaptors include antibodies, 

peptide neo-epitope-labeled antibodies, and bispecific small molecules or antibodies. 

[29] 

Taking advantage of the signals that are secreted in the tumor microenvironment, 

physiologically involved in immunosuppression, a CAR has been designed using a 

receptor for TGF-β (TGFβRII). This ectodomain is fused to the endodomain of 4-1BB or to 

CD28-CD3-ζ. This converts an immunosuppressive signal into an immunostimulatory 

signal, but it has a limitation in lowering the T cell activation threshold, thus leading to 

OFF target cytotoxicity.[21], [30] 

An interesting synthetic biology approach is the coupling of the signaling activated in response 

to synthetic antigen receptors to a gene regulation mediated by the CRISPR/Cas9 technology. 

CRISPR/Cas9 strategy is very useful to engineer various cell types rapidly and efficiently, to permit 

permanent genetic ablation of a target, even without the interaction among the receptor and its 

ligand. [31]  

 

To allow inducible gene editing depending on specific input signals from the environment, 

synthetic G-protein-coupled receptors (GPCRs) called “Tango” and “ChaCha” have been 
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developed. Upon binding of the extracellular ligands, the receptors are activated and it permits 

the cleavage of an effector module, consisting of a nuclease-deficient CRISPR/Cas9 signal 

transduction unit. The target genes may be activated or repressed depending on the ligands.  

This system is dose-dependent, reversible,  and flexible, due to its ability to activate multiple 

genes concomitantly in response to the ligands.[32] The design of this kind of system has been 

expanded to include also receptor tyrosine kinases (TRK), allowing sensing of a large spectrum 

of ligands, such as tumor-enriched proteins, proangiogenic factors, and chemokines. [33] 

This system could significantly enhance the effectiveness of CAR T cell therapy. It could 

make the engineered T cells more adaptable to their surroundings, allowing them to 

regulate genes only when required. Moreover, this effect could be reversed once the 

tumor antigen is no longer present, making the treatment more precise and 

controlled.[31] 

 

Another important aspect to take into account when considering the effectiveness of T 

cell therapy is the epigenetic landscape, that shapes T cell differentiation and effector 

functions. 

It has been demonstrated that T cells may undergo different chromatin states, after 

recognizing an antigen. The first is a plastic and reprogrammable state, while the other 

is a fixed dysfunctional state. These conditions correlate with the increasing of inhibitory 

receptors and the reduction of cytokine production, such as TNFα and TNFγ. [34] 

Recently, a combination of CAR T cell therapy and decitabine, an FDA-approved 

demethylation agent, was used. This combination improved the cytotoxicity of CAR T 

cells and elevated the transcription levels of genes related to the immune synapse, 

thereby enhancing the effectiveness of the therapy.[35], [36] 

The implementation of CAR T cell therapy may be achieved through modification of the 

epigenetic landscape, by directing epigenetic modulators to specific genomic locations. 

This process is facilitated by the use of nuclease-deficient dCas9 and sgRNA. Such 

platforms can be used to avoid the binding of transcription factors or to attract proteins 

to modify chromatin marks. They can also shift the location of genomic elements within 

the nucleus or change the chromatin structure through looping [37], [38].  

https://www.sciencedirect.com/topics/medicine-and-dentistry/signal-transduction
https://www.sciencedirect.com/topics/medicine-and-dentistry/signal-transduction
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1.2.3 Other cell therapies: NK cells and macrophages 

 

Even if most of the approaches for increasing the effectiveness of cancer 

immunotherapies regard CD8+ T cells, other immune cells have been rewired to adjuvate 

T cell response and to revamp the tumor microenvironment.  

 

Natural Killer (NK) cells have the capacity to identify and eliminate tumor cells. They 

demonstrate a cytolytic function by releasing perforin and granzyme B, as well as 

through FasL-TRAIL-mediated pathways. The activity of NK cells is regulated by a balance 

of signals from both activating and inhibitory receptors. NK cells are a potential choice 

for adoptive immunotherapy because they can exhibit cytotoxicity without previous 

antigen exposure. Furthermore, the limited in vivo persistence of NK cells is a 

characteristic that is attractive to both clinicians and researchers, even if it could be 

considered a limitation in efficacy. Moreover, some other limitations to the clinical use 

of NK cells include the inability to expand NK cells to clinically relevant numbers, the 

difficulties for this kind of cells to penetrate the tumors, and their sensitivity to the 

immunosuppressive tumor microenvironment (TME).[39], [40]  

While the infusion of CD19-CAR-T cells after lymphodepletion has led to significant 

improvements in patients with relapsed or refractory CD19+ malignancies, the outcomes 

for patients with resistant Burkitt lymphoma (BL) have been less impressive. A second-

generation CD20-targeted NK CAR has been created, via nucleofection, to target BL. It 

contains 4-1BB-CD3z domains and it has been used to genetically modify peripheral 

blood (PB) NKs from healthy donors since they are not immunogenic. The engineered 

cells exhibited marked enhanced in vitro cytolytic activity against both rituximab-

sensitive and resistant BL. [41] Since the modification was not integrated into host DNA, 

the short-lived nature of these cells requires repeated infusions in the clinical setting. 

For this reason, a novel approach foresees the use of a retroviral vector, incorporating 

the antiCD19 CAR, IL-15, crucial for NK survival and inducible caspase-9 (iC9). The latest 

is a suicide gene that can be pharmacologically activated to eliminate transduced cells. 

These modifications make the NK cells able to persist in a sufficient amount, killing B-cell 
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leukemia or lymphoma in a xenograft mouse model [42]. Due to their abundance in the 

TME, macrophages are emerging as an alternative or as support to CAR-T therapy. They 

are named Tumor-Associated Macrophages (TAM) and have two main phenotypes: M1 

or classically activated macrophages and M2 or alternatively activated macrophages. 

This dichotomy is actually simplified since they have a large spectrum among the two 

phenotypes. M1 have anti-tumor and pathogen-killing abilities, secrete reactive oxygen 

species, produce pro-inflammatory cytokines, and have a higher capability to act as 

antigen-presenting cells. On the contrary, M2 are considered pro-tumoral and anti-

inflammatory. They are involved in tissue repair and modeling.  

Tumor-associated macrophages (TAMs) interact reciprocally with tumor cells and 

influence numerous facets of tumor progression, including supporting metastasis, 

promoting tumor cell growth, contributing to new blood vessel formation, suppressing 

the immune response, and fostering resistance to treatment.[43] 

The usage of CAR macrophages (CAR M) as a novel therapeutic strategy could be useful 

to overcome the challenges of solid tumors. 

One of the strategies regarding CAR M, named CAR147, consists of a ScFv recognizing 

human HER2 that activates the intracellular CD147 domain. This increases the 

production of matrix metalloproteinase (MMP) that degrades the extracellular matrix in 

solid tumors, thus facilitating T-cell infiltration. It has been found to inhibit tumor growth 

in mouse models and increase the level of IL-12 and IFN-γ in tumor tissue.[44] 

In another study, a CAR-expressing macrophage derived from induced pluripotent stem 

cells (iPSCs) has been developed. This, named CAR iMAC, can eradicate glioblastoma 

when expressing epidermal growth factor receptor variant III (EGFRvIII) and 

hepatocellular carcinomas expressing glypican-3 (GPC3) in mice. The CAR structure 

combines the conventional T- cell intracellular domain CD3ζ with a Toll/ interleukin-1 

receptor (TIR) domain for pro-inflammatory cell polarization. This second-generation 

CAR sustains the polarization of CAR iMAC to an anti-tumoral phenotype even after long-

term exposure to the TME[45], [46]  

Despite these new strategies to enhance immunotherapy against cancer, CAR T therapy 

remains the most promising approach to face the open challenges in the field. All the 

https://www.sciencedirect.com/topics/medicine-and-dentistry/matrix-metalloproteinase
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different systems have inherent constraints that impede their complete therapeutic 

efficacy. 
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1.3 Limitations of CAR – T therapy  
Therapies based on CAR are expected to have significant potential in the near future. 

However, before CARs can be universally adopted, particularly in the treatment of solid 

tumors, many obstacles associated with CAR-T therapy need to be overcome.[47] 

1.3.1 Cytokine release syndrome   

 

Cytokine Release Syndrome (CRS) is a frequent adverse effect linked with the 

administration of CAR-T cells. It is believed that CRS happens when CAR T-cells identify 

their target antigen on cancer cells, leading to their activation, proliferation, and 

subsequent release of inflammatory cytokines. These cytokines can then stimulate other 

immune cells, such as monocytes and macrophages that recognize the Fc portion of the 

CAR and start producing large amounts of inflammatory cytokines such as IL-6 and IL-1, 

thus amplifying the immune response.[47], [48] 

The primary symptoms of CRS in patients undergoing CAR-T cell treatment include high 

fever, muscle and joint pain, hypotension, nausea, fatigue, headaches, and skin rashes. 

While the toxic effects of CRS are typically reversible with appropriate care, it is 

commonly believed that the severity of CRS can differ among patients and, it also 

depends on the specific type of CAR used. [47] Different strategies have been tested to 

reduce the effect of CRS. In particular, blocking IL-6 via binding its receptor, is often 

useful to revert CRS in a short time. This therapy can be used in combination with 

corticosteroids, without reducing the effects of CAR- T therapy. [49] The density of the 

antigen, the nature of the intracellular domain of the CAR, and its length influence the 

intensity of CRS.[47] 

1.3.2 Tumor antigen escape 

 

A significant hurdle in CAR-T cell therapy is the emergence of tumor resistance to CAR-T 

cells that target a single antigen, following an initially high response rate. This is due to 

antigen loss, or downregulation happening during or after CAR T cell infusion, thus 

limiting the efficacy of the treatment. Antigen loss makes the CAR-T unable to recognize 

and target the tumor, and this increases the risk of disease relapse and reduces the long-
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term remission and survival rates. Moreover, also the therapy options are decreased in 

patients whose cancer hides the recognized antigen [50], [51]  

The main approach to counteract this limitation has been the use of bispecific CARs, 

intending the development of CAR simultaneously recognizing two different antigens. 

For example, bispecific CARs have been designed against both CD19 and CD20 or CD19 

and CD22.[52], [53] Regarding solid tumors, for glioblastoma has been demonstrated 

that bispecific CARs for HER2 and IL-13Rα2 increase the effectivity of CAR T therapy. [54] 

Another important strategy that has emerged recently is the development of Bi-specific 

T cell engagers (BiTEs), which leads to the activation of the T cells through two different 

signals. It binds the Tumor-Associated Antigen (TAA) and the invariant component of the 

T cell receptor (TCR) complex, that is, the CD3 chains with signaling capacity.[55] 

 

1.3.3 Trafficking and tumor infiltration 

 

One of the most important challenges for CAR-T cells therapy in solid cancer is their 

delivering to the target site. The effectiveness of CAR-T cell therapy is constrained due 

to the cells’ incapacity to reach and permeate the tumor.[47] This is due to the 

immunosuppressive Tumor Microenvironment (TME) and physical barriers within the 

tumor, like stroma, which impede the dispersion and movement of the CAR-T cells.  

