
 

1 

 

 

 

Università degli Studi di Napoli “Federico II” 
 

 

 

PhD Program in 

BIOLOGY 

XXXVII Cycle 

 

 

Investigation of post-transcriptional regulators 

for long-term efficacy of T cell-based 

immunotherapies 

 

 

SUPERVISOR           CANDIDATE 

Dr. Velia Siciliano                                                                                            Francesca Piro 

CO-SUPERVISOR 

Prof. Caterina Missero                                                                                                                                                                        

                                                              

    

Ph.D. COORDINATOR 

Prof. Sergio Esposito 

 

Academic Year 2023-2024 

Implement at ion of opt imal genet ic

cir cuit s for mammalian synt het ic

biology applicat ions

Thesis subtitle

Feder ica Cella

Neuroscience and Neurotechnology department

University of Genoa - Istituto Italiano di Tecnologia (IIT)

XXXIII doctoral cycle

AA 2020-2021



 

2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Labor omnia vicit improbus, et dura surgens in rebus egestas 

 

Virgilio, Georgiche, (Libro I, versi 145-146) 

 

 

 

 

 

 

 

 

 

 



 

4 

 

Table of Content 
List of Abbreviations ........................................................................................................... 8 

Abstract .............................................................................................................................. 11 

1. Introduction .................................................................................................................... 14 

1.1 Immune oncology and Immunotherapies................................................................. 14 

1.1.1 Immune response in cancer ............................................................................... 14 

1.1.2 Current Immunotherapies and their limitations ................................................ 18 

1.1.3 Mechanism of tumor immune evasion and T cell exhaustion .......................... 23 

1.2 Synthetic biology for novel cell-based immunotherapies ........................................ 26 

1.3 miRNA-based shRNA ............................................................................................. 29 

1.3.1 RNA interference mechanisms ......................................................................... 29 

1.3.2 Modern interfering strategies ............................................................................ 31 

2. Aim of the project .......................................................................................................... 32 

3. Results ............................................................................................................................ 33 

3.1 Identification of target genes to increase T cell functionality and persistence ........ 33 

3.2 Design and validation of small interfering RNAs of exhausted-related genes ........ 35 

3.3 Design and validation of selected miRNA-based shRNAs...................................... 36 

3.3 Silencing exhaustion target genes in primary CD8+ T cellsErrore. Il segnalibro 

non è definito. 

3.4 Stable engineering CD8+ T cells through with sensor-actuatorErrore. Il segnalibro 

non è definito. 

3.4.1 Design of Lentivirus plasmids ................. Errore. Il segnalibro non è definito. 

3.4.2 Integration and validation of shRNAmiR platform in Jurkat cellsErrore. Il 

segnalibro non è definito. 

3.4.3 Validation Synthetic Promoter as sensor for shmiR cassetteErrore. Il 

segnalibro non è definito. 

3.4.4 Integration and validation of shRNAmiR platform in CD8+ T cellsErrore. Il 

segnalibro non è definito. 



 

5 

 

4. Discussion ...................................................................................................................... 56 

6. Conclusion ................................................................................................................. 58 

6. Material and Methods .................................................................................................... 59 

4.1 RNAi in mammalian cells ........................................................................................ 59 

4.1.1 Cell lines culture ............................................................................................... 59 

4.1.2 siRNA transfection............................................................................................ 59 

4.1.3 shmiR transfection ............................................................................................ 59 

4.1.4 RNA Extraction, reverse transcription and qPCR ............................................ 60 

4.2 Primary CD8+ T cells protocols ............................................................................... 61 

4.2.1 CD8+ isolation from buffy coat ......................................................................... 61 

4.2.2 CD8+ T cell culture ........................................................................................... 61 

4.2.3 CD8+ T cell Electroporation ............................................................................. 62 

4.2.4 Elisa detection of TNF-α and INF-γ ................................................................. 62 

4.3 Flow cytometry protocols for T cells ....................................................................... 62 

4.3.1 Functional assay and antibody staining ............................................................ 62 

4.3.2 Checkpoint receptor assay ................................................................................ 63 

4.3.3 Xcelligence assays ............................................................................................ 63 

4.3 Lentivirus workflow................................................................................................. 64 

4.3.1 Lentivirus production and concentration .......................................................... 64 

4.3.2 Lentivirus titration in Jurkat cells ..................................................................... 64 

4.3.4 Transduction of HEK293 and Jurkat cells ........................................................ 64 

4.3.5 CD8+ T cell transduction and expansion. ......................................................... 64 

4.4 Molecular biology techniques .................................................................................. 65 

4.4.1 BLOCKIT™ cloning ........................................................................................ 65 

4.4.2 Lentiviral transfer plasmid cloning ................................................................... 65 

4.4.3 Bacterial transformation.................................................................................... 66 

4.4.4 Plasmid purification .......................................................................................... 67 



 

6 

 

4.4.5 PCR protocol and DNA fragment purification ................................................. 67 

7. Appendix ............................................................... Errore. Il segnalibro non è definito. 

8.Ackowledgements ........................................................................................................... 69 

9. Bibliography .................................................................................................................. 71 

 



 

7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

8 

 

List of Abbreviations 

 

APCs  Antigen Presenting Cells 

CAR  Chimeric Antigen Receptor 

CBL-b  Casitas B-lineage lymphoma-b 

CISH  Cytokine-inducible SH2-containing protein 

CD  Cluster of Differentiation 

CMV   Cytomegalovirus 

CTLA-4 Cytotoxic T-Lymphocyte-Associated protein 4 

CTLs  Cytotoxic T Lymphocytes 

DAMPs Damage-Associated Molecular Patterns 

DCs  Dendritic Cells 

DNMT3α DNA methyltransferase 3 alpha 

EmGFP Esmerald Green Fluorescent Protein 

GOI  Gene Of Interest 

IKK  IκB kinase 

IκB  Inhibitor of NF-κB 

IFNγ  Gamma-Interferon 

KIR  Killer-cell Immunoglobulin-like Receptors 

LAG3   Lymphocyte Activating Gene 3 

MHC-I  Major Histocompatibility Complex class I 

mTOR  Mammalian Target of Rapamycin 

NF-κB: Nuclear Factor-kappa B 

NK  Natural Killer   

NR4A  Nuclear Recetor Subfamily A 

PAMP  Pathogen-Associated Molecular Pattern 

PBMCs Peripheral Blood Mononuclear Cells 

PD-1  Programmed Death 1 

PI3K  Phosphatidyl-Inositol-3-Kinase 

PKC  Protein kinase C 

PLCγ1  Phospholipase Cγ1 

polyA  Poly Adenylation  

RNAi  RNA interference 



 

9 

 

shmiR  miRNA-based shRNA 

SOCS1 Suppressor of Cytokine Signalling 1 

TAMs  Tumor-Associated Macrophages 

TCR  T cell Receptor 

TGFβ  Transforming Growth Factor Beta 

TILs  Tumor Infiltrating Lymphocytes 

TLR  Toll-like Receptors 

TNFα  Tumor Necrosis Factor Alpha 

TOX  Thymocyte selection-associated high mobility group box protein 

Treg  Regulatory T cell 

  



 

10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

11 

 

Abstract 

CAR-T therapy, the immunotherapy based on the selective engineering of T cells with 

chimeric antigen receptors (CAR) has obtained tremendous success in treatment of liquid 

malignancies, yet it results quite less effective for solid-tumor therapy. There are several 

reasons to this poor outcome, with main challenges that urge to be addressed. These include 

low persistence and functionality of T cells within the tumor microenviroment (TME), and 

life-threatening side effects caused by an excess of CAR-T activation and cytokine release.  

In particular, a main cause of loss of functionality of engineered T cells is the chronic 

antigen exposure in the TME, a condition better known as exhaustion. This is a 

dysfunctional state promoted by tumor and inhibitory immune cells in which CD8+ T cells 

loose their avidity, proliferative and cytotoxic capacity. Improving the long-term 

functionality of effector T cells is critical to overcome inhibitory factors within the TME 

and elicit tumor regression. In this picture, synthetic biology is becoming a new key player 

in engineering cell-based immunotherapies. With specific genetic circuits which sense 

environment inputs and trigger controlled outputs, synthetic biology aims at 

reprogramming cell fate and functions in a spatial-temporal fashion.  

In this work, post-transcriptional regulators that leverage on RNA interference (RNAi), are 

used to augment the efficacy of the immunotherapy by specific targeting key regulatory 

genes of T cell functionality and dysfunction. Our objective is to engineer CD8+ T cells or 

CAR-T cells with a controllable ON-OFF switch by incorporating a sensing module. This 

module consists of a synthetic promoter that activates in response to exhaustion, triggering 

the expression of a post-transcriptional RNAi actuator module as the output. 

In specific, we aim to silence hyporesponsive-associated proteins CBL-b, CISH, SOCS1 

downstream the TCR signalling and exhausted driver proteins DNMT3α, TOX, TOX2. The 

silencing is achieved through the design of DNA-encoded miRNA-based shRNAs (shmiR). 

In my PhD work, the design of shmiR and downregulation of exhaustion targets was 

evaluated in HEK293 and CD8+ T cells. In the latter, downregulation of proteins CBL-b, 

CISH, SOCS1 improves Granzyme B secretion while downregulation of exhausted-related 

proteins decreases expression of TOX, CTLA-4 or PD-1. The shmiR cassette were 

subsequentially cloned under different RNA pol II promoters and integrated in Jurkat and 

T cells. In particular, shEF1α and synthetic promoter inducible promoter responding to 

NR4A2 exhaustion transcription factor, induce the expression of shmiR. In summary, we 

developed a potential versatile strategy that operates locally in the TME and induces a 



 

12 

 

genetic switch from ON to OFF, improving T cell functionality overcoming exhaustion. 

