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Abstract 
 
Loss of chimeric antigen receptor (CAR) surface expression emerged as a key determinant in CAR-

T cell dysfunction. However, the underlying mechanisms directing CAR trafficking remain largely 

unknown. Current strategies to enhance the anti-tumour effectiveness of CAR-T cells involve 

targeting of negative regulators of T cell signalling, such as diacylglycerol kinase α (DGKα), which 

inhibit diacylglycerol (DAG)-driven TCR signalling by converting DAG to phosphatidic acid (PA). 

Although it is widely accepted that its kinase activity does play a role in limiting CAR-T cell 

function, several evidence suggest that it may act more upstream in the TCR signalling. Here, we 

showed that in DGKα depleted CAR-T cells, the engagement of tumour antigen result in a reduced 

loss of CARs from the cell surface compared to WT CAR-T cells. Reconstitution with both DGKα 

WT or kinase dead (KD) mutant reduced the amount of the receptor at the cell surface, suggesting 

a new kinase-independent function of DGKα in CAR regulation. Once internalized, CAR is saved 

from antigen-induced lysosomal degradation in DGKα KO CAR-T cells, due to a reduction of the 

E3 ubiquitin ligase Cbl recruitment to the receptor, and rather recycled back to the plasma 

membrane. Thus, DGKα is responsible for CAR ubiquitination, degradation and finally for the 

reduction of the CAR at the cell surface upon antigen stimulation. Together, these data indicate 

that DGKα couples antigen-induced T cell activation to the triggering of the negative feedback 

mechanism that lead to lysosomal degradation of the activated CAR. 
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Introduction 
 

T Cell Receptor signalling and fate 

T cells play a central role in the adaptive immune response, undergoing activation through the 

binding of the T cell receptor (TCR) to antigens, presented on major histocompatibility complex 

(MHC) molecules by antigen-presenting cells (APCs) (Dong et al., 2019); this type of cellular 

interaction allows the formation of the immunological synapse, characterized by a polarized 

increase in diacylglycerol (DAG) at the contact area between the two cell types (Dustin et al., 

2010). This process is crucial for effective antigen recognition. 

TCR is a cell-surface protein complex consisting in several subunits that work together and 

organized in six polypeptides: the highly variable TCRα and TCRβ chains are responsible for 

antigen recognition; the invariant heterodimers CD3ε-CD3δ and CD3ε-CD3γ, together with the 

CD3ζ-CD3ζ homodimer, are responsible for converting antigen recognition to intracellular signal 

transduction (Mariuzza et al., 2020). 

The CD3 chains contain immunoreceptor tyrosine-based activation motifs (ITAMs), with CD3γ, δ, 

and ε each containing one ITAM, and the ζ chains each having three ITAMs. TCR signalling is 

initiated when these ITAMs are phosphorylated by the Src family kinases (Lck and Fyn) at tyrosine 

residues which become accessible to Lck only after stimulation (Brownlie et al., 2013). 

Once phosphorylated, ITAMs of the ζ chain recruit and bind Zap-70 (ζ-chain-associated protein 

kinase of 70 kDa) which in turn induces the phosphorylation of the linker of activated T cells (LAT) 

(Brownlie et al., 2013); phosphorylated LAT recruits phospholipase C-γ (PLCγ) (Wu et al., 2020) 

leading to the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) into DAG and inositol 

1,4,5-triphosphate (IP3) (Krishna and Zhong, 2013), two important second messengers that 

mediate the downstream effector functions. 

The amount of the TCR exposed at the cell surface is essential for the proper regulation of the T 

cell signalling and ultimately of the T cell function (Geisler, et al., 2004; Smith-Garvin et al., 2009). 