T cells migrate into the tumor thanks to the chemotactic gradient, so if they do not 

express the proper chemokine receptor, they cannot reach the target.[56] 

The aberrant vasculature of the solid tumor is a further limitation to the infiltration of 

CAR T cells.  Several approaches have been tested to overcome these limitations, such 

as anti-angiogenic therapy targeting VEGF, thus normalizing the vasculature.[57] 

Another strategy foresees the engineering of the CAR T cells with an additional 

chemokine receptor, responding to the chemokines derived from the tumor site. [58] 

Moreover, CAR T cells may express also heparinase to degrade heparin sulfate 

proteoglycan (HSPG), which is one of the main components of the tumor stroma. This 

promotes tumor T-cell infiltration and anti-tumor activity. [59] 
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1.3.4 ON Target OFF tumor toxicity  

 

A significant challenge in developing CAR T cells for solid tumor patients is that many 

potential target antigens are also found in non-cancerous tissues. This overlap can lead 

to serious health risks due to unintended toxicity when the intended target is a tumor, 

but the effect occurs off-tumor.[60] 

CAR T cells recognize the target antigen and form an immune synapse, activating effector 

functions. T cells produce perforin and granzymes, considered the principal mechanism 

of CAR T cell-mediated cytotoxicity, and cytokines, including IFNγ; moreover, they 

express TNF. [61], [62] 

For the production of CAR T cells that are safe and effective for patients with solid 

tumors, the choice of target antigen is crucial. The best antigen candidates, known as 

neoantigens, should be present only on cancer cells and not on healthy cells. These 

antigens could originate from specific tumor mutations, insertions, or deletions that 

change the amino acid sequence of proteins on the cell surface, abnormal expression of 

oncofetal antigens, or post-translational modifications that are specific to tumors. 

However, cell-surface neoantigens are rare, particularly in tumors with a low mutational 

burden, and for this reason, most CAR T targets are tumor-associated antigens (TAA), 

expressed also on normal tissues.[60] 

Several synthetic biology approaches have been developed to overcome ON tumor-off 

target cytotoxicity. Affinity tuning of the ScFv of the CAR, via mutagenesis or library 

screening, may be used to induce T cell activation only into the tumor. High-affinity CAR 

T cell permits better reactivity when the tumor has a low antigen density, but it also leads 

to antigen recognition on non-tumor tissues that usually express less antigen.[63] On the 

contrary, low-affinity of the ScFv might have a low level of activation if the tumor 

expresses a low level of the antigen, and it increases the chances of tumor escape.[50]  

In addition to adjusting the affinity of the scFv, changes to the hinge and transmembrane 

domain (H/T) and the quantity of immunoreceptor tyrosine-based activation motifs 

(ITAMs) can modify the antigen-density threshold of a CAR.[64] 
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Additionally, Boolean logic gates may increase the specificity of CAR T cytotoxic activity, 

thus reducing the OFF-target toxicity. CAR T activation signal can be uncoupled through 

AND-gates, in which engineered T cells express two synthetic receptors, binding different 

antigens, with two different intracellular signaling domains. [23], [65] 

Instead of targeting a second cell-surface antigen, other traits associated with tumors 

can be addressed using AND logic. For instance, the simultaneous presence of the tumor 

antigen PSCA and the immunosuppressive cytokines TGF-β and IL-4, which are unique to 

the pancreatic carcinoma tumor microenvironment (TME), has been utilized in an AND-

logic system. This showed an increased potency and safety of the CAR T therapy, thus 

enhancing selective anti-tumor effects in mouse models. [66] 

An interesting approach uses the principle of CAR T cell avidity, where the immune 

response depends on different interactions between low-affinity CARs and antigens. This 

method, known as the avidity-controlled CAR (AvidCAR) system, only activates when two 

low-affinity CARs independently identify the target antigen and dimerize in the presence 

of a specific small-molecule dimerizer. [67] 

 

1.3.5 Immunosuppressive Tumor Microenvironment  

 

The tumor microenvironment, or TME, is a highly organized structure that includes 

cancer cells and various non-cancerous cells, surrounded by a modified, vascularized 

extracellular matrix. This complex ecosystem plays a crucial role in cancer progression 

and treatment resistance. It is a dynamic environment where cancer cells and the 

surrounding non-malignant cells constantly interact and influence each other’s behavior. 

These interactions can promote tumor growth, invasion into healthy tissues, and 

resistance to therapies. [68] 

In the tumor microenvironment, numerous cell types contribute to immunosuppression. 

These can infiltrate solid tumors and include cells such as myeloid-derived suppressor 

cells (MDSCs), tumor-associated macrophages (TAMs), and regulatory T cells (Tregs). 

These infiltrating cells, along with the tumor cells, stimulate the production of cytokines, 

chemokines, and growth factors that facilitate tumor progression and compete with 



19 
 

activating cytokines.[69], [70] MDSCs in the tumor are responsible for the production of 

ROS, nitric oxide (NO), and Arginase-1 (ARG1). [71] Macrophages in the tumor are 

present in two phenotypes, M1, proinflammatory, produce IL-12 and TNFα; M2, anti-

inflammatory, produce ARG1, IL-10 and VEGF, and also express ligands for inhibitory 

receptors.[72] Tregs, produce TGF-β and express inhibitory checkpoint receptors and 

their ligands, thus reducing effector activity of cytotoxic T cells.[73] 

The uncontrolled growth of cancer cells results in inherent immunosuppressive 

characteristics within the tumor. This includes areas of hypoxia, and increased lactate 

levels, both of which can hinder the function of effector T cells. [70] 

Hypoxia is ubiquitous property in TME of solid tumors.  The irregular blood vessels within 

the tumor are unable to supply the high demand for oxygen and nutrients required for 

its fast expansion, resulting in unbalanced hypoxia. Consequently, the regions distant 

from the blood vessels experience anoxia, while the neighboring tumor tissue is 

excessively oxygenated. Hypoxia alters the immune microenvironment, enabling tumor 

cells to evade immune surveillance and tumor killing.[74] Cancer cells can take 

advantage of the hypoxia condition to exploit the glycolytic process to accumulate 

lactate and adenosine, thus inhibiting T cell effector function and proliferation. 

Moreover, hypoxia promotes the apoptosis of T cells, makes the maturation of effector 

T cells slower, and leads to a lower production of interferon-gamma (IFN-γ). [75], [76] 
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1.4 T cell activation in cancer and T cell exhaustion  

1.4.1. T cell activation 

In a process called antigen presentation, T cells recognize the antigen presented by  

antigen presenting cells (APC) through a complex of major histocompatibility (MHC) that 

shows the antigen after a degradation process happening inside the APC. CD8+ T cells 

recognize the antigen presented by the MHC class I and they are responsible for the direct 

cytotoxic activity against infected cells or cancer cells. On the contrary, CD4+ T cells 

recognize the antigen through MHC class II and start producing cytokines driving CD8 T 

cell response. [77] 

T cells can recognize the antigen thanks to a unique clone-specific cell surface protein 

complex, the T cell receptor (TCR). TCR is responsible for the T cell developmental 

selection, making T cells self-tolerant and able to recognize non-self-peptides.[78] The 

TCR complex consists of highly diverse single α- and β-glycoprotein chains (a minor T cell 

population contains γ- and δ-chains instead) that have variable and constant regions, 

similar to immunoglobulins. It also includes a set of non-polymorphic signaling chains, 

known as CD3 γ, δ, ε, and ζ. A wide array of T cell clonotypes with distinct specificities is 

produced through the reorganization of α- and β-chain gene segments within the genome 

of each T cell. [79] 

The stimulation of the TCR by an antigen is essential for the activation and proliferation 

of T cells. However, an extra signal, known as co-stimulation, is needed for 

phosphorylation processes that are vital for early signal transmission.[80] The surface 

protein CD28, which is non-polymorphic, along with its family members, is the most 

powerful co-stimulatory receptor found on T cells. The ligands for CD28, namely B7-1 

(CD80) and B7-2 (CD86), are found on antigen-presenting cells. Their expression increases 

when these cells encounter microorganisms that trigger Toll-like receptors or other 

sensors for pathogens.[81], [82] 

When the TCR binds the antigen, it starts the activation signaling by forming a 

heterodimer with CD3 chains ε–δ, γ–δ, and ζ– ζ. CD3 intracellular domain is 

phosphorylated by lymphocyte-specific protein kinase (LCK) in the region of ζ chain-
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associated protein kinase 70 (ZAP70). Downstream signaling involves calcium release, 

activation of GTPase RAS and transcriptional reprogramming. [83], [84] 

Inhibitory molecules, such as cytotoxic T lymphocyte-associated protein 4 (CTLA4) and 

programmed cell death 1 (PD1), are produced during immune responses. They serve as a 

‘checkpoint’ to moderate the excessive activation of T cells.[85] CTLA-4 has strong 

homology with CD80, so it competes for binding CD28, thus reducing T-cell responses. 

PD-1 appears to inhibit T-cell responses by interfering with TCR signaling, by binding two 

ligands, PD-L1 and PD-L2 that equally suppress T-cell responses.[86] (Fig. 1) 

 

 

Fig. 1 T cell activation. T cells recognize the antigen through the MHC complex I via the 

antigen-presenting cells. This activates the ZAP70 pathway, and together with the binding 

of CD28 to its ligand CD80/CD86, it activates the cells. Stimulatory cytokines enhances 

activation. 
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Upon activation, T cells may undergo three main different fates. They can become 

effector T cells, thus producing perforin and granzymes, expressing TNF family members 

on their surface, but also producing cytokines such as IFN-γ to kill the target cell, and then 

they undergo apoptosis, due to the resolution of the antigen or to repeated high-dose 

stimulation.[62], [77] Upon activation a subset of T cells becomes memory T cells, 

involved in long-term immunological memory. These cells are prompt to a more vigorous 

response to the same antigen during a following encounter. This capability makes 

memory T cells crucial in the immune recall of the response to pathogens and tumors.[87] 

T cells can also exhibit an exhausted phenotype due to repeated low-dose and low-affinity 

stimulation, as happens in chronic infections and tumors.[88] 

According to literature, Naïve T cells express both CD45RA and CCR7 and during their 

development to effector memory T cells, they became CD45RA-/CCR7-. A subset of 

effector T cells, called T effector memory re-expressing CD45RA (TEMRA), re-express 

CD45RA but do not express CCR7; Memory T cells acquire the expression of CCR7, 

remaining CD45RA-. TEMRA are characterized by a lower proliferation rate but a higher 

cytotoxicity. [89] 

 

1.4.3 T cell exhaustion 

 

During chronic infection and cancer, in which the antigen exposure is persistent, an 

altered differentiation state, named T cell exhaustion occurs. Exhausted CD8 T cells 

present characteristic features, including a gradual and ordered reduction of effector 

functions, a continuous increase and simultaneous co-expression of numerous inhibitory 

receptors, changes in the expression and utilization of crucial transcription factors, 

metabolic imbalances, and an inability to shift to a quiescent state and gain antigen-

independent homeostatic responsiveness of memory T cells.[88] 

Typically, functions like IL-2 production, cytokine polyfunctionality, and high proliferative 

capacity are the first to be lost in T cell exhaustion. This is followed by a decrease in the 

production of IFNγ, TNF, and chemokines, and a reduction in degranulation. There’s also 

a gradual increase in the quantity and variety of inhibitory receptors expressed, such as 
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programmed cell death protein 1 (PD1), lymphocyte activation gene 3 protein (LAG3), 

2B4, CD160, and T cell immunoreceptor with immunoglobulin and ITIM domains (TIGIT). 