Our constructs pave the way for the development of novel immunotherapy that could be 

used to potentially overcome current limitation in the treatment of solid tumor. 
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1. Introduction 

1.1 Immune oncology and Immunotherapies 

1.1.1 Immune response in cancer 

Our immune system is continuously challenged by different agents that can threaten our 

health. These can be external factors such as bacteria, viruses, fungi or internal factors like 

genetic mutations that lead to cancer 1,2. Cancer is a complex disease characterized by 

abnormal cells with uncontrolled cell growth and evasion of apoptosis. These two aspects 

are considered hallmarks of cancer3,4 . Cancer starts in normal cells with mutations that can 

arise during DNA replication. When these mutations occur in important genes for cell 

growth and death regulation (driver mutations), they lead to cancer development. Driver 

mutations can be classified as loss-of-function if they occur in tumor suppression genes 

(e.g. p53), or gain-of-function when occur in oncogenes5.  

Tumor cells often harbour a variety of mutations, including passenger mutations, which do 

not contribute to tumor growth but can produce abnormal proteins known as neoantigens6. 

These neoantigens can be recognized by the immune system, allowing it to identify and 

target cancer cells in a process called immune surveillance (Figure 1)7,89. Once tumor cells 

start to proliferate, there is a phase called equilibrium in which tumor cells are killed but 

are still able to survive the immune response. The phase in which the tumor becomes 

clinically visible, is the one in which cancer cells have escaped the immune response.  

In general, the immune system consists in two branches: innate and adaptive immune 

response. 

Innate immunity forms our first line of defence10 and consists of: 

• Physical barriers like the skin and mucous membranes, 

• Chemical barrier such as stomach acid, enzymes and saliva 

• Cellular barrier such as phagocytic cells neutrophils and macrophages, dendritic 

cells and natural killer (NK) lymphocytes.  

Innate immune possess a quick but not specific response to any kind of threatening 

agent. In addition, it does not have memory. 
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Adaptive immunity, possess a slower response (after 48h) and has instead specificity and 

memory against the hazardous agent11–14. It includes B cells, which produce specific 

antibodies against the antigen and activate other immune cells of the innate and adaptive 

system, and T cell, which kill the foreign agent directly (CD8+ T cells) or indirectly (CD4+ 

T cells). 

Both innate and adaptive immunity act synergistically to fight cancer cells15–18. The innate 

immune surveillance for cancer elimination involves the NK cells which recognize stressed 

cells in a broader way, whereas CD8+ T cells from adaptive immune response eliminate 

cancer cell after the recognition of foreign antigen. CD8+ T cells in fact, also known as 

Figure 1 Cancer immunoediting processes. Normal cells in certain conditions like chronic inflammation, viral 

infection or genetic predisposition, transform into a malignant cell. Normally, there are intrinsic mechanisms 

such as apoptosis to eliminate the damaged cells. Differently if the malignant cell survives, cancer 

immunoediting process starts and it is divided into 3 phases: elimination, in which malignant cells are killed by 

immune system; equilibrium, where there is a common rate of tumor killing and proliferation; escape, where 

tumor cells has evaded the immune system and becomes clinically visible (Swan J. et al., 20078 ) 
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cytotoxic T cells (CTLs), need to be activated through the recognition of the antigen 

presented by antigen presenting cells  

 

Figure 2 Signal 1 TCR Priming. After antigen recognition through the TCR-MHC-I complex, intracellular 

signalling cascade occurs leading to activation genes expression such as effector cytokines, proliferation and 

differentiation into effector phenotype. 

(APCs), such as dendritic cells19, through the major histocompatibility complex class I 

(MHC-I)20. 

This process is called priming, occurs in the lymph nodes and induces naïve CD8+ T cells 

to activate and differentiate in CTLs.  

After recognition of the antigen exposed by APCs in the MHC complex, the TCR with the 

cooperation of CD8 co-receptors, CD28 co-activation receptor21,22 and other environment 

cues triggers T cells activation (Figure 2 and 3). Together TCR and CD28 activation are 

called signal 1 and signal 2 respectively and are both necessary to trigger T cell 

activation23,24. Once the TCR recognizes the antigen, it induces a signal cascade through 

its cytoplasmatic kinase domain Zap70, which activates the Ras-extracellular signal-related 

kinase (ERK)-activator protein (AP)-1 pathway and the inositol triphosphate (IP3)-Ca2+-

nuclear factor of activated T cells (NFAT) pathway25. CD28 receptor instead binds to 
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CD80/86 ligand on APCs and triggers the activation of the protein kinase C (PKC)θ-IĸB 

kinase (IKK)-nuclear  

 

Figure 3 Signal 2 activation triggered by CD28 co-activation molecule. This signal is necessary together to 

signal 1 to activate T cell. It drives activation of immune response and cell proliferation. 

 

factor (NF)-κB pathway and the mammalian target of rapamycin (mTOR) pathway21. 

The presence of signal 1 and 2 leads to cytotoxic response of CD8+ T cells characterized 

by the secretion of cytotoxic molecules: i) Granzyme b (GrzB) and perforins that induce 

apoptosis in the tumor cells and ii) inflammatory cytokines with anti-tumor effect. After 

antigen clearance, the cytotoxic response is shut down through regulatory proteins which 

inhibit CD8+ T cells activation through a negative feedback loop mechanism26. 

Macrophage27, neutrophils28,29 and NK30,31 from innate immunity also play an important 

role in tumor elimination.  

NK cells are the cytotoxic lymphoid cells. Once recognized the antigen, they secret INF-γ 

which activates phagocytosis in macrophages and has anti-tumor immunity, granzyme and 

perforins which induce apoptosis in tumor cells. They represent 5 to 20% of the 

lymphocyte-like cells in the peripheral blood mononuclear cells (PBMCs) population, like 

CD8+ T cells (5-25%). NK cells possess protective mechanisms to avoid killing of normal 
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host cells, thanks to their killing-immunoglobulin-like receptor (KIR) which inhibits NK 

cytotoxic response through the binding to MHC-I molecules.  The mechanism of activation 

instead differs from those of CTLs, in fact NK cell do not express immunoglobulin or 

antigen receptors but display receptors that recognize in general stressed cells30. These 

receptors recognize ligands present on stressed cells such as cancer or infected cells.  In 

absence of KIR inhibition, NK trigger a cytotoxic response with secretion of perforin, 

granzyme B and INF-γ leading to the death of the pathogenic target cell.  

Another immune component important for tumor response are the macrophages, 

phagocytic cells of the innate immune system. These cells possess Toll-like receptors 

(TLR) which binds to DAMPs and PAMPs32,33. Physiologically macrophages possess two 

differentiation states, M1 in which have a pro-inflammatory phenotype and M2 in which 

macrophages have an anti-inflammatory behaviour, and it is involved in tissue repair 

mechanisms. Within the TME, M2 tumor-associated macrophages (TAMs) are associated 

with a worst prognosis, more aggressive tumor and resistance to cancer treatments33 .  

To increase the prognosis of patient affected by cancer, novel therapeutics are being 

developed to armour the immune system, called immunotherapies. 

 

1.1.2 Current Immunotherapies and their limitations  

Immunotherapies are novel strategies in which immune cells are boosted to fight against 

cancer34.  

Currently, different kind of immunotherapies exist, such as: i) Immune checkpoint 

blockade (ICB) ii) Chimeric Antigen Receptor T cells (CAR-T), iii) Cancer vaccines; iv) 

Adoptive cell transfer. All these therapies rely on different mechanisms, but all can help 

the immune response to overcome the tumor immune evasion.  

ICB consists in the use of monoclonal antibodies against immune checkpoint receptors such 

as CTLA-435,36 and PD-137,38. CTLA-4 role is to limit overaction of T cells by blocking 

signal 2. It is expressed on T cell membrane and possess a higher affinity for the ligand B7 

on APCs, competing with CD28. Another inhibitory checkpoint receptor on T cells is PD-

1, which binds to PD-L1 on tumoral and stromal cells and blocks cytotoxic response. The 

scope of ICB is to block these two inhibitory pathways and stimulate T cell to undergo 

clonal expansions and elicit tumor killing.  

The efficacy of these treatments, particularly the anti-CTLA-4, resulted in a multiple effect 

on activation of immune system by acting on also another kind of cells, the T regulatory 
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(Tregs) lymphocyte. Monoclonal antibodies (Ab) anti-CTLA-4 binds on Tregs which 

express CTLA-4 and normally inhibit effector T cells competing with CD28. So, Ab anti-

CTLA-4 act synergistically both on T cells and Tregs to reactivate the immune system39,40.  

There are seven FDA approved ICB and the response rate for treatment of solid tumor is 

over 15% but relapse after complete remission is about 25-30%41. 

 

Another prominent immunotherapy are CAR-T cells, which consists in cells engineered 

with a synthetic receptor that recognizes tumor antigen42–48. The chimeric receptor consists 

in an extra-cellular, transmembrane and intracellular domain. The extra-cellular part is 

made of VHH antibody domain fused to a single-chain variable fragment (scFv) which 

recognizes a tumoral antigen, anchored to the membrane through a transmembrane domain 

normally of CD8 receptor. At cytoplasmatic level it consists in a synthetic activation 

domain which triggers physiological signal 1 and/or signal 2. This synthetic receptor 

purpose is to make CD8+ T cells specific for tumor cells in a TCR/MHC-I independent 

manner, helping to overcome the tumor evasion mechanism of losing MHC-I. There are 

different generations of CAR-T cells which rely on different activation domains (Figure 

5)49. The 2nd generation CAR consists in a CD3ζ and CD28 domain to have both signal 1 

and signal 2 respectively. In the 3rd generation at cytoplasmatic level, there are two 

activation signal 2 domain. Regarding the extra-cellular part, there are different scFv that 

Figure 4 Immunocheckpoint mAbs. There are different mAbs approved from FDA for ICB and others are 

under clinical trials. They all act by binding with the checkpoint receptor and blocking the immune inhibition 

of the effector T cell (Tison A. et al., 2022)41  
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recognize tumor-antigen. The most popular antigens are HER2, present on ovarian, breast 

and lung cancer and CD19, present in B-derived liquid tumor.  