TCR trafficking is regulated by multiple processes: de novo synthesis, transport of newly 

assembled receptors, endocytosis of surface TCRs, recycling to the plasma membrane of 

internalized receptors, and receptor degradation (Onnis and Baldari, 2019). Specifically, the 

internalization of the TCR occurs both in a clathrin-dependent and independent manner (Capitani 

and Baldari, 2021). Following internalization, TCR complexes are compartmentalized into early 

endosomes, which are further fused in Rab5+ sorting endosomes; from here, they can be sorted 
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into Rab6+ vesicles for the retrograde transport to the trans-Golgi network or in Rab4 (short-loop, 

fast cycle) or Rab11 (long-loop, short cycle) positive compartment for recycling. Finally, TCR may 

be directed into Rab7+ late endosomes for lysosomal degradation (Fig. 1).    

 

 

FIGURE 1. Overview of endosomal transport: Plasma membrane-derived vesicles traffic towards 

the plasma membrane, forming a network of endosomal compartments. First TCR is directed 

towards early endosomes that fuse with sorting endosome (Rab5+). Here, cargos are selected for 

various destinations: lysosomal degradation (Rab7+), retrograde transport to the trans-Golgi 

network (Rab6+), or recycling. Constitutive recycling can occur rapidly (mediated by Rab4) or 

slowly (driven by Rab11), while antigen-induced recycling (involving Rab14, 8, and 10) is initially 

slow under normal conditions but can be modulated by specific cellular signalling pathways 

(Adapted from Evnouchidou et al., 2022). 
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Ubiquitination as a critical regulator of TCR abundance on the t cell surface 
 
Ubiquitination is a post-translational modification that alters the stability, protein-protein 

interactions, enzymatic action and cellular localization of the targeted protein (Acconcia et al., 

2009). It’s involved in regulating a wide range of cellular processes, including signal transduction 

and protein trafficking (Mukhopadhyay et al., 2007), by the addition of a highly conserved 76 

aminoacid (8kDa, ubiquitin) in a target protein. 

Ubiquitination reactions are catalysed by three classes of enzymes (E1, E2 and E3), resulting in 

the formation of a covalent bond between ubiquitin and a lysine (Lys) residue in the target protein 

(Acconcia et al., 2009). The specificity of these effects is determined by the diverse abilities of E3 

ligases to promote different types of protein ubiquitination (Thien et al., 2005). Among the E3 

ubiquitin ligases, c-CBL and Cbl-b (belonging to the Cbl (Casitas B-lymphoma) family proteins) are 

known negative regulators of TCR signal transduction highly expressed in T cells (Naramura et al., 

2002; Gavali et al., 2021). Indeed, by targeting multiple T cell signalling proteins to the lysosome 

for degradation, they are responsible for switching off TCR signalling (Sitaram et al., 2019). While 

Cbl-b mostly target intracellular proteins involved in TCR signalling, such as PI3K, Vav1 and PLCγ, 

c-Cbl primary limits T cell activation by binding to the TCR CD3ζ chain via ZAP70, thus leading to 

the receptor ubiquitination and consequent loss of the receptor from the cell surface (Liu et al., 

2002). Consistently with a signal reduction following Cbl-mediated TCR ubiquitination, T cells 

derived from c-Cbl and Cbl-b double KO are hyper responsive upon anti-CD3 stimulation 

(Naramura et al., 2002). 
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Chimeric Antigen Receptor - T cells:  limitation and potential strategies 

 Among the adoptive T cell therapies, chimeric antigen receptor (CAR) T cells are considered a 

revolutionary and successful frontier in cancer treatment (Sterner et al., 2021). CARs are 

composed of an antibody fragment (scFv) designed to recognize specific antigens, an hinge region 

serving as the extracellular link to the transmembrane domain, a transmembrane domain, and 

an intracellular signalling domain, composed by the CD3ζ chains of the T-cell receptor (Sterner et 

al., 2021; Jackson, H et al., 2016). Furthermore, based on the generation of CARs, it may 

incorporate a co-stimulatory domain such as CD28, 4-1BB or both (Fig.2) 

The recognition of the antigen expressed on the cell surface of the target cells enabled MHC-

independent target recognition by T cells and results in strong T-cell activation and accordingly 

robust antitumour response (Sterner et al., 2021).  