If the antigen persists as in cancer, T cells finally undergo apoptosis.[90] 

 

The expression of multiple inhibitory receptors is crucial for the development of T cell 

exhaustion. They compete with co-stimulator signals, transiently attenuate positive 

signals from activating receptors, and induce inhibitory genes. [91][92] 

Taking advantage of the importance of inhibitory receptors for the exhaustion 

development in T cells, their blockade has been used to recover the functionality against 

tumors in Immune checkpoint therapy (ICT).[93] The therapy foresees the use of 

monoclonal antibodies binding to the inhibitory receptors, to block their intracellular 

signaling, naturally activated by their binding to the normal ligand.   

The first ICT to obtain FDA approval was Ipilimumab, anti-CTLA-4, for the treatment of 

metastatic melanoma, leading to an increase in the overall survival rate. Some other 

approaches have been approved to block the inhibiting activity of the PD-1/PD-L1 axis, by 

binding both PD-1 and PD-L1. Moreover, the combinations of anti-CTLA-4 and anti-PD-1 

monoclonal antibodies and monoclonal antibodies with other kinds of therapies have 

been successfully tested.[94], [95] 

 

Soluble molecules also contribute to the regulation of T-cell exhaustion. They include 

immunosuppressive cytokines such as IL-10 and transforming growth factor-β (TGF-β), 

but also inflammatory cytokines such as type I interferons (IFNs) and IL-6. [88] 

 

The development of the exhausted state occurs, as mentioned above, in a step-by-step, 

progressive, and often predictable way. It is likely that separate but interconnected 

mechanisms independently control the sequential shifts in cellular activities. These 

activities include susceptibility to apoptosis, proliferative ability, the capacity to develop 

specific effector functions, and the expression of receptors and adhesion molecules. [96]  

Global transcriptional profiling has revealed that exhausted CD8+ T cells differ as much 

from effector and memory T cells as these cell types differ from one another. 
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A lineage-specific transcription factor for exhausted T cells has not been discovered yet. 

However, it is observed that exhausted CD8+ T cells utilize some transcriptional pathways 

differently compared to effector and memory CD8+ T cells.[97] (Fig.2) 

 

Fig. 2 T cell exhaustion. T cells undergo exhaustion when the antigen exposure is 

prolonged, as in cancer. TME produce inhibitory molecules and the inhibitory receptor 

CTLA-4 binds CD80/86, competing with the activating CD28. This state is characterized 
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by reduced cytotoxicity, proliferation rate and cytokines production. Expression of 

inhibitory receptors and apoptosis are increased. 

 

Both tumor- and chronic virus-specific CD8+ T cells possess significant enrichment of 

genes related to recent TCR signaling such as Batf, Irf4, Nfatc1, Nfatc2, Nr4a1, Nr4a2, 

Nr4a3 and Tox. [98], [99], [100] However, in the tumor microenvironment tumor-

infiltrating lymphocytes (TIL) uniquely preserve gene ontologies that are associated with 

the suppressive microenvironment and lack pathways associated with inflammation 

induced by viruses.[100] 

 

The different transcriptional profile of T-cell exhaustion is also reflected by the significant 

and unique genome-wide epigenetic remodeling programs, leading to a different 

epigenetic landscape, compared to naïve, effector and memory T cells.  

These epigenetic processes are associated with alterations in the expression of certain 

transcription factors, modifications of histones, methylation of DNA, and changes in 

chromatin accessibility.[101] The accessibility to the chromatin has been found altered in 

several regions. Particularly, for genes associated with effector T cell differentiation such 

as, IFNγ, TNFα, IL-2, and KLRG1, the chromatin accessibility was reduced, while it was 

increased for genes associated with T cell exhaustion such as PD-1, Tim3, LAG3, TIGIT, 

TOX, Tcf7, NFAT, and others. [102], [103] 
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1.5 miRNA involvement in T cell exhaustion 
 

1.5.1 MiRNA biogenesis and function  

One of the cell-intrinsic factors regulating T cell differentiation are microRNAs (miRNAs).  

MiRNAs are short (21–24 nucleotides) noncoding RNAs that post-transcriptionally 

regulate target genes. MiRNAs are primarily transcribed by RNA polymerase II into long 

primary transcripts known as pri-miRNAs. These pri-miRNAs contain a hairpin structure 

that holds the mature miRNA sequence. The microprocessor complex, which includes the 

RNA binding protein DGCR8 and the RNase III family endoribonuclease Drosha, excises 

these hairpins from the pri-miRNAs. This process releases precursor miRNAs (pre-

miRNAs), which is then exported to the cytoplasm through Exportin 5. Here they become 

available for the DICER RNAse III, which generates a short RNA duplex, by removing the 

pre-miRNA hairpin loop.  One of the strands, becoming a mature miRNA, is loaded into 

the Argonaute (AGO) protein, thus forming a miRNA-induced silencing complex 

(miRISC).[104], [105] The miRNA provides specificity to the miRISC, guiding AGO-

mediated repression of target mRNAs via complementarity between the mRNA with the 

seed sequence of the miRNA. If this complementarity is not perfect, miRNA-mRNA 

interaction will lead to translational repression, while if the complementarity is perfect, it 

will lead to mRNA degradation. A single miRNA has the ability to control multiple mRNA 

targets. On the other hand, a single mRNA target can be cooperatively regulated by 

several miRNAs.[106] 

1.5.2 MiRNA in T cell exhaustion  
 

Increasing evidence suggests that miRNAs act as controllers of immune escape. They 

achieve this by directly or indirectly altering the expression of molecules that regulate 

immunity, particularly immune checkpoint proteins. These proteins include members of 

the CD28, B7, TNF, and TNF receptor families. [107] miRNAs play important roles in the 

differentiation, proliferation, and cytokine secretion of CD4+ and CD8+ T cells.[108] Many 

miRNAs have been demonstrated to be dysregulated following continuous exposure to 
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antigens in viral infections and tumors, and these miRNAs seems to play crucial roles in 

the maintenance of T cell functions.[107], [109] 

In the understanding of the roles and mechanisms of miR-155 in melanoma progression, 

it has been observed an upregulation of this miRNA in effector CD8+ T cells, depending 

on the strength of the TCR signaling. MiR155-knockout favored tumor growth, by 

impairing cytokine production, thus resulting in CD8+ T cell exhaustion.[110] Moreover, 

miR-28 was significantly altered in exhausted T cells in a murine melanoma model. MiR-

28 seems to play a role in T cell exhaustion by directly controlling various immune 

checkpoints, including PD-1, TIM-3, and BTLA. [111] 

Hepatocellular carcinoma (HCC) is associated with chronic HBV or hepatitis C viral 

infections. MiR200c is found to be involved in the axis regulating PD-L1 expression, being 

inversely correlated to it. Overexpression of mir200c in liver cells leads to an increase in T-

cell activation and cytokine production. [112] 

Several studies about the role of miRNAs in human breast cancer have been performed. In 

one of them, a large amount of miRNA was found altered in exhausted T cells. Specifically, 

it has been demonstrated that miR-149-3p enhances the proliferation of T cells, the 

release of cytokines IL-2, TNF-α, and IFN-γ, and the cytotoxicity of CD8+ T cells against 4T1 

breast tumor cells. Further exploration of the molecular mechanism revealed that an 

increase in miR-149-3p could reverse T cell exhaustion by targeting multiple immune 

checkpoints, including PD-1, TIM-3, BTLA, and Foxp1.[113] Moreover, it has been 

demonstrated that the decreased levels of miR-424-5p and miR-138-5p can lower the 

viability of breast cancer cells and prevent T cell exhaustion. This is achieved by increasing 

the expression of effector cytokines such as IL-2, TNF-α, and IFN-γ, and decreasing the 

expression of the regulatory cytokine IL-10, by targeting PD-L1. [114], [115] 

Due to their key role in T cell activation, functionality, and exhaustion, miRNAs may be 

important regulators for the improvement of CAR-T cell therapies.  
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Aim of the project 

Since T cell exhaustion is one of the most limiting factors for CAR-T cell therapies, and 

miRNAs seem to have a critical role in several aspects of T cell activity, the goal of my 

project is twofold: a) having a compelling overview of miRNAs differentially expressed in 

dysfunctional T cells and b) use this information to design sensors that can regulate 

synthetic circuits activity to counteract T cell exhaustion.  

To this end, during my PhD I contributed to the development of an in vitro model of T cell 

exhaustion, to obtain a deeper understanding of this phenomenon that occurs when T cells 

are chronically stimulated by the tumor. The establishment of an in vitro setting is crucial 

as a rapid testbed of genetic circuits design and test.  

A key aspect of the research involves the identification of differentially expressed miRNAs 

in exhausted T cells compared to naive or effector cells. Based on these miRNAs, sensors 

have been constructed to allow the association of miRNA abundance with their activity in 

T-cell exhaustion.  

The ultimate goal of these sensors is to detect the state of exhaustion and finely regulate 

the action of synthetic circuits. This research could potentially lead to significant 

advancements in the understanding of T-cell exhaustion and its implications. Additionally, 

this finding may help to overcome CAR-T limitations, allowing a better response to the 

cancer.  

Rational 
 

CAR-T cells encounter several limitations in the context of solid tumors. Among these, the 

excessive release of cytokines depends on the activation of the T cells by other T cells. In 

addition, the limited specificity of the CAR-T therapy is due to the presence of the 

recognized antigen also on non-tumoral cells. Moreover, tumor microenvironment inhibits 

the T cell infiltration and activation into the tumor. Tumor cells are also able to escape from 

the immune system, through the downregulation of the recognized antigen expression. All 

these limitations are extrinsic, involving factors external to the CAR-T cells themselves. T 
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cell exhaustion is the main intrinsic limitation. It is affected by the tumor microenvironment 

but it is a dysfunctional state of the same cells that are engineered with the CAR receptor. 

This allows the direct engineering of CAR-T cells to make them resistant to exhaustion, after 

the tumor recognition leading to their activation, thus improving their activity against 

cancer.  

MicroRNAs are involved in post-transcriptional regulation, by reducing the expression of 

target molecules, taking advantage of the complementarity with the target sites on mRNA. 

Post-transcriptional regulation is fast and reversible, meaning that the genes are 

transcribed, being ready when needed, but the protein is not produced.   

Several miRNAs are differentially expressed during T-cell exhaustion and they can be used 

as endogenous regulators, thus avoiding the insertion of external regulators. The addition 

of miRNA target sites into the synthetic circuits enables fine-tuning of their expression.  
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2. Results  
 

2.1 Test of In vitro T cell exhaustion model using T Cell TransAct™  
 

To study and test synthetic circuits that are regulated by molecular signatures associated 

to T cell exhaustion, we developed an in vitro T-cell exhaustion model, starting from 

primary CD8+ T cells. 