 

Figure 5. Example of 2nd generation CAR, which has CD3ζ single chain for signal 1 and for signal 2 or 

CD28 or 4-1BB domain. 3rd generation CAR (not shown) has both 4-1BB and CD28 co-stimulation domain. 

On the right is showed how CAR-T is activated in a TCR and MHC-I independent manner.  

 

One drawback of CAR-T treatment is the cytotoxic effect that can be dangerous for the 

patient’s life. In case of anti-CD19 CAR-T, these cells can recognize and kill also non 

tumoral B cells that express CD19, leading to an immunodeficient state in which the patient 

does not have B-cell that produce antibodies against infections. This can be cured with 

infusion of antibodies. 

Another consequence is the cytokine release syndrome (CRS), characterized by a drop of 

TNF-α, IL-1 and IL-6 in the blood and in the tissues42,50,51. Cytokines released from an 

excessive CAR-T activation may trigger a widespread inflammation response by 

macrophages and neutrophils that release more inflammatory cytokines creating a positive 

inflammation loop. This condition causes in the patient fever, low blood pressure, shock 

and can be life-threatening.  

FDA has approved 6 different CAR-T so far, with 70-90% of response rate in B-ALL but 

a relapse after complete remission around 40-60%52.  

Cancer vaccines are used to train the immune system to recognize a tumoral antigen 

(Figure 6)53. FDA has approved vaccines against papilloma virus (HPV) and hepatitis B 

virus (HBV)54 . Cancer vaccines exist also for both known TAAs or TSAs (shared or 

personalized) and unknown antigens and can be cell-based, protein-based, peptide-based 

or DNA/RNA-based. Recently, innovative vaccine strategy using oncolytic viruses as 

therapeutic approach55–58 were developed. These viruses specifically infect and kill tumor 
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cells are used to enhance efficacy of cancer vaccines. This strategy was used in combination 

with immune checkpoint blockades to overcome immunosuppressive environment of the 

tumor site. In general, for the development of effective cancer vaccines more work need to 

be done to improve delivery system, selection of neoantigen and overcome the TME59.  

 

Figure 6 Cancer vaccines delivery platforms. Starting from the top, DNA vaccine require more processing 

inside the cells, followed by RNA and last peptide vaccines which require less processing and are already 

used from antigen presenting cells ( Saxena, M et al., Nat Rev Cancer 2021)53 . 

Adoptive cell transfer consists in the ex-vivo engineering of patient’ T cell with 

subsequentially re-infusion. It can be done with tumor-infiltrated lymphocytes (TILs) or 

peripheral T cells60 . In the first case showed in Figure Figure 7
61, TILs are selected ex-

vivo to screen which clone recognizes tumoral antigens, expanded with high concentration 

of IL-2 and then re-infused back into patient. Once in the host, they reach the tumor site 

through the bloodstream and chemotactic signals and trigger cytotoxic response.  The 

advantage of TILs compared to CAR-T is that they have a polyclonal TCR group 

recognizing TAAs62, which improves both safety and effective tumor killing. TILs therapy 

shows a good response rate in metastatic melanoma (40-50 %) with (10-20% of patients 

with complete response63. Apart from metastatic melanoma, which is a tumor with high 

mutational burden, TILs used for the treatment for other solid tumor did not produce the 
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same promising results. In this situation, synthetic biology could overcome these 

limitations through genetic engineering64.  There are many works in which TILs have been 

engineered with payloads to improve trafficking 65,66 , cytotoxic response improvement 67,68 

, TILs homing in tumor site 69,70 and exhaustion 71.

 

Figure 7. Example of TILs adoptive transfer therapy. Tumor reactive clones are selected and expanded in-

vitro before being adoptively infused (Rosemberg S. and Restifo N., Science 2015)61 

Another novel strategy is the use of T-cell receptor (TCR) knockout (KO) strategies, 

developed by Prof. Bonini lab and colleagues. This approach includes modifying T cells to 

target tumors more specifically while minimizing potential off-target effects72,73.  

By knocking out these natural receptors, it is possible to prevent potential mispairing 

between native TCRs and newly introduced tumor-specific TCRs, which could otherwise 

lead to dangerous off-target immune reactions. 

Once endogenous TCRs are removed, engineered TCRs are inserted that are specific to 

tumor-associated antigens74,75.  

To prevent on-target off-tumor side effects, safety switches are implemented into 

engineered T cells such as suicide genes, allowing the control of T-cell activity if adverse 

effects arise76.  

All these approaches have different advantages and can be used in combination with 
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classical cancer treatments (chemotherapy, radiotherapy or surgery) resulting in different 

level of efficacy according to the patient and the type of tumor. The common problem of 

the success of these therapies relies on the mechanisms which immune systems undergo 

in the TME, and the immune mechanisms taken from tumor cells to evade the immune 

system. Increasing our understanding of tumor evasion is mandatory to build more 

successful and safer immunotherapies. 

 

1.1.3 Mechanism of tumor immune evasion and T cell exhaustion 

Immunoediting, a process by which abnormal cells grow without being eliminated even if 

the immune system of the host is perfectly functional 77,78 is now considered one hallmark 

of cancer, together with the resisting cell death, sustained proliferative signalling and 

immortality79. All these features are promoted by genetic instability of the tumoral cells, in 

which progressive mutations of cancer cells accumulate in DNA replicative system, 

increasing tumoral burden and helping the selection of less immunogenic cells. 

In general, there are many ways by which tumor can evade the immune system, such as:  

• Antigen escape: tumors posses’ abnormal proteins on their surface that can be 

recognized by the immune system. There are tumor-associated antigens (TAAs) 

which are normal antigen which tumor cells express more than the normal cells, 

and tumor-specific antigens (TSAs) which are antigens present only on tumor cells. 

In both cases, tumor cells tempt to decrease antigen expression to hide themselves 

from the immune system80,81. 

•  Loss of MHC class I molecule: since this molecule is essential to activate CD8+ 

T cells, tumor cells by evade CTL lymphocytes by losing MHC-I molecule to try 

to make it harder to T cells to recognize them82–84. 

•  Immune suppressive microenviroment: tumor cells through the secretion of 

inhibitory cytokines (TGF-β, IL-10) induce an immunosuppressive tumor 

microenviroment (TME), characterized by the induction of immune checkpoint 

receptors (PD-1, CTLA-4, TIM-3, LAG-3 etc.) on T cells surface and the presence 

of inhibitory immune cells (Tregs, MDSCs, M2 macrophages etc.) 85–88 
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Figure 8. The immunosuppressive tumor microenviroment is made by several cells: Tregs, M2-macrophages, 

MDSCs, DCs, Mast cells, N2-TANs and Bregs which cooperate to harbor the tumor evasion of immune 

system.( Tie, Y. Et al., J Hematol Oncol 2022) 

The overall inhibitory TME, induces an hyporesponsive state of CD8+ T cells called 

exhaustion (Tex), which are cells that are still able to recognize tumor cells but are no 

longer capable to induce cytotoxic response.  

Exhaustion is a consequence of unfunctional immune response characterized by loss of 

avidity of CD8+ T cells. Physiologically, immune cells are activated to fight the threatening 

agent, in this case a tumor cell and once it has been eliminated, immune response is shut 

off by immune “brakes”. In case of CD8+ T cells, these brakes are inhibitory proteins called 

check-point receptors which can inhibit CD8+ T activation to ensure immune homeostasis. 

Whereas during exhaustion, after chronic antigen stimulation CD8+ T cells over-express 

inhibitory molecules and start losing proliferative power and cytotoxic response89–96. In this 

phenomenon, despite having a TCR which recognizes tumor cell, CD8+ T cells are no 

longer able to induce cytotoxic response and so apoptosis of the tumor cell. Tex are 

characterized by loss of proliferation potential, loss of cytotoxic response, up-regulation of 

CRs and a different transcriptomic and epigenetic landscape.  

 

Physiologically, the TCR signalling pathway is regulated by several mechanism to ensure 

the immune response only in the presence of the threatening antigen and is shut down after 
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antigen clearance. Many inhibitory mechanisms rely on a negative feedback loop 

repression carried out by protein that act as immune “brakes”. There are co-inhibitory 

receptors also called checkpoint receptors (PD-1, CTLA-4, LAG3, VISTA etc.) which are 

expressed during T cells activation on the surface membrane. After engaging their ligand, 

they inhibit immune response by de-activating the TCR. There are also cytoplasmatic 

protein, also called as intracellular checkpoint receptors (ICR) such as CISH, CBL-B SOCS 

97, which repress the T cell activation cascade at different levels of the pathway. Overall, 

these proteins are essential to ensure immune homeostasis and prevent autoimmunity.  

During exhaustion after chronic antigen exposure, all these inhibitory proteins are 

upregulated and cause a persistent repression of T cell activity which can become also 

permanent. Besides terminally exhausted T cells, there is a frame window in which 

exhausted T cells can be reverted and improve their avidity within the TME. 

Current immunotherapies failure is due to exhaustion. In the case of CAR-T, these cells 

after adoptive transfer into patients, reach the TME and become exhausted, whereas in case 

of ICB, the blockade of only one CR could not be enough to overcome exhaustion and 

induce tumor regression.  

Exhaustion is a complex cell differentiation state characterized by an overall modified 

transcriptional and epigenetic landscape91,98–100 (Figure 9). Many chromatin modifiers such 

as DNMT3α are up regulated during exhaustion and demethylated genome regions of 

inhibitory check point receptors causing their higher expression in the cells101,102 . Another 

important master regulator is the transcription factor TOX, which regulates the expression 

of PD-1, CTLA-4 and other exhaustion markers 98,103. Overall, the TME and exhaustion 

limits the effectiveness of immunotherapies, by blocking the boosting effect of immune 

cells by the immunotherapy. 