CAR-T therapy have demonstrated excellent results so far, especially in treating haematological 

malignancies. However, they still feature several limitations, mostly due to different mechanisms 

of resistance such as tumour-intrinsic mechanisms allowing immune evasion (i.e. antigen loss or 

lineage switch), the establishment of an immunosuppressive tumour microenvironment (TME) 

and CAR-T cell dysfunction itself leading to exhaustion. CAR-T cell exhaustion is characterized by 

a reduction in time of T cell effector functions and is determined by prolonged stimulation with 

the antigen and/or tonic signalling, namely, spontaneous activation of the CAR in the absence of 

the tumour antigen (Ruella et al., 2023). Altogether, these processes limit the in vivo persistence 

of CAR-T cells. Many intervention has been proposed to overcome CAR-T cell dysfunction, such 

as targeting of inhibitory receptor (i.e. Cytotoxic T-Lymphocyte-Associated Protein 4 (CTLA-4), 

Programmed Cell Death Protein 1 (PD-1)) or negative regulator of T cell signalling (such as 

diacylglycerol kinases (DGKs), ubiquitin ligases and phosphatases), as well as metabolic 

reprogramming of CAR-T cells towards a memory and persistent phenotype.  

Interestingly, several recent studies have contributed to identifying reduced exposure of the CAR 

receptor on the cell membrane as one of the events leading to CAR-T cells dysfunction (Davenport 

et al., 2015; Eyquem et al., 2017; Walker et al., 2017, Li et al., 2020, Agarwal et al., 2023). In fact, 

following repeated antigen-receptor interactions, the effectiveness of CAR-T cells decreases due 

to the downregulation of the CAR (Davenport et al., 2015). This downregulation is caused by the 

lysosomal degradation of the receptor following its rapid ubiquitination upon encountering the 

antigen (Li et al., 2020). For instance, an effective strategy to regulate CAR expression and 
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trafficking (compared to CAR-T cells produced using lentiviral or retroviral vectors) is the 

integration of the CAR gene into the locus of the constant region of the TCR alpha chain (TRAC). 

This strategy resulted in a more physiologically regulated internalization and re-expression of the 

CAR receptor following antigen stimulation, improving anti-tumour activity in haematological 

malignancies (Eyquem et al., 2017). Recent studies have shown that CAR-T cells knockout for the 

inhibitory receptor CTLA-4 are more efficient in killing the target tumour, as long as the CAR stay 

high at the cell surface (Agarwal et al., 2023). Together, these results suggest that maintaining 

high expression levels of the CAR at the cell surface by limiting CAR internalization and 

degradation may be an excellent strategy to achieve superior antitumour efficacy. 

 

 

June CH et al., CAR T cell immunotherapy for human cancer. Science. 2018 

 

FIGURE 2. COMPARISON BETWEEN TCR and CAR STRUCTURE:  The TCR is a protein complex 

expressed on the surface of T cells, consisting of αβ heterodimers, which confer specificity to 

antigens, and two CD3ε, a CDδ, a CD3γ, and a CD3ζ homodimer. CARs (First Generation) are 

composed of an antigen-binding domain that imparts antigenic specificity, derived from the 

variable heavy (VH) and light (VL) chains of monoclonal antibodies, linked by a linker to form a 

single-chain variable fragment (scFv); the hinge domain serves as the region connecting the 

extracellular domain to the transmembrane domain; the intracellular domain comprises the CD3ζ 

chain of the TCR, essential for the propagation of antigen-induced intracellular signalling. Second-

Generation CARs additionally feature a CD28 or 41BB costimulatory domain. Third-Generation 

CARs express both the CD28 and 41BB costimulatory domains simultaneously (Adapted from June 

et al., 2018). 
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DGKα as negative regulator in TCR signalling 

Diacylglycerol kinases (DGKs) are a class of lipid kinases responsible for catalyzing the 

phosphorylation of diacylglycerol (DAG) to generate phosphatidic acid (PA) (Zhong et al., 2008, 