To evaluate the best method to induce CD8+ T cell exhaustion, we tested different 

approaches. The initial setting was based on the isolation and stimulation of Naïve CD8+ 

T cells from Peripheral Blood Mononuclear Cells (PBMCs). In specific, Peripheral Blood 

Mononuclear Cells (PBMCs), including CD8+ T lymphocytes, CD4+ T lymphocytes, 

monocytes, and dendritic cells, are isolated from buffy coat from healthy donors, through 

a density gradient centrifugation. Naïve T cells, including both naïve CD4+ and naïve CD8+ 

T cells are then selected through a negative magnetic selection. During this process, 

PBMCs pass through a magnetic column retaining all the cells bound by antibody-coated 

beads, including activated CD8+ and CD4+ T cells, B cells, monocytes, dendritic cells, and 

also residuals of granulocytes, platelets, red blood cells, and NK cells. Naïve T cells, 

without any bound antibody, are eluted and collected untouched, to avoid undesirable 

random activation. Next, Naïve CD8+ T cells are isolated through a negative selection 

using antibody-coated beads binding CD4+T cells. These are retained by the magnetic 

column, while Naïve CD8+ are eluted untouched. 

Once collected, Naïve CD8+ T cells were stimulated following four different protocols, for 

22-days. Cells were stimulated through the CD3/CD28 pathway using magnetic antibody-

coated beads (Dynabeads) or a polymeric nanomatrix conjugated with CD3/CD28 agonists 

(Transact). This allows an antigen-independent stimulation of T cells. During the 

stimulation, cells are counted, and resuspended at the same concentration every 48h. We 

also carried out as control a stimulation every 7 days. Collectively, we compared 4 

conditions: cells stimulated by Dynabeads every 2 days (2D), or every 7 days (7D), and 

cells stimulated by Transact every 2 days (2T) or every 7 days (7T) (Fig.3) 
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Fig. 3 A schematic of the initial in vitro T cell exhaustion model.  PBMCs are isolated 

from buffy coats of blood donors through a density gradient centrifugation. Naïve T cells are 

isolated via negative selection. CD8+ Naïve T cells are then selected by negative selection 

and stimulated by Dynabeads or Transact. Cells are counted, and re-suspended every 48 h, 

and are restimulated every 48h or every 7 days. 

At Day 0, 8, 15, and 22 the maturation and the phenotype of the cells are analyzed by FACS. 

Maturation markers included CD45RA, CD45RO, C-C Motif Chemokine Receptor 7(CCR7) 

and CD62L. In addition, we evaluated the expression of some exhaustion markers, such as 

Programmed cell death protein 1 (PD1), cytotoxic T lymphocyte-associated protein 4 (CTLA 

4), T-cell immunoglobulin and mucin-domain containing-3 (TIM-3). Additionally, we 

measured the production of IL-2, TNFα and IFNγ. We observed that viability of the cells 
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was reduced after a prolonged stimulation, and cells often died before day 22. The 

reported data included day 22 when possible, but in general having very few cells surviving 

the stimulation, we believe that these data are not reliable (Fig. 4). When comparing the 

expression of the exhaustion markers after the stimulation with Dynabeads and transact, 

we found that the Dynabeads were able to induce exhaustion faster than Transact. Even if 

the levels of the exhaustion markers were comparable when cells were stimulated with 

Dynabeads every 2 days or with Transact every 7 days, apart for TIM-3, cells stimulated 

with Dynabeads showed a faster reduction of the cytokines (Fig. 5). In addition, the 

proliferation rate was reduced (data not shown).  Overall, we decided to stimulate cells 

every 48h with Dynabeads for the following experiments.  

 

 

Fig. 4 Dynabeads and Transact phenotype. (A) Expression of CCR7 and CD45RA expression. 

Representative experiment. Dot plots of CCR7 and CD45RA expression in CD8+ T cells and PBMCs 

were overlayed to compare the changes in the expression from day 8 (green) to day 15 (orange) after 

stimulation with Dynabeads or TransAct using the two protocols tested. The plots are compared with 
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naïve T CD8 cells (blue) and PBMCs (red) at day 0 without stimulation. This analysis show that 

CD45RA and CCR7 expression only change from day 8 to day 15 in 7 days stimulation with TransAct. 

(B) Expression of exhaustion markers. After 15 days of stimulation exhaustion markers do not increase 

their expression as to respect to day 8 and the different treatments do not significantly affect their 

behavior. N=3. 

 

 

Fig. 5 Dynabeads and Transact functional analysis.  At day 4, the treatments impact cytokine 

production and the treatment with Dynabeads every 2 days (2D) in which T cells were stimulated 

already twice reduce more their production. When cells are stimulated every 7 days with Dynabeads, 

they die before the day 8.  At Day 8, 15 and 22 the level of the cytokines is reduced, for all the different 

treatments.   

After establishing that Dynabeads induce exhaustion faster than Transact, we started using 

immunosuppressive cytokines, such as VEGF-A and TGF-β, to mimic Tumor 

microenvironment in which tumor cells and other cells release immunosuppressive  

molecules. In particular we set four different conditions: i) cells stimulated only with 

Dynabeads (Dyna) every 48h; ii) cells stimulated with Dyna and VEGF-A; iii) cells stimulated 

with Dyna and TGF-β; iv) the last condition tests if the cytokines have synergistic action, 

Dyna supplemented with both TGF-β and VEGF-A.  

Cells treated with the above-mentioned conditions did not show remarkable 

phenotypical differences after 8-days of stimulation; however, the functionality was 

reduced when cells where treated with TGF-β, while VEGF-A did not seem to enhance 

exhaustion (Fig. 6). 
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Fig. 6 Use of cytokines to induce exhaustion: functional analysis. After 8 days of stimulation 

all the conditions lead to a reduction of cytokine production. Comparing the different cytokines, TGF-β 

reduced the cytokine production at day 6, when compared with the stimulus with Dynabeads. VEGF-A 

slightly affects the production, both per se and in combination with TGF-β. 

For the next experiments we thus used the combination of Dyna with TGF-β.  

Since CAR-T cells are engineered on total CD8 T cells isolated from the patient, we sought 

that our genetic circuits should be tested in a more close-to-physiological setting to prove 

the robustness across patient and cell variability, and tested the same in vitro exhaustion 

model in total CD8+ T cells. 

In specific, CD8+ T cells are selected through negative magnetic selection directly from 

PBMCs. During this process, PBMCs pass through a magnetic column retaining all the cells 

bound by antibody-coated beads (Dyna), including CD4+ T cells, B cells, monocytes, 

dendritic cells, and also residuals of granulocytes, platelets, red blood cells, and NK cells. 
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CD8+ T cells, without any bound antibody, are eluted and collected untouched and they 

are used for the following stimulations.   

CD8+ T lymphocytes are stimulated by Dyna, as previously described. In this model, we 

further added a condition that should resemble the acute stimulation of T cells that are 

more active than the chronically stimulated once when rechallenged [116] 

To mimic the acute stimulation, cells are stimulated by Dyna upon isolation, and the 

stimulus is removed after 48 h. In chronic stimulation, cells are repeatedly stimulated 

every 48 h by fresh beads for 8-days. A third condition to better mimic the 

immunosuppressive TME includes the addition of TGF-β to the chronic stimulation. In all 

the conditions, cells are counted every 48h and kept at the same concentration for 8 days, 

and the medium is enriched with IL-2 to improve the survival of the cells. A schematic of 

the experimental design is reported in Fig.7. 

 

After the 8-days of stimulation, we performed an in-depth phenotypical analysis of CD8+ 

T cells along with functional assays.  

 

Fig. 7 A schematic of the “final” in vitro T cell exhaustion model.  PBMCs are 

isolated from buffy coats of blood donors through a density gradient centrifugation. Total CD8+ 

T cells are then isolated via negative selection and stimulated by CD3/CD28 binding 

antibodies-coated beads. Cells are counted,  and re-stimulated with fresh beads every 48h in 

the chronic stimulation, while the stimulus is removed after 48h in the acute stimulation. 
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In our model, chronically stimulated cells have a different maturation phenotype, 

compared to the cells stimulated only once.  In specific, these cells present a higher 

percentage of central memory (CM) cells and a lower amount of effector memory T cells 

re-expressing CD45RA (TEMRA). Conversely, cells stimulated once are mainly TEMRA and, 

in a lower percentage, central memory cells. (Fig.8) 

 

 

Fig. 8 Maturation of cells in the in vitro exhaustion model. Cells stimulated only once 

(1S) have a prevalence of effector memory T cells re-expressing CD45RA (TEMRA), while 

the cells stimulated chronically (2D, 2D+TGF-β) differentiate more in central memory (CM). 

CM: central memory, EM: effector memory, TEMRA: effector memory T cells re-expressing 

CD45RA.  

From a phenotypical point of view, several exhaustion markers have been analyzed by 

FACS, including Programmed cell death protein 1 (PD1), cytotoxic T lymphocyte-

associated protein 4 (CTLA 4), T cell immunoreceptor with immunoglobulin and ITIM 

domains (TIGIT), T-cell immunoglobulin and mucin-domain containing-3 (TIM-3), 

lymphocyte activation gene 3 protein (LAG3) and CD39 (Fig 9). 

While PD-1 and TIM-3 after 8 days of stimulation, show comparable levels of expression 

in cells stimulated chronically and in cells stimulated only for the first 48 hours, all the 

other markers show a significant increase when the cells are chronically stimulated, with 

or without TGF-β, if compared to the cells that received only one initial stimulus. This is 

in accordance with the literature, since all the exhaustion markers, and in particular, PD-
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1, TIM-3, and CTLA-4 increase their expression upon TCR activation, thus being expressed 

also in activated T cells. PD-1 and TIM-3 are shown as Mean Fluorescence intensity (MFI) 

since the population was unimodal, thus varying only the intensity of the fluorescence. 

CTLA-4, TIM-3, LAG-3, and CD39 are shown as percentages because the population was 

bimodal.[82], [89], [117]  (Fig.10) 

In addition, the level of transcription factors was analyzed. In fig. 8B are shown the results 

for TOX, NR4A2, TCF7 and T-bet. TOX is considered the master regulator of T cell 

exhaustion [117] and it is overexpressed when cells are chronically stimulated, while its 

levels are lower in cells stimulated only once. NR4A2 is also reported by literature to be 

upregulated in exhaustion and it seems to act together with TOX downstream NFAT 

activation. [118] We found NR4A2 significantly overexpressed also in our model of chronic 

stimulation of T cells in comparison to cells stimulated only once. Moreover, TCF-7 is 

known to be progressively lost in terminal exhausted T cells, and this is also reflected by 

the data of the in vitro model, in which T cells express less TCF-7 when chronically 

stimulated (Fig.10B) [119] Finally, T-bet was found inversely correlated to TOX, confirming 

reported literature. Indeed, we observed that the expression of T-bet at day 8 is higher 

when cells are stimulated only once, while it is reduced when they are chronically 

stimulated (Fig. 10B). [120]   

Exhausted T cells have a dramatic loss of cytotoxic activity. To test whether our model 

recapitulated this feature, we performed a cytotoxic assay to evaluate the capability of 

the cells to kill tumor cells. SKOV3+ cells are an epithelial-like ovarian cancer line and in 

the in vitro T cell exhaustion model, they are used in coculture with stimulated T cells to 

verify if the cytolytic activity of T cells is impaired after a chronic stimulation. SKOV3+ are 

previously stained with a fluorescent dye to differentiate them from T cells. At the end of 

the 8-day stimulation, SKOV3+ are co-cultured with T cells for 24 hours in a ratio SKOV3+: 

T cells of 1:3.  SKOV3+ alone, with no T cells in culture are used as a negative control, to 

assess the basal level of dead cells among the target ones. Notably, cells stimulated only 

for 48h keep a higher cytotoxic capacity compared to the cells chronically stimulated (Fig. 