In this scenario, synthetic biology offers promising tools to counter T cell exhaustion by 

engineering T cells with novel synthetic payloads to overcome the TME inhibitions. In the 

next paragraph, different synthetic biology strategies will be described. 
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Figure 9 Exhaustion-related genes are involved in the principal T cell activation pathways. On the left side 

of the cell, TCR and CD28 co-stimulatory pathways are involved in T cell activation, effector phenotype, 

survival and proliferation. These pathways intensity is tuned by immune brake upstream, the cytoplasmatic 

proteins CBL-b, CISH  (not shown) and downstream at transcription and epigenetic level by TOX, TOX2. 

On the right side of the cell, during exhaustion, over expression of these protein leads to metabolic 

reprogramming into a resting state with low glycolysis and cytotoxic response. 

 

1.2 Synthetic biology for novel cell-based immunotherapies 

Synthetic biology is an interdisciplinary field that aim to redesign cells behaviour to 

improve their functionality or solve specific problems104. It consists of an engineering 

approach of biology in which cell function are considered as “bricks” and are used to create 

synthetic circuits sensible to an intracellular or extracellular input. The synthetic circuit 

elaborates the input to produce a specific output for novel cell functionality105.   

One of the main challenges of immunotherapies is the on-target off-tumor response. In the 

context of liquid malignancies, anti-CD19 CAR-T recognize and eliminate also normal B-

cells since also express the same antigen. Another issue is the on-target on-tumor toxicity 

CAR-T cells can cause cytokine storm and severe systemic cytotoxicity106. The overall 

uncontrolled antigen activation of CAR-T can induce life-threatening situations. On the 

other hand, CAR-T do not show efficacy in many patients and with a low persistence in the 

body and a consequentially high amount of tumor relapse. ICB treatment also can induce 
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cytotoxic effects due to overstimulated T cells, whereas in other situations the blockade of 

one immune checkpoint receptors is insufficient to repristinate T cell activity due to 

exhaustion.  

There are different approaches of synthetic biology to overcome these limitations, by using 

optimized construct and logic gates to achieve more specificity and safety. Logic gates in 

synthetic biology, like in informatics, are based the Boolean operations107,108. This one 

consists in logic operations of binary inputs, often defined as A and B, that give as result a 

binary output, namely true or false. 

Principal logic gates are: 

• AND= to have the output, are necessary both inputs (A ∧ B )  

• OR= to have the output, the presence of only A or B is sufficient (A ∨ B) 

• NOT= where absence of a specific input leads to the output (¬ A)   

• NOR = where absence of A and B gives the output (¬ A ∧ ¬ B) 

Figure 10 Logic gates operations. In Boolean algebra, the binary input A and B undergoes logic operations 

in which as result is binary output true (1) or false (0) 

Thanks to thanks to improvement in synthetic biology and T cell engineering109, fourth-

generation CAR are being developed in which T cells are armoured to secrete therapeutic 

payloads34,110 . 
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Figure 11 Synthetic Biology approaches for the development of novel immunotherapies. Logic gates 

implementation for CAR-T allow different mechanism of activation (Zhu, B. et al. Cell Mol Immunol 

2024)111 

In Figure 11 are shown some examples of novel immunotherapy with synthetic biology 

approaches 112.  

• In panel A is shown an AND-logic CAR, in which only after the binding of two 

antigens, at cytoplasmatic level dimerization occurs through intracellular domain 

of CD3 (signal 1) and CD28 (signal 2) and leads to T-cell activation cascade. This 

offers the possibility to limit the on-target off-tumor activation, since only after the 

presence of two TAAs the CAR-T triggers cytotoxic response. 

• In panel B, is showed LINK CAR which still relies on AND-logic gate activation, 

but to limit on-tumor off target toxicity the transmembrane domain of CD28 and 

CD8 possess mutate amino acids which bypass upstream signalling of TCR 

machinery. 

• In panel C is shown a synNotch CAR-based. In this situation, the antigen 1 binds 

to synNotch receptor, which after ligand recognition cleaves the internal TF which 

drives CAR expression. So cytotoxic response is elicit only after antigen 2 is 

recognized by CAR.  

• In panel D shows and AND-NOT logic gate, a mechanism in which there is both 

activation and repression by two different inputs.  In this case, antigen 1 activates 

CAR wherease antigen 2 is a self-antigen recognized by inhibitory CAR (iCAR). 

The latter possess inhibitory intracellular domain of PD-1 so once after ligand 

recognition, T cell activation is repressed. 

 

Furthermore, other synthetic biology uses consists in the 4th generation CAR, also called 

“armoured CAR”. They consist of 2nd or 3rd generation CAR with genetic modification that 

do not regard the receptor itself, but are functional payloads such cytokines, chemokines or 

other molecules that can improve the functionality of the engineered cell.45  
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Another modern immunotherapy consists in the use of TILs, in which T cells bearing in the 

tumor are isolated from the patient, expanded ex-vivo and reinfused back. Lately, FDA has 

approved TIL therapy for the treatment of solid tumor melanoma 113–115. The main 

advantage of TILs therapy compared to ICB or CAR-T are that there is almost complete 

absence of severe side effects since they are unmodified cells from the patient. The main 

disadvantage is the small window of applicability found so far. In this scenario, synthetic 

biology is trying to improve TILs by testing different engineering approaches to overcome 

current limitations in this technique62,116,117. TILs genetically modified are referred as 

synthetic TILs117 and have been engineered so far with synthetic payloads to improve TIL 

performances under many aspects65–70  .  

Beyond TCR knockout and replacement, multi-gene editing approaches are used to further 

enhance the functionality and persistence of T cells. These modifications include resistance 

to immunosuppressive signals commonly found in the tumor microenvironment, which can 

otherwise inhibit T-cell effectiveness, and modifications to improve T-cell persistence, 

allowing the modified cells to remain active within the body longer, increasing the 

durability of the immune response73. 

 

In this scenario, the role of synthetic biology is way clear for the improvement of the current 

immunotherapies. In my work, I used as used as synthetic payloads post-transcriptional 

regulators, in the specific miRNA-based short-hairpin RNAs (shmiR) also referred as 

synthetic miRNAs (SYmiRNAs) for their ability to potentially silence any target in a 

controlled manner. 

 

1.3 miRNA-based shRNA  

1.3.1 RNA interference mechanisms  

RNA interference (RNAi) is a physiological process in which translation of target mRNA 

is inhibited by the action of double strand RNA (dsRNA). The first time this project was 

described was 1998 with Fire and Mello’s work in Caenorhabditis elegans118.  

RNA interference in mammalian cells occurs thanks to microRNAs (miRNAs) that are 

single strand RNAs transcribed by RNA pol II and cause gene silencing through post-

transcriptional regulation119 . They are mostly present as multi-cistronic units and once 

transcribed form a ~ 130bp hairpin-loop structure120. There are 232 known miRNA genes, 

in which 161 are present in well-known transcription units both as introns and exons121. 
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Once the pri-miRNA is formed, it is processed in the nucleus by RNAse type III enzyme 

DROSHA-DGCR8, which recognized the loop position and cleaves the dsRNA +1 position 

and gives as product a pre-miRNA (60-100nt). 

Pri-miRNAs are capped and polyadenylated as a gene transcript 122 . Thanks to the polyA 

presence, the pre-mRNA is recognized from exportin-5 on nucleus membrane, and it is 

transported into the cytoplasm. Once reached the cytosol, another RNAse III enzyme Dicer, 

cuts the pre-miRNA in the mature miRNA duplex. The latter is loaded into the miRNA -

Induced Silencing complex (miRISC) which opens the duplex and loads only the antisense 

strand (guide strand) into Argonaute (AGO) protein. The sense strand (passenger) is lost, 

and the silencing will occur according to the specific binding of the AGO-antisense strand 

complex to the 3’-UTR of the mRNA target. miRNA normally do not possess full 

complementarity to the mRNA leading to repression of the translation. The antisense strand 

is loaded in the RISC thanks to thermodynamic stability differences that bears between the 

extremity of the miRNA duplex. For this reason, miRNA genes are strongly conserved.  

 

Figure 12. a) model of miRISC complex in which the miRNA duplex is loaded. B) miR strand binds to 

mRNA target with different levels of complementarity. c) it is shown the thermodynamic of the different ends 

of miRNA duplex.  

Most of the physiological cellular processes are regulated by specific miRNAs. On the 

other hand, in the presence of a disease, cells are characterized by different levels of 

miRNAs which induce as consequence a different amount of their target protein. Based on 

this aspect, many therapeutical strategies were explored by trying to modulate both 

endogenous miRNAs or regulating through siRNAs the target proteins to counteract the 

pathological condition. The 2006 Nobel Prize awarded to Andrew Fire and Craig Mello123 

for their discovery of RNAi and 2024 Nobel Prize in Physiology or Medicine won by Victor 

Ambros and Gary Ruvkun124,125, which further celebrates the critical role of miRNAs in 
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health and disease, highlights the importance of the RNA interference pathway and the 

therapeutic possibilities of miRNAs for the treatment of diseases such as cancer.  

 

1.3.2 Modern interfering strategies 

Since the discovery in 1998 from Fire and Mello, RNA interference has been widely 

exploited as new gene therapy strategy126. There are two FDA approved siRNA-based 

drugs127 for different disease, ONPATTRO®128 for the treatment of hereditary 

amyloidogenic transthyretin (hATTR) and GIVLAARI™129,130 for the treatment of adults 

with acute hepatic porphyria (AHP).  