Arranz-Nicolás et al., 2019). DGKα and DGKζ, the two main isoforms of diacylglycerol kinases 

(DGKs) expressed by T lymphocytes, are considered as the primary inhibitors of diacylglycerol 

(DAG) function. Although there is some overlap in their function, they are not entirely redundant: 

while DGKζ is responsible for the phosphorylation of most of the DAG produced by PIP2 hydrolysis 

upon TCR-stimulation, DGKα is known to control a small pool of DAG enriched at the immune 

synapse (Ruffo et al., 2016).  

DGKα and DGKζ are highly expressed in naïve T cells, and their expression, as well as their activity, 

decreases in activated T cells (Merida et al., 2009; Baldanzi et al., 2011). This leads to enhanced 

DAG-mediated signalling (Baldanzi et al., 2011). Consequently, DGKs induction mediates a hypo 

functional and tolerogenic antigen-induced T cell state known as T cell anergy (Olenchock et al., 

2006), making DGKs negative regulators of T cells. The anergic state of T lymphocytes can be 

considered a mechanism of tumour immune escape. It involves the development of peripheral 

tolerance, where lymphocytes do not become activated and fail to produce IL-2 for proliferation 

in response to antigenic stimuli (Joshi et al., 2013). 

Interestingly, genome-wide CRISPR screening in CD8+ human T cells and a pooled short hairpin 

RNA (shRNA) screening in a mouse melanoma model in vivo identified DGKα and DGKζ as 

inhibitors of T cell receptor signalling (Shifrut et al., 2018; Zhou et al., 2014).  

Thus, the overexpression of DGKα in T cells mimics an anergic state characterized by reduced Ras 

activation, a protein involved in cell proliferation, differentiation, and survival; on the contrary, 

the deletion of DGKα or DGKζ in primary cells results in cellular resistance to anergy (Olenchock 

etal., 2006). The notion that DGKα or ζ KO promotes T cell activation has contributed to the 

hypothesis that eliminating these molecules may also enhance the T cell response to 

tumours( Kureshi et al., 2023) and it has been demonstrated that a dual DGKα/ζ inhibitor (DGKi) 

reduce the activation threshold required to induce TCR signalling in effector T cells (Kureshi et al., 

2023). 

Several studies have found enrichment in DGKα expression in tumour-infiltrating lymphocytes 

(TILs) in human patients with renal cell cancer and xenograft mouse models (Lee, et al., 2018). 

Consistently with the role of negative regulator of T cell function with an enhanced expression in 
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tumour-infiltrating T cells, an increasing body of evidence indicate that DGKα targeting enhances 

efficacy of both adoptive T cell therapies.  

It has been shown that dual targeting of DGKα and DGKζ in CAR-T cells enhances the cytotoxic 

activity and the antitumour effect in a xenograft mouse model of glioblastoma by opposing to the 

TGFβ and prostaglandin E2 enriched immunosuppressive microenvironment (Jung et al., 2018).  

Moreover, pharmacological inhibition of DGKα in CD8+ CTLs infiltrating human renal cancer 

rescues TCR distal signalling in CTLs infiltrating in human renal cancer (Prinz et al., 2012) and 

enhance efficacy of anti-PD-1 treatment in B16 melanoma, MC38 colon cancer and LLC lung 

cancer murine models (Fu et al., 2021). Finally, CAR-T cells from either DGKα -/- or DGKζ -/- mice 

feature enhanced anti-tumour activity and enhanced persistence in murine models of 

mesothelioma and lung cancer (Riese et al., 2013).  