10C). 
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The functionality of the cells is then analyzed by evaluating the inflammatory cytokine 

production, the degranulation, and the quantity of cytolytic granzyme that cells produce 

after 8-days of stimulation. At the endpoint, cells were further stimulated for 6 hours by 

Phorbol 12-myristate 13-acetate (PMA) and Ionomycin. PMA activates protein kinase C, 

and Ionomycin, a calcium ionophore, stimulate T cells in a way that circumvents the 

membrane receptor complex of the T cell. This stimulation activates multiple intracellular 

signaling pathways, leading to the activation of T cells and the production of various 

cytokines.[121]  
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Fig. 9 Exhaustion Phenotype of the in vitro exhaustion model Contour plot of the 

exhaustion phenotype after 8 days of stimulation. Representative experiment is 

shown. CD39+ and CTLA4+ cells percentage is higher when chronically stimulation is 

combined to TGF-β. Percentage of positive cells for all the exhaustion markers are 

higher in chronic stimulation than in acute stimulation.  
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Fig. 10 In vitro T cell exhaustion characterization Exhaustion markers are significantly 

increased after chronic 8-day stimulation. PD-1 and TIM-3 are shown as Mean Fluorescence 

intensity (MFI) since the population was unimodal. CTLA-4, TIM-3, LAG-3, and CD39 are 

shown as percentage because the population was bimodal. (A) Transcription Factors analysis 

reveals upregulagtion of TOX and NR4A2 in cells chronically stimulated; cells lose the 

expression of TCF-7 when chronically stimulated; T-bet shows inverse correlation to TOX, 

being higher when T cells receive single stimulus (B) Cytotoxicity of chronically stimulated 

cells is reduced, compared to cells stimulated only once. Normalization on the dead target 

cells alone. (C) 1S: single stimulus, 2D: chronic stimulus, TGF-β: chronic stimulus +TGF-β 

.N=5 A one-way ANOVA test has been performed for repeated measures, with Dunnett’s 

correction. *: adj. p-value 0.05-0.01 **0.01-0.001 ***0.001-0.0001 **** <0.0001  
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Upon PMA/Ion stimulation, cells stimulated once remain able to produce IL-2, IFN-γ, and 

TNFα, whereas cells chronically stimulated, in particular with TGF-β, are not able to 

produce new cytokines. This result confirms that in this model chronic stimulation reduces 

the effectiveness of T cells. For CD107, a marker of degranulation, no significant 

differences observed as expected, since T cells store granzymes in granules anchored to 

the microtubules inside the cells, so they promptly fuse them to the membrane, regardless 

of T cell state. [59]  About the amount of Granzyme B (GrzB) in chronic stimulation, the 

basal level is already higher than the one in cells receiving acute stimulation, so the latest 

have a bigger difference between cells that are further stimulated and the untreated 

control. (Fig. 119) 

 

Fig. 11 Functionality of T cells in the In vitro T cell exhaustion model Cells stimulated 

only once (1S) maintain the ability to produce cytokines when further stimulated via 

PMA/Ionomycin, while chronically stimulated cells reduce the ability to respond to a following 

stimulus   

Taken together, our results indicate that a fast, robust and consistent CD8+T cell in vitro 

exhaustion model has been developed. This model recapitulates all the main 

characteristics of T cell exhaustion that occurs in chronic stimulation due to cancer. Even 

if the in vitro stimulation is stronger than the in vivo one, it leads to a maturation 

phenotype typical of exhausted T cells, less proliferative and cytotoxic. An increase in the 



42 
 

simultaneous expression of inhibitory receptors is also observed in T cells after chronic 

stimulation, while it is not observed in cells stimulated only once. Moreover, the capacity 

to respond to a further stimulus, characteristic of the effector T cells, is impaired when 

the stimulus is prolonged, while cells keep producing pro-inflammatory cytokines when 

they are not stressed out with a constant and repeated stimulus. Finally, the cytotoxic 

assay reveals that CD8+ T cells after the chronic stimulation reduce their possibility to kill 

cancer cells, while this capacity is kept when cells are only stimulated once. 

 

2.2 miRNA identification and quantification 

In collaboration with Dr Pietra at University of Genoa, we isolated CD8 T cells and 

chronically stimulated them. Dr Pietra used a different protocol established while we 

were setting up a faster one.  Here, cells were stimulated once or twice with Dyna, IL-2, 

with or without TGF-β. After the first stimulation, cells were kept in culture for 7 days 

and then re-stimulated. Both after 7 days and after 14 days cells were analyzed by FACS 

to verify the expression of some exhaustion markers and the production of the effector 

cytokines. Cells stimulated twice, in a medium enriched with TGF-β, showed an 

exhaustion-like phenotype and reduced cytokine production. 

Given the importance that microRNAs have in T cell activation and exhaustion 

development, to explore the expression of miRNAs in activated and exhausted T cells, 

we performed miRNA sequencing (miRNA-seq).  

We found that 66 miRNAs were significantly differentially expressed after both 

stimulations in both conditions. Twenty miRNAs were significantly differentially 

expressed after both stimulations only in the IL-2 condition, eighteen miRNAs showed a 

significant differential expression after both stimulations only in the TGF-β condition, 

and only one miRNA was differentially expressed between the two stimulations, 

meaning between activated and exhausted T cells. The differentially expressed miRNA 

are shown in fig. 12. 
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Fig. 11 miRNAseq data. Heatmap of the expression of miRNA in the four conditions. 

Upregulated miRNAs in red, downregulated in green.  

Among the miRNAs differentially expressed after both stimulations in both conditions 

(1/2 stimulus; +/-TGF-β), we conducted a miRNA target analysis using miR-TAR-base to 

identify targets of interest. Through pathway enrichment analysis (enrichR-KEGG), we 

pinpointed miRNAs enriched in pathways related to T-cell activation, antigen recognition, 

cytokine production, and PD-1/PD-L1 expression. Moreover, we selected also some 

miRNAs having targets of interest for T- cell exhaustion and  one miRNA that behave 

differently between activation and exhaustion. The results of the pathway enrichment 

analysis for the chosen miRNA is shown in tab. 1.  

 

         

         

         

         

         

         

         

         

         

         

         

         

         

         

         

         

         

         

         

         

         

Table 1. Pathway enrichment analysis The enrichment of the miRNA in pathway of interest 
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We choose twenty miRNAs for validation. Among them, ten are predicted to be 

upregulated, nine are predicted to be down regulated, and one is predicted to be up 

regulated in activated T cells while down regulated in exhausted T cells (Tab. 2) 

 

    

    

    

    

    

    

    

    

    

    

    

Table 2. miRNA validation The list of validated miRNA. +: upregulated; -: downregulated; +/-

: upregulated during activation, downregulated during exhaustion;  

On day 0, day 4, and day 8 of the stimulation, cells are collected and total RNA, including 

miRNA, is extracted. cDNA is synthetized and it is amplified by RTqPCR. For the analysis, 

the results are then compared to a stable miRNA, considered as an endogenous control, 

and normalized on the naïve T cells.  

U6 has been initially used as an endogenous control [113], [122], but after initial 

experiments, we observed that it was quite unstable across the conditions (Fig.10).  

Therefore, it could not serve as an endogenous control in this context. Looking for other 

genes to be used as endogenous control, based on literature SNORD48 and SNORD44 

were selected and tested but also in these cases, they were not so stable to be considered 

useful as a control (Fig. 10). [123], [124] Since SNORDs may be precursors of other 
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miRNAs, we speculate that SNORD48 is reduced during the stimulation for the processing 

into miRNA. [124], [125]  

Fig. 10 Endogenous control for miRNA are differentially expressed.  U6, U44 and 

U48 are unstable in our in vitro model. Technical replicates are shown for different 

donors. (A).  

We then sought to look at miRNAs that were stable in our miRNA-seq data and identified 

LET-7D-5p among the less variable. We thus tested this miRNA in the in vitro exhaustion 

model and confirmed its stability, thus choosing it as endogenous control in all the 

following experiments (Fig.11) 

.  
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Fig. 11 Stable endogenous control for miRNA.  Let7D-5p is quite stable in our in 

vitro model. Technical replicates are shown. 

Next, we carried out quantitative PCR (qPCR) in samples derived from five donors.  

Of the 20 miRNAs selected for validation, 17 were confirmed, while three of them remain 

stable. Reported below are the miRNAs whose expression varies the most across 

conditions making them suitable candidates as sensors f T cell exhaustion (Fig. 12). The 

final list of miRNAs thus chosen for the next part of the project is summarized in Table 3.  

  

  

  

  

  

  

Table 3. Upregulated and downregulated miRNA chosen for the downstream sensors design. 

The expression of these miRNAs is shown in fig. 12AB and 12B, as 2^-dct (normalized to the 

endogenous gene). In this way, the discrimination among the miRNAs is based also on their 

basal level, considering the amount of the transcript, thus saving the intra-donors 

variability. 

 

Fig. 12 miRNA quantification. Selected upregulated (A) and downregulated (B) miRNAs are 

quantified in different conditions, showing a differential expression when cells are chronically 

stimulated, compared to the naïve ones. Let-7D-5p is used as an endogenous control. Five 

healthy donors have been analyzed and colors represent the different donors.  A one-way 

ANOVA test has been performed for repeated measures, with Dunnett’s correction. *: adj. p-

value 0.05-0.01 **0.01-0.001 ***0.001-0.0001 **** <0.0001 
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In addition to the above-mentioned validation, we further characterized the expression of 

microRNAs that were differentially expressed in a different experimental setting as part of 

a collaboration in a European Union funded project. In specific, we compared the miRNA 

seq data of our in vitro model with miRNA-seq data derived by an in vivo model of 

exhaustion developed in Guedan’s lab at IDIBPAS Barcelona. We selected ten miRNAs six 

of which were found upregulated in both models, while four were not, but were 

significantly upregulated in the in vivo model (Table 4); two of them miRNA155-5p and 

miRNA146a-5p were already validated in Fig. 12A. 

   

   

   

   

   

   

   

   

   

   

   

Table 4. MiRNA comparison between in vitro and in vivo exhaustion models 

In this case we used as endogenous control mir-25-3p, stable in all the conditions at every 

time point, in both the models.    

MiRNA200a-3p and miRNA200b-3p were not detected in our qPCR even though they 

resulted expressed by the miRNA-seq data. However, the miRNA seq data showed very low 

TPM therefore we believe that the lack of detection is due to the sensitivity of the assay. In 

addition, miRNA421 was detectable but in low amounts. Thus, as these miRNAs would not 

serve as good sensors, we excluded them from further experiments. The expression of the 

other miRNAs is shown in Fig 13 as 2^-dct. 
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Fig. 13 miRNA quantification to regulate endogenous genes. The upregulated miRNAs 

selected to regulate endogenous key molecules for the exhaustion. Five donors are analyzed. 