In general, RNAi treatments can silence target protein important for the immune system of 

undruggable genes131,132. siRNA-based gene silencing offers the advantage of delivering 

method 133,134  which normally include lipid nanoparticles that have no toxicity since utilise 

biocompatible lipids135. As compared to antibodies or drugs, siRNA have a broader range 

of target since they rely on the mRNA sequence, instead of targeting 3D antigen or ligand 

subunits. Disadvantages of systemically administrated siRNAs include a short half-life in 

the cell and the lack of inducibility. To overcome these limitations, shRNA and miRNA-

based shRNA have broadly been used as new cell-based gene therapy136–141. In addition, 

another advantage is to use RNAi treatment in cooperation with modern immunotherapies 

such as CAR-T or ICB to down-regulate the inhibitory pathways that block T cell activity 

trying to mitigate the side effects due to cell overactivation. Zhou et. al demonstrated that 

the triple silencing of PD-1, TIM-3, and LAG-3 through RNA-pol III shRNAs caused 

epigenetic modifications in CAR-T cells causing resulting in more infiltration in the tumor 

site and more IFN-γ, TNF-α expression 142 . However, RNA-pol III derived shRNAs lack 

of spatio-temporal expression regulation and are less tolerated by mammalian cells 143. 

Instead, RNA-pol II miRNA-based shRNAs are more flexible since endogenous/lineage 

specific promoter can be used to silence genes in a specific tissue, or inducible promoters 

can be used to express shRNA after a certain stimulus of time window143–146 .Lately, Rossi 

et. al created a chimeric-miRNA platform for multiplexed gene editing system based on 

shRNA expression under the same pol-II promoter147 , efficiently silencing β2M, LAG-3, 

CD28 and CD95 in and anti-CD19 CAR-T cell. One limitation in this technology is the 

difficulty of producing high lentivirus titers that are required to transduce primary immune 

cells. Recently, Reichenbach et al. used lentivirus coding inducible miR-based shRNA and 

other payloads such as IL-2 to build armoured CAR-T148 cells, thanks to an improved 
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strategy of lentivirus production, to express both shmiRs and the chimeric protein. They 

discovered that HEK293T producer cells, during transfection of transfer plasmid, degrade 

shRNAs limiting the incorporation into the viral genome due to a Dicer dependent innate 

response. To overcome this limitation, in their work they modified the accessory plasmids 

with NovB2 protein, which is a Dicer repressor, obtaining titer until 10 times more 

concentrated. In addition, they tried different cloning strategies for shmiR lentiviruses, 

obtaining the highest titer and positive cell population after transduction.  

 

2. Aim of the project 

The goal of this project is to develop synthetic circuits that, by using shmiR, re-establish 

the correct dosage of upregulated genes to neutralize the T cell dysfunction and unleash the 

full potential of T cell function under controlled conditions, to enhance long-term efficacy 

of adoptive T cell therapy.  

Different shmiR have been designed to silence exhausted-related target genes. We have 

chosen targets with different functional role in T cells. DNMT3α, TOX and TOX2 that 

encode proteins which are considered as master regulators of exhaustion; CBL-b, CISH 

and SOCS1 encoding cytosolic proteins which dampen immune response and are 

responsible for hyporesponsive state of CD8+ T cells in the TME; The final aim is to 

engineer CD8+ T cells with different shmiR constructs to confer resistance to exhaustion, 

allowing the CD8+ T cells to sustain their functionality and persistence, which is crucial in 

chronic infections and cancer immunotherapy.  
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Figure 13. Abstract of the T-Rex project. Exhausted T cells with low proliferation and cytotoxic response, 

once engineered with the miRNA-based shRNAs can resist the inhibitory stimuli of exhaustion and trigger 

tumor killing. 

3. Results 

3.1 Identification of target genes to increase T cell functionality and persistence 

From literature, the knocking out (KO) of certain genes brings improvement in cytotoxic 

response with an overall tumor regression. We started from this work to select the targets 

that we wanted to silence from literature. In CD8+ T cells, CBL-b, CISH, and SOCS1 act as 

negative regulators of T cell activation and function, helping to maintain immune response 

homeostasis. 

1. CBL-b (Casitas B-lineage lymphoma-b) is an E3 ubiquitin ligase that regulates T 

cell activation by targeting key signaling molecules for proteasomal degradation. In 

CD8+ T cells, CBL-b limits T cell receptor (TCR) signaling and costimulatory 

signals, thus controlling excessive proliferation and effector function149,150. 

2. CISH (Cytokine-inducible SH2-containing protein) is part of the Suppressors of 

Cytokine Signaling (SOCS) family and acts specifically in response to cytokines 

like IL-2. It inhibits cytokine signaling pathways, thereby preventing over-

activation and aiding in the fine-tuning of T cell responses151. 
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3. SOCS1 (Suppressor of Cytokine Signaling 1) is also a SOCS family member and 

plays a critical role in suppressing cytokine signaling pathways, particularly for 

IFN-γ and IL-2. In CD8+ T cells, SOCS1 controls cytokine-driven activation and 

proliferation, supporting immune regulation and preventing immune-related tissue 

damage152. 

Together, these regulators act as checkpoints to prevent excessive activation of CD8+ T 

cells, balancing effective immune response with self-tolerance and limiting potential for 

autoimmune responses. In chronic infections and cancer, particularly solid tumors, CD8+ 

T cells are subjected to persistent antigen exposure and a suppressive tumor 

microenvironment (TME). This leads to T cell exhaustion, a state in which CD8+ T cells 

progressively lose their cytotoxic and cytokine-secreting abilities, diminishing their anti-

tumor activity. CBL-b153–155, CISH151,156,157, and SOCS1158 contribute to this exhaustion 

process by enforcing signaling inhibition and limiting CD8+ T cell activation and 

proliferation in the TME. Within the TME, chronic antigen exposure upregulates CBL-b 

which amplifies the degradation of key mediators of TCR activation. In addition, elevated 

levels of immunosuppressive cytokines, like IL-10 and TGF-β, trigger increased CISH 

expression. CISH then inhibits cytokine signaling pathways, such as IL-2 signaling, which 

is crucial for T cell survival, expansion, and activation. By dampening these pathways, 

CISH drives CD8+ T cells toward exhaustion by reducing their proliferation and IFN-γ 

production. SOCS1 functions as a broad inhibitor of cytokine signaling, targeting pathways 

essential for immune responses, particularly IFN-γ and IL-2 pathways. In the TME, SOCS1 

is often upregulated due to the continuous presence of inhibitory cytokines. Elevated 

SOCS1 reduces the ability of CD8+ T cells to respond to cytokine-driven activation and 

survival signals. 

Furthermore, exhaustion is a complex differentiation state promoted at different levels. 

Other important target that we choose are TOX, TOX2 and DNMT3α, which induce 

exhaustion at transcriptional level: 

• TOX (Thymocyte selection-associated high mobility group box protein) is a 

transcription factor essential in driving the development of exhausted CD8+ T cells. 

Under chronic stimulation, TOX is upregulated in response to signals from the 

tumor microenvironment (TME), such as cytokines and inhibitory receptors like 

PD-1. TOX influences the expression of exhaustion-associated genes and promotes 

a unique transcriptional and epigenetic program that characterizes the exhausted 
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phenotype. This program supports cell survival but limits effector functions, 

ultimately leading CD8+ T cells to adopt a more quiescent, non-cytotoxic state. 

TOX, therefore, plays a pivotal role in maintaining the "exhausted" state that 

prevents CD8+ T cells from fully attacking tumor cells.98 

• TOX2, a close homolog of TOX, is similarly implicated in T cell exhaustion but 

may have a more supportive role in sustaining the exhausted phenotype over time. 

Like TOX, TOX2 is upregulated in CD8+ T cells under chronic antigen exposure 

and contributes to maintaining the exhausted transcriptional program. TOX2 is 

thought to reinforce the molecular landscape set by TOX, allowing exhausted CD8+ 

T cells to persist in the TME without regaining effector functions. Together, TOX 

and TOX2 create a transcriptional network that stabilizes exhaustion, preserving 

cell survival while limiting their functional response to tumor cells103. 

• DNMT3α (DNA methyltransferase 3 alpha) is an enzyme responsible for adding 

methyl groups to DNA, leading to long-term gene silencing. In the context of T cell 

exhaustion, DNMT3α establishes an epigenetic program that suppresses genes 

required for CD8+ T cell effector functions, such as cytokine production and 

cytotoxicity. DNMT3α helps "lock in" the exhausted phenotype by methylating 

promoter regions of genes critical for T cell activation, further ensuring that 

exhausted CD8+ T cells cannot regain full function. This epigenetic modification is 

often irreversible, meaning that once exhaustion is established, it is difficult for 

CD8+ T cells to revert to a functional, anti-tumor state101. 

This understanding has significant therapeutic implications. Targeting CBL-b, CISH, 

SOCS1, TOX, TOX2, or DNMT3α could help reprogram exhausted CD8+ T cells, 

potentially restoring their anti-tumor functions. For these reasons, shmiR against the above 

described genes were designed and tested as described in the next paragraphs. 

 

 

3.2 Design and validation of small interfering RNAs of exhausted-related genes 

The first step was to design three alternative small interfering RNAs (siRNAs) to identify 

the best downmodulating the target genes in model cell lines, which express 

physiologically our proteins of interest. The siRNAs are of 21nt with two single-strand 

nucleotides at 3’ extremity, with perfect complementarity to the target to ensure the 

strongest downregulation. For each target gene, siRNAs targeting a different exon portion 
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of the target mRNA were tested in Jurkat and U2OS cells. This step was necessary to select 

the siRNA sequence to embed into RNApol II driven genetic circuits. 

For this purpose, three different siRNAs were tested in different cell lines in which the 

target genes are endogenously expressed (Figure 14). 

 

Figure 14 qPCR of the different cell lines in which the relative expression of each target gene is expressed 

as 2-dCt . N=2 technical replicates ± SD.  

 

 

Figure 15 qPCR results of selection of siRNA sequences. N=2 technical replicates ± SD. 

 

In Figure 15 are shown the results of silencing of CISH, SOCS1 and TOX genes in Jurkat 

and CBL-b, DNMT3α and TOX2 genes in U2OS after the treatment with different siRNAs. 

All siRNAs were downmodulating the target mRNAs apart from SOCS1. For the latter, we 

designed three new sequences and tested them directly as DNA-encoded shmiR as 

described in the next section.  

Next, siRNA sequences were cloned in a RNA interference (RNAi) vector. Using this 

approach, the siRNAs were encoded as pri-miRNA-like shRNAs and expressed as exons 

with EmGFP. All the sequences reported in Table 1 were cloned into BLOCK-iT™ pol II 

miR RNAi Expression vector as described in Material and Methods. 

 

3.3 Design and validation of selected miRNA-based shRNAs  

siRNAs have the main limitation of short half-life, due to high degradation rate and because 

are not replicated in the cells; moreover they lack potential transcriptional control making 

the system not suitable for ON-OFF switches. To overcome this limitation, we used shmiR 

transcribed by RNA polymerase II that can be stably integrated and regulated in a spatio-

temporal fashion.  ShmiR are artificial RNAs with a hairpin structure and are processed as 

endogenous miRNAs. After transcription and DROSHA cleavage, the shmiR are processed 

by Dicer in the cytosol, producing the desired siRNAs. The shmiR have thus be obtained 

by cloning the above-mentioned siRNAs in the BLOCK-it™ Pol II miR Expressing Vector 

with EmGFP (Invitrogen)159.  

 In general, miRNA-based shRNAs require fundamental sequences to ensure the correct 

processing in each step of the RNAi pathway (Figure 16): 

1. 5’ overhang TGCT complementary to the vector (purple) 



 

37 

 

2. 5’G + short 21 nucleotide antisense sequence that corresponds to the antisense 

siRNA strand 

3. 19 nucleotides to form the hairpin loop  

4. 19 nucleotides of sense target sequence with 2 nucleotides removed in position 9-

10 to create an internal mismatch  

5. 3’ overhang CAGG complementary to the vector  

Figure 16. Design and cloning of pre-miRNA like shRNA into RNAi vector system. The figure was adapted 

from BLOCKIT manual (Invitrogen) 

The 5’ and 3’ overhangs reported in point 1 and 5 in our case were complementary to 

BLOCKIT™ plasmid but can be substituted if a different plasmid is used. It is important 

that the overhangs are different to ensure directional cloning. The 21nt antisense target 

sequence reported at point 2 corresponds to the antisense siRNA strand and it is inserted 

after a G to preserve as much as possible the pri-miRNA 155 endogenous sequence. The 

19 nucleotides of the loop at point 3 were engineered by Invitrogen to improve silencing88. 

Next, the 19 nt sense siRNA sequence was inserted, using the complementary sequence of 

the 21nt antisense siRNA sequence apart from nucleotides in position 9 and 10. All these 

parameters must be respected to ensure the correct shRNA structure and, therefore, 

processing. 

In Figure 17 is shown an example of the predicted hairpin stem-loop structure of shRNA 

CBL-b-1. It is possible to hypothesize that this is the most probable structure also inside 

the cell, with the internal mismatch and the hairpin loop, thanks to the software 

RNAstructure that calculates the Gibbs free energy at 37°C ( 

https://rna.urmc.rochester.edu/RNAstructureWeb.html ). 

The shRNA as described is cloned into the vector after the human cytomegalovirus 

promoter (CMV) and Esmerald Green Fluorescent Protein (EmGFP), followed by a 

thymidine kinase polyadenylation signal (polyA).  

The obtained plasmids were transfected in Human Embryonic kidney (HEK293) model cell 

lines, which showed expression of the target genes (Fig.14). 

 

Figure 17. RNA secondary structure predicted by RNAStrucute software. 

 

https://rna.urmc.rochester.edu/RNAstructureWeb.html
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To analyse the effect of shmiRs, quantitative real-time polymerase chain reaction (qRT-

PCR) was performed in treated samples 48h post-transfection. The results are expressed as 

relative fold gene expression with the 2–ΔΔCt method. The value of each shmiR treatment is 

normalized to the value of scrambled shmiR. The latter is referred as negative control (ctrl) 

(Figure 19).  

 

We observed that after transfection of the shmiR plasmids, target genes expression was 

reduced between 30 and 70%. Specifically:  

• shmiR plasmids against CISH, SOCS1 and TOX2 reduced their expression by 

more than 50%; 

• shmiR plasmids against TOX reduces its expression to about 50%; 

• shmiR plasmids against CBL-b and DNMT3α reduced their expression to 30-40%. 

 

 

 

 

 

In addition, since endogenous pri-miRNA are physiologically present as clusters, we tested 

whether our shmiR could silence target genes as co-cistronic units. This enables us to 

downregulate two genes simultaneously, obtaining a multiplexed therapeutic regulation. 

For this purpose, we cloned TOX2 and TOX shmiR in tandem (miRCh-1 plasmid, see 

material and methods). HEK293 were transfected as in the previous experiments and 

silencing was measured by qPCR 48h post-transfection. As shown in Figure 20 the 

miRCh-1 plasmid downregulates TOX and TOX2 at a similar level compared to the single 

plasmid showed in Figure 19. This result demonstrates the possible multiplexity of the 

shmiR platform. In fact, using two shmiR in one vector, represents an advantage for  

therapeutic applications.  

 

 

 

 

Figure 18. qPCR of single and dual-shmiR transfection in HEK293. The results of downregulation were 

measured for the same sample for both TOX and TOX2 targets.The silenced mRNA level of TOX(red) and 
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TOX2(purple) are comparable in threated samples with single and dual-shmiR plasmid. N=3 biological 

replicates ± SD, *p-value≤0.05 with paired t-student. 
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4. Discussion 

Cancer immunotherapies reached considerable results in the treatment of different tumor, 

achieving many clinical trials and six FDA approval for blood cancers. Despite the success 

of treating liquid malignancies, CAR-T cells still show difficulties in treating solid tumours. 
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ICB opened a chance of treatment for solid tumor achieving as well as CAR-T, FDA 

approval, but apart from melanoma, which is the tumor more sensible to ICB, many patients 

show low response or relapse. In addition, also ICB show several life-threatening side 

effects in some cases. Another promising immunotherapy are TILs, which offer the 

possibility killing tumor with less side effects rather than CAR-T and ICB, since TILs are 

a polyclonal population of patient’s T cells with different affinity for the tumor antigen and 

with physiological TCR activation regulation and no need to be engineered. In 2024, there 

was the first TIL therapy approved for skin cancer treatment open the door for development 

of TILs therapy against other solid tumours. These three immunotherapies have in common 

one main limitation, that is represented by the immunosuppressive tumor microenviroment 

and tumor heterogeneity. Within the TME, TILs and CAR-T have a limited functionality 

and proliferation power, whereas ICB effect against only one checkpoint receptor is 

attenuated by the presence of several other inhibitory receptors. For these reasons, ICB is 

being used in combination with other immunotherapies such as CAR-T and TILs. Another 

example to face these limitations are TRUCK or Armoured CAR-T, which are 2nd or 3rd 

generation CAR-T cells with functional payloads. TILs instead are starting to being 

engineered as well to mitigate the immune suppression of the TME and increase their 

persistence. 

 In my PhD work, we focused on the development of novel strategies to silence exhausted 

related genes in CD8+ T cells, as foundation to face on of the aspects of TME 

immunosuppression which characterize  of all the mentioned immunotherapies described 

above. First, we identified important exhaustion genes that if KO can increase the T cell 

fitness. These genes code for cytoplasmatic proteins such as CBL-b, CISH and SOCS1 

which have a role in mitigating TCR activation by blocking PLC-γ. Other genes that we 

chose to silence are nuclear proteins, such TOX and TOX2 that are two transcription factors 

which cooperate with NR4a to establish exhaustion, and DNMT3a an epigenetic regulator 

responsible for chromatin remodelling of inhibitory genes. We designed siRNA sequences 

and tested their specificity through RNAi assays in Jurkat and U2OS cell lines. We 

demonstrated that the designed sequences were causing repression of gene expression of 

the interested proteins. Then, to create a cell-based immunotherapy, we decided to code 

siRNAs as pri-miRNA-like shRNAs (also called shmiR) under pol II promoters. In this 

way, the siRNA is DNA encoded and can be stably engineered in primary T cells for ex-

vivo experiments. In the beginning, to see if the shmiR (DNA) are expressed and can silence 
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the target genes as the siRNAs (RNA) in model cell lines I have done transfection in 

HEK293 cells. The shmiR were expressed under CMV promoter cistronically to EmGFP 

giving as product green cells where the shmiR was produced. After relative quantification 

through qPCR, it was possible to see that silencing was occurring meaning that the siRNA 

sequence was correctly encoded through the shmiR. 

Subsequentially, we wanted to test whether silencing these genes has any effect in primary 

CD8+ T cells. We found that functional response was improved in HD CD8+ T cells after 

silencing CISH, in specific by increasing the amount of Granzyme B and inducing more 

tumor death in CAR-T in-vitro experiments. Whereas silencing of TOX and TOX2 lead to 

decreased TOX and CTLA-4 level, two important targets of exhaustion.  

Last, we developed an effective lentiviral transfer plasmid able to correctly transduce and 

express shRNA in Jurkat cell line. By changing the promoter from CMV to shEF1a, this 

do not impair EmGFP-shRNA expression. The shmiR payload was then moved to a LV 

coding for CAR αHER2 as prototype of an armoured CAR. 

Overall, to confirm the effect of shmiR in CD8+ T cells, more experiments should be done 

to increase the number of biological replicates and gain statistical significance. In addition, 

silencing should be also quantitative measured in EmGFP+ T cells population.  

Lastly, a mixed population of CD4+ and CD8+ T cells will be transduced to develop 

armoured CAR, since the presence of CD4+ T cells are widely used in the field of cancer 

immunotherapies thanks to their beneficial role in CD8+ activation and proliferation. 