Hsa-mir25-3p is used as an endogenous control. A one-way ANOVA test has been performed 

for repeated measures, with Dunnett’s correction. *: adj. p-value 0.05-0.01 **0.01-0.001  

 

2.3. Designing miRNA sensors 

Lentiviral miRNA-based sensors design 

 

To verify the correspondence between the abundance and activity of the miRNAs, in a 

non- transient manner, a lentiviral platform has been set, to select miRNAs that, being 

differentially expressed, have a role in T-cell exhaustion. 

 

The cloning strategy is to replace the genetic sequence coding for bacGFP in a lentiviral 

backbone (LV0) with a different transcription unit of interest. The transcription unit used 

in the cloning is composed of a constitutive promoter, eF1a, driving the expression of a 

red fluorescent protein. Downstream to the fluorescent protein, a tandem sequence of 

four miRNA-specific target sites regulates the expression of the fluorescent protein. As a 

transduction control, a second transcription unit is always maintained in the LV backbone. 

It is composed of another constitutive promoter, sheF1a, driving the expression of 

dLNGFR, a truncated membrane receptor, that does not affect the cells. The idea behind 

this cloning is that when a miRNA is upregulated, it binds the complementary target site, 

and it leads to the degradation of the mRNA of the protein. When it is downregulated, 

less mRNA is degraded and it leads to an accumulation of the protein. 

 

The target sites have been designed and produced by oligo annealing. Starting from the 

sequence of the miRNA of interest, the perfectly complementary sequence has been 

inserted four times in tandem, without any spacer, at the 3’UTR of the red fluorescent 
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protein. The promoter eF1a and the red fluorescent protein sequences have been 

amplified by PCR from two different plasmids, and the amplicons have been isolated via 

agarose electrophoresis and extraction. All the fragments have been designed with two 

sites for the same restriction enzyme, to allow the cleavage reaction. Unique overhangs 

allow the assembly to be in the proper order.  The presence of the sequence perfectly 

complementary to the miRNA allows us to obtain a specific response to the presence of 

the selected miRNA, and their repetition in tandem four times, increases the sensibility 

of the sensor, since it increase the chances for the miRNAs to bind their target sites.  

 

The lentiviral plasmids are produced using the GoldenGate cloning strategy. During this 

cloning, a restriction enzyme, ESP3I, recognizes its restriction sites both on the lentiviral  

backbone and on the fragments to be inserted into the backbone. It creates specific 

overhangs, thus allowing a ligase, T4 ligase, to link the fragments each other and to the 

backbone. Several cycles of digestion and ligation are performed, and a final digestion 

step assures that open plasmids and fragments that are not bound are degraded. 

Competent cells are transformed using the GoldenGate product. After 24h at 30°C, green 

colonies will be the negative control of the reaction, since in those ones the bacGFP has 

not been replaced by the transcription unit of interest. Among the white colonies, from 

three to 10 per plasmid are picked and grown 24h at 30°C in liquid LB. After 24h, plasmid 

DNA extraction is performed, and the DNA is then digested for analytic digestion to 

identify the colonies in which the correct digestion pattern indicates the faithful insertion 

of the fragments into the backbone. Digested DNA is run on an agarose gel, and if the 

right pattern is present, the sequence is verified by DNA sequencing.  

 

For miRNAs that are downregulated in the in vitro exhaustion model, mKate has been 

used as a red fluorescent protein and a sensor for FF4 has also been designed as a 

negative control. FF4 is a sequence that does not correspond to any human miRNA, to 

have control of the mKate expression without any regulation. The presence of 

downregulated miRNA should allow the accumulation of the protein, due to the reduction 

of the degradation of the mRNA.  
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For miRNAs that are upregulated in this exhaustion model, mCherry has been used with 

a degradation domain (DD) at the 5’UTR. Due to the stability of the protein, the presence 

of the upregulated miRNA might be not enough to see the reduction of the expression of 

the fluorescent protein. The degradation domain, instead, allows the reduction of the 

protein's stability, thus reducing the protein when the upregulated miRNA binds to its 

target site. The degradation domain can be protected by the small molecule Shield, 

allowing external tuning of protein stability when it is needed to see the red fluorescence. 

For this kind of lentiviral plasmids, two different negative controls have been designed. 

The first is a plasmid without any target site downstream to the red fluorescent protein. 

The other is a plasmid with the target site for FF4, above mentioned. The cloning strategy 

is described in fig. 14 and the list of produced lentiviral plasmids is in Table 5. 

To improve the efficacy of the lentivirus production, another cloning strategy has been 

tested. This strategy foresees to insert the first transcription unit, including the promoter, 

the red fluorescent protein and the miRNA target sites in reverse orientation to allow a 

minimal interference among the two transcriptional units, thus making the expression of 

the two proteins independent from each other. To obtain a reverse oriented transcription 

unit, specific primers have been designed to anneal to the insertion, thus allowing a PCR 

amplification of the entire transcription unit. The designed primers have inverted 

overhangs, to allow the insertion in the reverse orientation of the fragments. Another 

GoldenGate reaction has been performed, with the LV0 backbone and the amplicon of 

the original fragment with the correct overhangs to insert the fragment in the reverse 

orientation. This cloning strategy is reported in Fig. 15. Same downstream processing has 

been performed, including bacterial transformation and growth, plasmidic DNA 

extraction, analytic digestion and DNA sequencing. 

      

      

      

      



51 
 

 

Table 5. Lentiviral miRNAsensors produced and fluorescent proteins 
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Fig. 14 miRNA sensors.  For the upregulated miRNAs during the T cell exhaustion, the presence of 

higher amount of the miRNA, leads to a reduction of the red fluorescence due to the mRNA 

degradation (TOP). For the downregulated miRNA during the T cell exhaustion, the reduction of the 

miRNA reduce the mRNA degradation, thus allowing an accumulation of the red fluorescent protein. 

 

Fig. 15 miRNA sensors design in reverse orientation. To reduce the interaction among the two 

transcription units sensors in reverse orientation have been designed. 

2.4 Lentivirus production and T cell infection 
 

After plasmid sequence verification, lentiviral particles carrying the lentiviral plasmid are 

produced using Lenti-X 293T cells or HEK 293T.  

The backbone used for the cloning is a third-generation lentivirus to increase the 

biosafety of transduction, since only the region included into the long terminal repeated 

(LTR) region is integrated into the host genome. The vectors are replication incompetent, 

thus rendering the virus “self-inactivating” after integration.  Moreover, the packaging 

plasmids and the envelope plasmid are divided from the lentiviral vector, so that infected 

cells are not able to replicate viral particles. [120], [121] The supernatant containing the 

produced LV is collected after 48h or 72h and it may be used as-is or concentrated. A 

transduction lentiviral control, FUGw, coding only for GFP, is produced concomitantly 

with the lentiviral of interest. This allows verifying the successful production of lentivirus. 

When lentiviruses are produced, the presence of GFP in the FUGW serves as a visual 

indicator, allowing the visual confirmation of the successful transduction process.   

In the experiment, a trial infection is conducted in HEK WT cells to assess virus 

infectivity. FACS analysis is then employed to determine the percentage of cells that have 

been successfully infected after 5-6 days. By using an antibody against dLNGFR, the 

positively transduced cells can be identified. The infection with FUGw serves as a crucial 

control, demonstrating the efficiency of lentiviral production. Additionally, parallel 
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infections are carried out using sensors for miR146a-5p and mir155-5p, alongside an 

infection with no target site to have a condition in which the expression of red fluorescent 

protein is not regulated by any miRNA. (Fig.16) 

Next, we will infect T cells to test lentivirus as miRNA-based sensors of T cell exhaustion. 

We will infect T cells after 24h of stimulation, and we will induce T cell exhaustion as 

previously described. When exhaustion occurs, red fluorescent protein will be reduced if 

the miRNA is upregulated, while it will be accumulating if the miRNA is downregulated.  

 

 

 

Fig. 16 HEK infection with lentiviral sensors. Lentiviral particles are produced and they can 

infect HEK cells. Positive cells for dLNFGR are considered transduced.  

4. Discussion 
 

In the last decades, cancer therapy has made significant strides, due to the arising of cancer 

immunotherapy, that takes advantage of the immune system of the patient to kill tumor cells. 

A promising approach is the use of CAR-T cells, T lymphocytes engineered with chimeric 

antigen receptors, that recognize the antigen on tumor cells and start producing cytokines 

and perforins and cytolytic granzimes to lead to the death of tumor cells. CAR-T therapy have 

been successfully used to treat blood malignancies.  

However, CAR-T therapy encountered several limitations when involved in fight of solid 

tumors, due to the immunosuppressive Tumor Microenvironment (TME). Among the 

limitations we find Cytokine Release Syndrome, caused by the T cell activation that induce 

the production of cytokines, in turn activating other cytokines-producing cells, thus leading 

to toxic effects for the whole organism. Moreover, tumors are able to escape from immune 
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system, by reducing or eliminating the expression of the recognized antigen, thus avoiding 

the T cell activation. CAR-T cells often recognize antigens that are not uniquely expressed on 

cancer cells, but are present also in other contexts of the organism, on non- tumor cells. This 

leads to the ON-target OFF-tumor cytotoxicity, thus reducing the effectivity of the therapy 

and increasing side effects. In addition, tumor microenvironment is composed by a matrix, 

called stroma, that limits the invasion of T cells and by immunosuppressive cells that reduce 

the T cell activity.  

In the TME, T cells undergo a dysfunctional state, called T-cell exhaustion, due to the 

prolonged antigen exposure, to the hypoxia typical of the TME, and to the 

immunosuppressive cells and molecules. T cell exhaustion is characterized by a reduction of 

cytotoxicity and cytokine production, and by an increasing of the expression of inhibitory 

receptors. Moreover, T cell undergo apoptosis and reduce their proliferation rate. The 

transcriptional profile is impaired, and the metabolism is altered.  

 

To recapitulate dysfunction that occurs when T cells are chronically stimulated by the tumor, 

we have set an in vitro T cell exhaustion model, prompt to be used to apply and test our 

synthetic circuits.  

First, we compared different methods to obtain a faster and more robust model of this 

dysfunctional state. By using CD3/CD28 activation, both Dynabeads and Transact induce an 

antigen-independent activation. After stimulating cells every 7 days or every 2 days, T cell 

exhaustion phenotype and functionality has been analyzed. We found that viability at day 22 

was reduced, while exhaustion markers were not upregulated after 15 days, comparing with 

results of day 8. At day 8, no big differences among the treatments were found, but cells 

stimulated every 2 days with Dynabeads, showed a reduction of cytokine production and 

cytotoxicity, so we decided to use this treatment to induce exhaustion. To better mimic the 

immunosuppressive TME, we decided to add cytokines like TGF-β and VEGF-A to the chronic 

stimulation with Dynabeads every 2 days, but only TGF-β reduced the functionality of T cell 

exhaustion.  
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Given these preliminary results, we decided to focus our attention on chronic stimulation 

with or without TGF-β, to compare them to the acute stimulation. During acute stimulation, 

T cells in fact, differentiate in effector T cells, and start producing cytokines to kill cells. When 

the stimulus is removed, they differentiate in resting memory T cells, able to respond to a 

following stimulus, when needed. 

In our model, chronically stimulated cells increase the expression of exhaustion markers, 

when compared to their level in cells stimulated only once. For some exhaustion markers, the 

presence of TGF-β leads to the increase of their expression, while it does not seem to be 

involved in the increasing of other exhaustion markers. This may be due to an indirect 

immunosuppressive activity, non- mediated by inhibitory receptors, since TGF-β induce the 

inhibition of NF-kB, responsible for the T cell activation. [126] Cells chronically stimulated 

reduce the ability to respond to a further stimulus. In fact, when cells receive a single 

stimulus, they are able to produce again cytokines after a further stimulation, while when the 

cells are chronically stimulated they reduce this ability. Moreover, the cytotoxicity is reduced 

after an 8-day chronic stimulation. 

All these data demonstrate that a solid and consistent in vitro exhaustion model, reproducing 

the major aspects of this dysfunctional state.  

Due the importance of miRNAs in T cell exhaustion, we performed miRNAseq on a previous 

model and, starting from the result of the sequencing, we selected several miRNAs to be 

validated by RTqPCR in our model. Among these miRNAs most of them reflects in our model 

the prediction of the miRNA-seq. We further selected 15 miRNAs, 10 upregulated and 

downregulated, among the validated ones, to design miRNA sensors, allowing verifying the 

correspondence between the amount of a miRNA and its regulatory activity. 

We developed a lentiviral platform for the building of the miRNA-based T cell exhaustion 

sensors. The cloning strategy includes the insertion in a backbone of a transcription unit 

constituted by a constitutive promoter, a red fluorescent protein and four miRNA Target sites 

in tandem, with a perfect complementarity to the miRNA. This strategy allows the reduction 

of the fluorescence when the miRNA is upregulated, since it binds the TS, thus leading to 
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mRNA degradation. When the miRNA is downregulated, the red fluorescent protein tends to 

accumulate since the mRNA degradation is reduced, thanks to the reduction of the 

interaction between mRNA and miRNA. A transduction control is formed by a truncated 

surface receptor that does not affect the cells, driven by another constitutive promoter. 

Plasmids with  target sites for FF4, a synthetic miRNA that does not exist in mammalian cells, 

are used as a control, to evaluate the fluorescence without regulation. 

This lentiviral platform will be used in T cells to verify if miRNAs, emerged by the RT-qPCR as 

up/downregulated in exhausted T cells, can regulate the expression of the red fluorescent 

protein. This will be crucial for the design and creation of synthetic circuits finely regulated 

to exert their role only during T cell exhaustion. 

Fine-tuning synthetic circuits will allow the improvement of the effectiveness of CAR-T 

therapy, by creating an exhaustion-resistant CAR-T, able to fight cancer in a more precise and 

long-lasting manner, to improve the overall survival of cancer patients, by also limiting the 

undesirable side effects. 

5. Material and methods  
 

5.1 Blood 
Buffy coats from healthy anonymous donors were received from the blood transfusional 

center of the “University Hospital-Federico II” of Naples or from the blood transfusional 

center of the San Paolo Hospital of Naples. 

5.2 CD8+ isolation from buffy coat 
PBMCs are isolated by blood through density gradient centrifugation via Ficoll Paque Plus 

(Sigma-Aldrich,GE17-1440-02). Blood is diluted 1:1 with Dulbecco's Phosphate Buffered 

Saline (PBS) (Sygma-Aldrich, D8537), and stratified on Ficoll Paque Plus in a ratio Blood: 

Ficoll=1: 1.5, considering the volume of the blood before the dilution. After centrifugation 

(30’, 400g, RT) with no brake and accelerator, PBMCs stratify between plasma, containing 

platelets, and FICOLL, containing granulocytes.  They are collected and washed in PBS with a 

ratio PBMCs: PBS=1:3 with a centrifugation (10’, 150g, RT). Pelleted cells are resuspended in 
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PBS and counted via Trypan Blue 0.4% (Gybco), using a strong dilution, due to the large 

amount of cells. They are centrifuged (10’, 150g, RT) and resuspended in homemade MACS 

buffer composed by PBS, Bovin serum Albumin (BSA) 0.5% (Sygma-Aldrich, A2153), EDTA 

(Sygma-Aldrich, T 3924) 2mM. 

Naïve T cells are isolated via negative selection using “Naive Pan T Cell Isolation Kit, human” 

(Miltenyi Biotec, 130-097-095). Based on the number, cells are resuspended in 40 ul of MACS 

Buffer per each 107 cells. 10 µL of Naive Pan T Cell Biotin-Antibody Cocktail per 10⁷ total cells 

are added and the solution is incubated 5’ at 4°C. 30 ul of buffer per each 107 of cells and 20 

µL of Naive Pan T Cell MicroBead Cocktail per 10⁷ total cells. Cells are incubated for 10 

minutes at 4°C. Next, magnetic isolation is performed. LS column (Miltenyi Biotec,130-042-

401) is placed in the magnetic field of the MACS separator (Miltenyi Biotec, 130-042-303) and 

rinsed with 3 ml of buffer. Cell suspension is applied to the column and unlabeled cells are 

eluted. The column is washed with 3 ml of buffer, and also this is collected together with the 

eluted cells. Four columns for each sample are used due to the maximum number of cells 

passing through the column.  Naïve T cells are counted and prepared for the following 

isolation with Naive CD8+ T Cell Isolation Kit human (Miltenyi Biotec,130-093-244). Cell 

suspension is centrifugated at 300×g for 10 minutes and pellet is resuspended in 40 µL of 

buffer per 10⁷ total cells.10 µL of Naive CD8+ T Cell Biotin-Antibody Cocktail per 10⁷ total cells 

are added.Cells are incubated for 10 minutes at 4°C.  30 µL of buffer per 10⁷ total cells and 20 

ul are added of Anti-Biotin MicroBeads per 10⁷ total cells. Cells are incubated for an additional 

15 minutes at 4°C Cells are washed, by adding 1−2 mL of buffer per 10⁷ cells and centrifuge 

at 300×g for 10 minutes and resuspended in 500 ul of buffer up to 108 cells. LD Column 

(Miltenyi Biotec, 130-042-303) are placed in the magnetic field of a suitable MACS Separator 

(Miltenyi Biotec, 130-042-303)and Prepared by rinsing with 2 mL of buffer. Cell suspension is 

applied on the column. Unlabeled cells pass through the column and column is washed with 

2×1 mL of buffer. Total effluent is collected containing Naive T cells.Cell suspension is 

centrifuged at 300×g for 10 minutes and resuspended in 80 µL of buffer.20 µL of CD8 

MicroBeads are added and cells are incubated for 15 minutes at 4°C. Cells are washed by 

adding 1−2 mL of buffer and centrifuged at 300×g for 10 minutes. Cells are counted and 
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resuspeded in RPMI-1640 (Life Technologies, 21875091) at a concentration of 0.5M/ml with 

IL-2 (Miltenyi Biotec,130-097-743) at the final concentration of 30 UI/ml. 

CD8+ T cells are isolated via negative selection using “CD8+ T cell isolation kit” (Miltenyi 

Biotec, 130-096-495). Based on the number, cells are resuspended in 40 ul of MACS Buffer 

per each 107 cells. 10 ul of Biotin Antibody cocktail from the kit per each 107 cells is added 

and the solution is stored in the fridge for 5 minutes. 30 ul of buffer and 20 ul of CD8+ T Cell 

MicroBead Cocktail from the kit are added per each 107 cells. After a 10-minute incubation at 

4°C, magnetic isolation is performed. LS column (Miltenyi Biotec,130-042-401) is placed in 

the magnetic field of the MACS separator(and rinsed with 3 ml of buffer. Cell suspension is 

applied to the column and unlabeled cells are eluted. The column is washed with 3 ml of 

buffer, and also this is collected together with the eluted cells. 4 columns for each sample are 

used due to the maximum number of cells passing through the column.  CD8+ T cells are 

counted are resuspended in RPMI-1640 (Life Technologies, 21875091) at a concentration of 

0.5M/ml with IL-2 (Miltenyi Biotec,130-097-743) at the final concentration of 30 UI/ml. 

5.3 CD8+ cell colture 
Cells resuspended in RPMI-1640 are stimulated with Dynabeads™ Human T-Activator 

CD3/CD28 for T Cell Expansion and Activation (Life Technology, 11132D), according to 

manufacturer protocol. 25ul of beads per each million of cells are used. After preparing them 

by washing with MACS buffer, using the Dynamag 15 (Life technology, 12301D), they are 

resuspended in the same medium of T cells and they are joined to the cells. Every 48 hours, 

beads are removed through the Dynamag, cells are collected, counted via Trypan blue, 

centrifugated and resuspended at the concentration of 0.5M/ml in RPMI enriched with IL-2 

(30 UI/ml). TGF-β (AUROGENE, rcyc-htgfb1) is used at the final concentration of 10ng/ml. 

5.4 Phenotype and functional assay 
After isolation, at day 0 naïve or total CD8+ T cells are harvested before the stimulation to 

have a view of the phenotype of the cells without the stimulation. Cells are washed in PBS, 

centrifugated at 2100 rpm 2’, and divided into four to perform four different stainings. For 

the maturation assay, cells are stained with Fixable Viability Stain 520 (BD Horizon, 564407) 

that penetrates only dead cells. It is diluted 1:1000 in a final volume of 100 ul, and after the 
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staining cells are incubated 20’ at RT. The excess is removed by centrifugation at 2100 rpm 2’ 

and cells are washed in PBS (2100 rpm 2’). The extracellular staining is performed in Brilliant 

Stain Buffer (BD, 563794), in a final volume of 50 ul. Antibodies for CD3 (BD Horizon, 564713), 

CD8 (BD Horizon, 566452), CD45RA (BD Horizon, 563870), and CCR7 (BD Horizon, 562555), 

are used 2ul per sample since the cells to be stained are less than one million. Cells are 

incubated 20’ at RT, washed twice in PBS, and acquired to BD FACS Celesta Cell Analyzer. 

For the exhaustion phenotype the cells are washed in PBS as previously described, stained 

with LIVE/DEAD Fixable yellow (Thermofisher, L34959), and incubated 20’ at RT. Brilliant Stain 

Buffer is used for the diution of the antibodies for CD3, CD8, PD1 (SONY 2249750), TIM-3 (BD, 

565567), LAG-3 (BD,565718), TIGIT (SONY, 2463680) and CD39 (BD, 563679) are used in a 

volume of 1 or 2 ul, cells are incubated 20’ at RT, and washed once with PBS. Cells are then 

fixed with FIXPERM 1x( part of BD, 562574) 40’ at 4°C, and the intracellular staining is 

performed using CTLA-4 antibody (BD, 555854), 10 ul in PERMWASH 1x (Part of  BD, 562574) 

for a final volume of 50 ul. Cells are incubated 35’ at 4°C, washed with PERMWASH(2’ 2100 

rpm), and with PBS (2’ 2100 rpm). Cells are acquired to BD FACS Celesta Cell Analyzer.  