6. Conclusion 

The evidence reported in this PhD thesis show how synthetic biology pipeline are important 

for the precise development of novel cell-based cancer immunotherapies. The rational 

workflow of assembling different building blocks such as different promoters, different 

SYmiRNAs and different plasmid backbones demonstrates how starting from a pre-clinical 

in-vitro level is important to choose the most efficient strategy. In my PhD, I proved that 

silencing of exhausted-related genes produces a promising improvement in CD8+ T cells 

performance in-vitro as demonstrated in literature by KO these genes. In our system, the 

advantage of leaving physiological levels of these genes rases hopes for less possible 

cytotoxic effects and the possibility of tunability. In essence, this thesis could provide an 

overall overview of synthetic biology impact in 4th generation CAR-T development and 

how shmiR can be used as spatio-temporal regulators of cell-based immunotherapies. 
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6. Material and Methods 

4.1 RNAi in mammalian cells 

 

4.1.1 Cell lines culture  

HEK293T and SKOV3 cells (ATCC) used in this study were maintained in Dulbecco’s 

modified Eagle medium (DMEM, Gibco) supplemented with 10% heat-inactivated Fetal 

Bovine Serum (FBS non-USA origin, Sigma-Aldrich), 1% penicillin/streptomycin (Sigma-

Aldrich), 1% L- Glutamine (Sigma-Aldrich) and 1% MEM non-essential amino acids 

(Sigma-Aldrich). Jurkat cells (ATCC) were maintained in RPMI medium supplemented 

with 10% heat-inactivated Fetal Bovine Serum (FBS non-USA origin, Sigma-Aldrich), 1% 

penicillin/streptomycin (Sigma-Aldrich), 1% L- Glutamine (Sigma-Aldrich) and 1% MEM 

non-essential amino acids (Sigma-Aldrich). 

All the cell lines were grown at 37°C in a 5% CO2-humidifed incubator. 

 

4.1.2 siRNA transfection  

The cells were seeded in a 24-well culture plate at a density of 120,000 cells per well. Jurkat 

cells were transfected with the Neon® electroporation device (Thermofisher) with 25 pmol 

of siRNA. After 48 hours, the cells were harvested into a 1.5-mL tube, washed once with 

PBS1X and stored at -80 °C as dry pellets. HEK293 cells were plated in a 24-well culture 

plate wells at a density of 60,000 cells per well. After 24 hours, 25 pmol of 

siRNA were transfected into the cells using Lipofectamine®2000 (Thermofisher). as 

transfection reagent. After 48 hours, the cells were collected in a 1.5-mL tube, washed once 

with PBS1X and stored at -80 °C as dry pellets 

 

4.1.3 shmiR transfection 

 

Cells were seeded in a 24-well culture plate at a density of 120,000 cells per well. Jurkat 

cells were transfected with the Neon® electroporation device (Thermofisher) with 2μg of 

SYmiRNA plasmid. HEK293 cells were plated in a 24-well culture plate at a density of 

60,000 cells per well. After 24 hours, 600ng of shmiR plasmids were transfected into the 

cells using PEI MAX™ - Transfection Grade Linear (POLYSCIENCES) as transfection 
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reagent (PEI:DNA ratio 3:1). After 48 hours, the cells were collected in a 1.5-mL tube, 

washed once with PBS1X and stored at -80 °C as dry pellet. 

 

4.1.4 RNA Extraction, reverse transcription and qPCR 

 

The dry pellet of the transfected cells was used to extract RNA according to the 

manufacturer's protocol, using EZNA TOTAL RNA KIT (Omega Bio-tek). The retro 

transcription was performed with PrimeScript RT reagent kit (Takara) as two-step reaction 

according to manufacturer’s protocol. Next cDNA samples were stored at -20°C or directly 

used for qPCR. Amplifications were performed with the master mix Brilliant Applied 

Biosystems Fast SYBR Green. Primers used have a melting point between (58-60)°C  . The 

amplifications were performed as described above for the PCR assays conventional. 

Reagent Final concentration Volume ( TOT 10 μL) 

Fw primer  500nM 1 μL 

Rev primer 500nM 1 μL 

cDNA 5ng 1 μL 

SYBR Green mix 1X 5 μL 

Nuclease-free water - 3 μL 

 

The qPCR reaction was performed in QuantStudio3 RT-PCR (Applied Biosystems) 

thermalcycler with the following cycling parameters shown in Table 2. For error bar 

interval of normalized fold change, Applied Biosystem guideline were followed 

https://assets.thermofisher.com/TFS-Assets/LSG/manuals/cms_042380.pdf  

For statistical analysis, paired one-tail t-student test was calculated on dCT data. 

 

Step Temperature Duration 

Taq polymerase activation 95°C 10 minutes 

Denaturation 95 °C 15 seconds Amplification 

step 35X Annealing 60°C 1 minute 

Denaturation 95 °C 15 seconds  

Melt Curve 

Step 

Annealing 60°C 1 minute 

Denaturation 95 °C 15 seconds 

https://assets.thermofisher.com/TFS-Assets/LSG/manuals/cms_042380.pdf
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4.2 Primary CD8+ T cells protocols 

 

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. 

 

4.2.1 CD8+ isolation from buffy coat 

PBMCs are isolated by Buffy Coat through density gradient centrifugation via Ficoll Paque 

Plus (Sigma-Aldrich,GE17-1440-02). Buffy Coat was diluted 1:1 with Dulbecco's 

Phosphate Buffered Saline (PBS) (Sygma-Aldrich, D8537), and stratified on Ficoll Paque 

Plus in a ratio 1: 1.5 respectively, considering the volume of the blood before the dilution. 

Subsequentially a centrifuge of 30’ 400g creates a gradient of stratification of buffycoat 

components. The centrifuge must be without brake and accelerator. From the bottom the 

first layer are red cells, FICOLL followed by the white ring of granulocytes and at last the 

plasma with platelets.  Granulocytes are collected and diluted 1:3 with PBS1X and 

centrifuged for 10’ 300g. This washing step is repeated a second time. Pelleted cells are 

resuspended in PBS 1:1 and counted via Trypan Blue 0.4% (Gybco). Next, they are 

centrifuged again and resuspended in homemade MACS buffer composed by PBS, Bovin 

serum Albumin (BSA) 0.5% (Sygma-Aldrich, A2153), EDTA (Sygma-Aldrich, T 3924) 

2mM. 

CD8+ T cells are isolated via negative selection using (Miltenyi Biotec, 130-096-495). 

Based on the number, cells are resuspended in 40 ul of MACS Buffer per each 107 cells. 

10 µL of CD8+ 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 CD8+ T 

Cell MicroBead Cocktail per 10⁷ total cells. Cells are incubated for 10 minutes at 4°C. 

Next, magnetic isolation is performed through LS column (Miltenyi Biotec,130-042-401) 

and MACS separator (Miltenyi Biotec, 130-042-303) according to manufacturer protocol. 

 

4.2.2 CD8+ T cell culture 

Cells were maintained in Roswell Park Memorial Institute (RPMI-Gibco) 1640 medium 

supplemented with 10% of FBS, 100 mg/mL of P/S, 10 mM Glutamax and 10 mM Hepes. 

After purification, cells are stimulated with Dynabeads™ Human T-Activator CD3/CD28 
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for T Cell Expansion and Activation (Life Technology, 11132D), according to 

manufacturer protocol. Cell’s medium is supplemented with IL-2 (50 ng/ul) , IL- 7 and IL-

15 (10 ng/ul) at a final concentration of 106 cell/ml at 37°C with 5% CO2. 

 

4.2.3 CD8+ T cell Electroporation 

CD8+ T cells cultured as described in the previous paragraph, are electroporated 48 post-

isolation. In the morning , beads are removed through DynaMag-15 magnetic rack (Thermo 

Fisher Scientific) and left to rest for 2-3 hours. Subsequentially, CD8+ T cells are 

centrifuged and resuspended in R buffer Neon™ Transfection System (Thermo Fisher 

Scientific) at 22*106  cell/ml. For each condition, 2 milion of CD8+ T cells are mixed with 

22 ug of plasmid. With 100ul tips, DNA-Cells mix are electroporated with program #24 of 

Neon, 1600 mV, 3 pulses, 10ms. Cells are coltured in a 12 well plate at 1M/ml 

concentration, with RPMI described above but without P/S. 

 

4.2.4 Elisa detection of TNF-α and INF-γ 

Cell medium of electroporated CD8+ t cells 48h post-EP was collected and centrifuged at 

500g for 1000g. The supernatant was kept and freezed at -80 °C. Elisa plates for TNF-α 

and INF-γ from Thermo Fisher Scientific were used. Medium was diluted at 8 times before 

loaded into ELISA coated plates.  

 

 

4.3 Flow cytometry protocols for T cells 

 

4.3.1 Functional assay and antibody staining 

CD8+ T cells 48h post-electroporation are stimulated with 1ug/ml of Ionomycin and 

50ng/ul of Phorbol 12-Myristate 13-Acetate (PMA) for 6h after adding 1ul of GolgiPlug 

(BD-555029) for every 1ml of medium. After incubation time, cells were centrifuged at 

400g for 2 minutes to remove media, and washed once with PBS1X. Next, cells were 

stained with LIVE/DEAD Fixable yellow (Thermofisher, L34959) in 1:1000 in 100 μl of 

PBS1X for 20 minutes at room temperature. After incubation, wash step with PBS1X  an 

extracellular staining is performed using antibodies 2 μl of anti CD3 (BD Horizon, 564713) 

and CD8 (BD Horizon, 566452)  in 100 μl of PBS1X for 20 minutes at room temperature. 

After washing step, cells are fixed with BD Cytofix/Cytoperm™ Fixation/Permeabilization 
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Kit (BD, 554714) for 20 minutes at 4°C degrees. Subsequentially cells are stained in 100 

μl of Permwash buffer (BD, 562574) with 2 μl of antibodies anti TNF α (BD,563418) IL-

2 (BD,554566) and Granzyme B (BD, 563389) for 20’ at 4°C protected from light. After a 

wash step, cells are resuspended in PBS1X analyzed by a BD FACS Celesta Cell Analyzer. 

To detect CAR expression, cell viability was determined using L/D eFluor™ 450 

(eBioscience, 65-0863-14) followed by surface antibody staining using goat anti-human 

IgG-biotin (Jackson ImmunoResearch) followed by streptavidin-PE (Thermo Fisher). Cells 

were incubated with surface antibodies for 30 min in the dark at room temperature, then 

they were washed in DPBS and analyzed by a BD FACS Celesta Cell Analyzer. 

 

4.3.2 Checkpoint receptor assay 

CD8+ T cells 48h post-electroporation are stained with LIVE/DEAD as previously 

described. Following, extracellular staining is done with 2 μl of CD3,CD8, PD1 (SONY 

2249750), TIM-3 (BD, 565567), LAG-3 (BD,565718) CD39 (BD, 563679) antibodies for 

20 minutes at room temperature. After a washing step, fixation and permeabilization of the 

cells is done with FIXPERM 1x (BD, 562574) 40 minutes at 4°C protect from light. Next, 

intracellular staining is performed using CTLA-4 antibody (BD, 555854), 10 ul in 

PERMWASH 1x (BD, 562574) and 2 μl TOX (Miltenyi,130-120-716) for 40 minutes at 

4°C protect from light. After a wash step, cells are resuspended in PBS1X analyzed by a 

BD FACS Celesta Cell Analyzer 

 

4.3.3 Xcelligence assays 

First, 4000 SKOV3 mCherry+ are seeded per well in a 96-well plate. SKOV3 mCherry 

cells are kept in culture at 37 degrees for 3-4 hours to allow complete attachment of tumor 

cells to the wells. Once completely attached, Caspase-3 reagent (SCT104) is added to each 

well (working concentration 1:1000 from the original stock). Caspase-3 reagent is 

incubated half an hour to allow signal stabilization before the addition of effector cells. 

Effector CD8+ T cells are subsequently added to each well. For 3:1 E:T ratio, 12000 CD8+ 

T cells are added to each well, whereas 4000 CD8+ T cells are added to get 1:1 E:T ratio. 

Each condition and E:T ratio is done in technical triplicates (N=3). In parallel red 

fluorescence and impedance can be measured at the same time to Caspase-3 reagent (blue 

fluoresce) or individually. 
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4.3 Lentivirus workflow 

 

4.3.1 Lentivirus production and concentration 

Lentivirus particles were produced by transient transfection in HEK293T cells using PEI 

MAX™ - Transfection Grade Linear (POLYSCIENCES). Day before transfection, 5 

milion of HEK293T were seeded in a T75 flask with 15 ml. For 2nd generation lentivirus, 

7,8 μg of transfer vector and 3,9 μg of packaging (psPAX2 Plasmid #12260, Addgene) and 

envelope (pMD-2G Plasmid #12259, Addgene) plasmids were used. For 3rd generation, 

Gag/Pol plasmid (pMDLg/pRRE Plasmid #12251, Addgene) and pRSV-Rev 

(Addgene#12253) were used instead of pMD-2G. DNA mix was prepared into 350 μl of 

optimem. PEI mix was prepared using 350 μl of optimem with 47 μl of PEI. PEI mix was 

added to DNA mix and left incubating for 15-20 minutes before adding to the cells.  48h 

post-transfection, surnatant was filtered with 0.45 μM PES Filters and collected into a 50 

ml tube and stored at 4 degrees. Fresh media was added to the cells, and collected again 

72h post-transfection. 1:5 of Lentivirus concentrator was added to the supernatant and left 

incubation in agitation for 1-6 h. To concentrate the LV, 3220g for 45’ centrifuge was done 

and the pellet was resuspended in 200 μl of RPMI for T cells. The fresh LV was aliquoted 

and stored at -80 °C. 

 

4.3.2 Lentivirus titration in Jurkat cells 

Lentivirus titration protocol was gently given by Sonia Guedan lab, IDIBAP Barcelona. 

20’000 Jurkat cells are plated in 100 ul of RPMI into a 96 well plate. 50 ul of LV serial 

dilution LV are added to the cells. Cells are grown at 37°C, 5% CO2 and positive 

population is measured by flowcytometry 72h post-transduction. 

 

4.3.4 Transduction of HEK293 and Jurkat cells 

60’000 cells are seeded in a 24-well plate the day before transduction. Jurkat are used at 

300’000 cells/ml concentration and virus is simply added to the well by mixing. Cells are 

grown at 37°C, 5% CO2. 

 

4.3.5 CD8+ T cell transduction and expansion. 

Lentivirus titration protocol was gently given by Sonia Guedan lab, IDIBAP Barcelona. 
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T cells are isolated and stimulated with with Dynabeads™ Human T-Activator CD3/CD28 

for 24h. Next, 1 milion T cells are transduced at MOI 5.   Dynabeads are removed after 

72h. 

For expansion, T cells are counted and diluted at 0.8 milion/ml everyday with fresh media 

containing IL-2 (50 ng/ul) , IL- 7 and IL-15 (10 ng/ul). The cells are grown at 37°C with 

5% CO2 for total of 10 days. 

 

 

4.4 Molecular biology techniques   

4.4.1 BLOCKIT™ cloning 

Pre-mRNA Fw and Rev oligos were purchased from Sigma Aldrich (see Table 2 in 

Appendix), resuspended at 200 Μm concentration and the following annealing protocol 

was used:  

Next, ligation was done according to manufacturer’s indications. 

4.4.2 Lentiviral transfer plasmid cloning  

LV.0 vector was obtained modifying the plasmid FUGW (Plasmid #14883, Addgene) by 

removing the original cassette to generate a dual-promoter vector including two 

independent transcriptional units (TUs). As first TU, a bacterial cassette encoding for a 

green fluorescent protein (GFP) was inserted between two Esp3I restriction sites. The 

second TU was constant in all the LVs and encoded a mutated version of the low-affinity 

nerve growth factor receptor (LNGFR) driven by the shEF1α promoter. LNGFR sequence 

was amplified by PCR from pPRIME-CMV-LNGFR-recipient plasmid (Plasmid #11660, 

Addgene).  

The mix for the GoldenGate reaction is prepared as follows: 

Reagent Amount 

LV0 20 fmol 

Promoter hEf1α 20 fmol 

EmGFP-shRNA 20 fmol 

10x T4 ligase buffer (NEB, 

L6030) 

2 ul 

T4 ligase (TAKARA,2011B) 0.8 ul 

ESP 3I (NEB, R0734L) 1 ul 
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Nuclease free water Up to 10 ul 

 

The Goldengate reaction was done with the following steps  

 

Step Time Temperature 

Digestion 2’ 37°C 25X 

cycles Ligation 5’ 16°C 

Final 

digestion 

20’ 37°C 

Deactivation  20’ 80°C 

 

With the first lentivirus with LV0 backbone, the following plasmids were produced: LV-

FP-6; LV-FP-7; LV-FP-8; LV-FP-9. The characteristics of these plasmids are reported in 

Appendix, Table 3. 

 

4.4.3 Bacterial transformation 

According to the type of cloning, different bacterial were used. For In-fusion cloned 

plasmids, 30 μL of Stellar Competent Cells (Clontech) were mixed with 2.5 μL of plasmid 

and left incubated for 30 minutes at 4°C. Next, the heat-shock step for Stellar cells was 

performed by incubating 45 seconds at 42°C in a heat block and then placed for 2 minutes 

on ice. For golden gate lentivirus plasmids, 15 ul of competent cells (NEB® Stable 

Competent E. coli High Efficiency, C3040H) are transformed with 1 μl of cloned plasmid. 

First, DNA and bacteria are incubated 30’ on ice followed by the heat-shock at 30 seconds 

at 42°C and the cells are incubated 5 minutes on ice. Cells were grown for 1h at 30°C with 

SOC Medium (Clontech) in a shaking heat block.  

For BLOCK-iT™ plasmid, One Shot® TOP10 Competent E. coli cells were used according 

to manufacturer’s protocol. 

All transformed cells were then plated LB agar plates with the proper antibiotic resistance 

100 mg/ml. Lentiviral transformation plates were grown for 24h at 30°C for limitating 

recombination, whereas all the other plates were grown at 37°C for 16h.  

Colonies were picked and grown in LB at 30 °C or 37°C as previously described, in shaking 

incubator for following plasmid purification step.  
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4.4.4 Plasmid purification 

 

Plasmid purifications were done according to the manufacturer’s instructions using 

E.Z.N.A.® Plasmid Mini Kit I (VWR), QIAGEN Plasmid Plus Kit, and QIAGEN Plasmid 

Plus Maxi Kit. All plasmids were verified by Sanger sequencing. 

 

4.4.5 PCR protocol and DNA fragment purification 

PCR reactions of short fragments were performed using ‘AccuPrime Pfx SuperMix’ 

(Thermo Fisher Scientific) according to manufacturer’s instructions. Primers were 

designed through Snapgene software and where 18-21nt long excluding the overhangs. 

Annealing temperatures were determined using the NEB Tm Calculator and secondary 

structure was also check through secondary prediction DNA sofware. DNA gels were at 

different percentages of agarose depending on the fragment size. All gels were stained with 

SYBR Safe (Thermo Fisher Scientific) and loaded with Purple Loading Dye 6X (Thermo 

Fisher Scientific). The electrophoresis run was performed at 80-100 V in TAE Buffer with 

a Life 1 kb Plus DNA Ladder (Thermo Fisher Scientific).  

Gel extractions were performed using ‘NucleoSpin Gel and PCR Clean-up’ (Macherey-

Nagel) according to the manufacturer’s instructions. 
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