For the functional assay, beads are removed from cells via Dynamag, GolgiPlug (BD, 555029) 

diluted 1:1000 and 5 ul Anti-CD107 (BD, 562628) are added to the cells. PMA (thermofisher J 

63916),  and Ionomycin (Millipore, 407952-1) at final concentrations of 50 ng/ml and 1uM, 

respectively. Cells are incubated 6 hours at 37°C. Cells are then washed in PBS and stained 

with LIVE/DEAD Fixable yellow as previously described. After the incubation, an extracellular 

staining is performed as previously described using antibodies for CD3, CD8, CD45RA. After 

the incubation cells are washed in PBS are fixed with of Cytofix/Cytoperm  (part of BD, 

554715) for 20’ at 4°C. Intracellular staining is then performed by diluting antibodies in 

PERMWASH 1x (part of BD, 554715): Antibodies for TNF α (BD,563418), IFN γ (BD,562974), 

IL-2 (BD,554566), GrzB (BD, 563389) are used in a volume of 2ul, for a total volume of 50ul . 

Cells are incubated 20’ at 4°C, washed with PERMWASH (2’ 2100rpm), and with PBS (2’ 2100 

rpm). Cells are acquired to BD FACS Celesta Cell Analyzer. 

For the analysis of transcription factors cells are washed with PBS as previously described. 

Viability staining is performed with LIVE/DEAD Fixable yellow as for the other stainings. After 

the incubation cells are washed with PBS and the extracellular staining is performed in 
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Brilliant Stain Buffer. Antibodies for CD3 and CD8 are used as previously described in a final 

volume of 50 ul. After 20’ of incubation at RT, cells are washed in PBS and fixed with FIXPERM 

1x (part of BD, 562574) 40’ at 4°C, and the intracellular staining is performed using 2ul of  

antibodies for TOX (Miltenyi,130-120-716), NR4A2 (Biorbyt, orb 464231), TCF-7 (BD, 566692), 

and T-bet (Cytosens, RT 3824095) in PERMWASH 1x (part of  BD, 562574) for a final volume 

of 50 ul. Cells are incubated 35’ at 4°C, washed with PERMWASH (2’ 2100 rpm), and with PBS 

(2’ 2100 rpm). Cells are acquired to BD FACS Celesta Cell Analyzer. 

5.5 Cytotoxicity assay 
SKOV3+ cells are stained with Orange Cell tracker (Thermofisher, C2927). Cells are washed 

twice to remove all the medium to avoid the inactivation of the dye due to the proteins into 

the medium.  Then they are resuspended in 1ml of PBS and the orange cell tracker is diluted 

1:1000. After an incubation of 30’ at 37°C, the reaction is blocked by adding 1 ml of medium, 

and incubating 5’ 37°C. Cells are then washed and resuspended in RPMI- 1640. After removing 

the beads, T cells are added to the SKOV3+ cells and co-cultured overnight. The following day 

all the cells are collected, and stained with LIVE/DEAD Fixable yellow as previously described. 

Cells are then washed in PBS and acquired to BD FACS Celesta Cell Analyzer. 

5.6 RNA extraction 
At day 0, 4 and 8 of the stimulation 0.5M-1M cells are harvested for the RNA extraction. Cells 

are pelleted and washed with PBS and resuspended in 350 ul of QIAzol, provided together 

with miRNeasy mini kit (Qiagen, 217004), and homogenized with Single use syringes for 

insulin injection (Omnican, BRAU9151125S). Cells are stored at -80°C up to the extraction. 

When the samples are collected and ready to be extracted the extraction is performed 

following the manufacturer’s protocol. Extracted RNA is quantified by Multiscan skyHigh 

microplate spectrophotometer and stored at -80°C or used for the downstream applications.  

5.7 RNA-seq  
RNA has been extracted with an RNAeasy plus mini-kit (Qiagen), following the procedure for 

the extraction of total RNA including miRNAs. Small RNA-Seq libraries have been prepared 

for the NGS massive parallel sequencing with Illumina technology at the Tigem NGS facility, 
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with a SMARTer® smRNA-Seq Kit for Illumina (Takara)and then multiplexed for the 

sequencing on Illumina platform.  

Details of the sequencing:   

 RUN n°: 190516_A00560_0044_AH7JTCDRXX  

 Platform: NovaSeq 6000  

 Trimming report: Adapter sequence 'TGGAATTCTCGG' (Illumina small RNA adapter; 

user defined).  

 Raw data: min 10.23x10^6 and max 20.72x10^6 reads per sample   

Trimmed data: min 3.9x10^6 and max 13.92x10^6 reads per sample.   

 miRNA detected: min 376, max 684.   

5.8 cDNA synthesis and RT-qPCR 
RNA is diluted at the concentration of 5ng/ul and used as a template for the cDNA synthesis 

according to the manufacturer’s instruction of miRCURY LNA RT kit (Qiagen,339340). cDNA is 

then used as a template for the following RT-qPCR using miRCURY LNA SYBR Green PCR Kit 

(Qiagen, 339347).  cDNA is diluted 1:60 as recommended, and 3 ul of the dilution was used 

as a template for the RT-qPCR. Nuclease-free water is used as blank. Specific primers for the 

miRNAs are used (miRCURY LNA miRNA PCR Assays, Qiagen 339306) and the codes are 

reported in Table 3. Hsa-let7D-5p and hsa-mir25-3p were used as stable internal controls. 

RTqPCR was performed with QuantStudio3- Realtime PCR system by Thermofisher. Hsa-

let7D-5p and hsa-mir25-3p were used as a stable internal control Statistical analysis and 

graphs are realized with the software Graphpad-Prism 

5.9 Oligos design and PCR lentiviral plasmids design 
The target sequence for the miRNA is taken from the miRBase database 

(http://www.mirbase.org/) and is designed as fully complementary to the miRNA. Oligos are 

designed via Snapgene and produced by Merck, lyophilized. Oligo phosphorylation is 

performed by T4PNK (NEB, M0201L). Oligo annealing is performed by joining the 

complementary sequences with a slow cooling after 5’ at 95°C. 

PCR reactions were performed using Phusion Flash High-Fidelity PCR Master Mix _c) 

according to the manufacturer's instructions. Primer annealing temperatures were 

determined using the NEB Tm Calculator v 1.9.7. All DNA gels were 1% agarose, stained with 
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SYBR Safe (ThermoFisher Scientific), and loaded with Purple Loading Dye 6X (NEB, B7024S). 

The electrophoresis run was performed at 80 V for 45 minutes in TAE Buffer with a Life 1 kb 

Plus DNA ladder (ThermoFisher Scientific). Gel extractions (Clonetech Gel Extraction Kit) were 

performed according to the manufacturer's instructions. 

 

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

 

Table 6 List of primers for miRNA Rt-qPCR 

5.10 Lentiviral plasmids assembly 
The mix for the GoldenGate reaction is prepared as follows: 

Vector LV0 20 fmol 

Promoter hEf1α 20 fmol 

DDmcherry/mKate 20 fmol 
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miRNA target sites 100 fmol 

10x T4 ligase buffer (NEB, L6030) 2 ul 

T4 ligase (TAKARA,2011B) 0.8 ul 

ESP 3I (NEB, R0734L) 1 ul 

Nuclease free water Up to 20 ul 

 

The Goldengate reaction foresees the following steps. 

Digestion 2’ 37°C 25 

cycles Ligation 5’ 16°C 

Final digestion 20’ 37°C  

Deactivation  20’ 80°C  

 

5.11 Bacteria transformation and growth 
20 ul of competent cells (NEB® Stable Competent E. coli High Efficiency, C3040H) are 

transformed with 2 ul of GoldenGate product. After thawing them on ice, the GoldenGate 

product is added to the cells and they are incubated 30’ on ice. Following this incubation, the 

heat-shock is performed, 45” at 42°C and the cells are incubated 2’ on ice. SOC medium 

(Clontech) is added and bacteria are plated on plates with Ampicillin, thus allowing the 

bacteria selection through the ampicillin resistance gene present into the backbone.  

Cells undergo an outgrowth at 30°C 24h to reduce recombination. After 24h green colonies 

as considered as negative control, and some of the white colonies undergo a further 

outgrowth in liquid LB. 

5.12 Plasmidic DNA extraction and analytic digestion 
Plasmid DNA is extracted using E.Z.N.A.® Plasmid Mini Kit I (D6942-02) via the automatized 

protocol of Qiacube connect (Qiagen 9002864). The DNA is then digested via ApaI (NEB, 

R0114L) for 2h at 37°C and the digested DNA undergoes a 1% agarose electrophoresis to 

verify the digestion pattern. When this is correct DN is sent to sequencing and bacteria 

undergo a further outgrowth in more LB. Plasmid DNA is extracted via QIAGEN plasmids plus 

midi kit (Qiagen, 12945) following the manufacturer’s instructions for a high-yield extraction.   
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5.13 Lentivirus production  
Use a low passage LentiX Hek T cells. Plate 4.5*106 cells into T75 flask in DMEM (life 

technology, 41966052), enriched with 10%FBS (sigma, F7524), Non-essential amino acids 1% 

(Thermo Fisher, 11140050), Glutamax 1% (Life technology 35050061), P/S (Sigma-Aldrich 

P4333) and HEPES buffer solution 1M 1% (HYCLSH30237.01). The following day medium is 

changed, using 10% FBS medium. Cells are with chloroquine (4000X) for 45’ – 60’ in 15ml of 

DMEM. The DNA mix includes 6ug pMD2G + 12ug pPAX2 +15ug lentiviral plasmid in a final 

volume of 2.5ml of HEPES 2X (J62623.AK). The second mix includes  99ul of PEI (DNA: PEI=1:3) 

in a final volume of  2.5ml of HEPES 2X.The mixes are combined and centrifuged 1’ X1000rpm 

at RT. After centrifugation the mixes are incubated 20’ – 30’ RT  and added to the cells drop 

by drop. The day after, the medium is changed using a 20% FBS medium. The LV is collected 

48h-72h after the transfection.  

5.14 Transduction  
CD8+ T cells enriched from PBMCs may be used as well or thawed. Cells are seeded 1x106 

cells/ml in 24 well plates in 2ml/well media (RPMI+ IL7 and IL-15, both at the final 

concentration of 10ng/ml; Miltenyi 130-095-362 and130-095-764), stimulated with 

Dynabeads as previously described and incubated at 37°C 5% CO2. The following day beads 

are removed and cells are transduced as follows. Based on the number of cells, cells are 

plated in a 6-well plate or in a 24-well plate at the final concentration of 1*106/ml The ratio 

between the fresh medium and virus-containing supernatant is medium: SPN =1:3. The final 

volume for the 6-well plate is 4 ml, and for the 24-well plate is 1 ml. Protamine sulfate (Sigma-

Aldrich P3369) is added at a final concentration of 10ug/ml (1:1000 dilution from the 

10mg/ml stock). Cells are spinned 1000g at 320C for 1h, taken out from the centrifuge and 

cultured into the incubator. The day after, medium is replaced with fresh medium.  
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