Although it is assumed that inhibiting DGKs (ζ and α) improves T cell function by enhancing DAG 

signalling, cytokine release, and ultimately tumour cell killing, none of these studies have 

investigated which mechanisms is responsible for the beneficial effects of targeting DGKs in 

adoptive T cell therapies. However, the deletion of DGKζ leads to increased Ras/ERK activation 

and enhanced recruitment downstream of the T-cell receptor and co-stimulation (Ávila-Flores et 

al., 2017), while DGKα does not (Joshi et al., 2013). DGKα is rather responsible for 

phosphorylating a small pool of DAG at the immunological synapse (Chauveau et al., 2014), 

suggesting that DGKα may be involved in another as yet unexplored mechanism. 

Preliminary results from our laboratory demonstrate that in a model of hypofunctional T cells, 

characterized by low TCR at the cell surface, DGKα silencing is sufficient to restabish the TCR levels 

at plasma membrane. Given that CAR share the CD3ζ subunit with the TCR, in this thesis we 

investigated the hypothesis that DGKα deletion may improve CAR-T cell function by increasing 

CAR availability at the cell surface. 
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Results 

Cloning OST-DGKα wild type (WT) and kinase dead mutant (KD) 

The experimental models present in this study were generated and designed to investigate the 

role of the DGKα protein in modulating CAR expression on the cell surface.  

In particular, we used a second generation CAR with a single-chain variable fragment (scFv) 

specifically engineered to recognize and bind CD19, an antigen highly expressed on malignant B 

cells. Within the intracellular domain, the CAR incorporates the co-stimulatory domain CD28 and 

the CD3ζ subunit of the TCR, responsible for the signal transduction (Fig.). This CAR, namely 

19.28ζ, was further engineered by adding a Myc-tag at the N-terminal, thus allowing us to easily 

detect the receptor (Li et al., 2020). 

The initial phase of the project aimed to generate in vitro cellular models that overexpressed an 

OST-tagged version of DGKα WT (wild type) or DGKα KD (kinase dead) proteins in 19.28ζ Jurkat 

cells that do or do not express the endogenous DGKα (WT vs DGKα KO, previously generated in 

the lab) (Fig.3a). The KD mutant is characterized by a mutation in the kinase domain that results 

in the loss of DGKα kinase activity, thus making it useful for studying its scaffold function (Cutrupi 

S. et al, 2000). 

The coding sequences for OST-DGKα WT and OST-DGKα KD were subcloned into the bicistronic 

vector CD19-CAR.28ζ H (PGK) eGFP (mCMV) (Recipient Plasmid) that allowed the simultaneous 

expression of our protein of interest and eGFP (Enhanced Green Fluorescent Protein), thus 

allowing the subsequent sorting of DGKα+/eGFP+ cells. (Fig.3b) 

From the original Recipient Plasmid, the sequence encoding for CD19-CAR.28ζ was removed 

through enzymatic digestions and replaced with the human DNA sequence of OST-DGKα WT or 

the mutated KD variant derived from a Donor Plasmid (pUC57-Mini) (Fig.3b).   

Briefly, the Recipient Plasmid, 9826 bp in size, was cut with two different restriction enzymes, 

RsrII and SalI, yielding two fragments: the first 8385 bp (representing the vector) and the second 

1441 bp (representing the CAR insert) (Fig.3c). Simultaneously, the pUC57-Mini vectors (one for 

OST-DGKα WT and one for OST-DGKα KD) were digested with the same restriction enzymes 

(Fig.3c), generating the two inserts of interest with sticky ends. Subsequently, both OST-DGKα WT 
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and KD isolated inserts were ligated within the excised Recipient Plasmid (8385 bp) and the 

cloning was verified by Sanger sequencing (Fig.3d).  In order to test the efficiency of the newly 

produced constructs, 293T cells were transiently transfected. This approach clearly demonstrates 

the increase in DGKα protein expression compared to the endogenous protein (Fig.3e). 

a) 

 

 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c) 
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d) 
 
 
 
 
 
 
 
 
 
e) 
 
 
 
 
 
 

 

 

Figure 3. Cloning OST-DGKα WT and OST-DGKα KD constructs: (a) Representative blot of Jurkat 

WT and DGKα KO (E9 and H2 clones) cell lines, previously generated in our laboratory. (b) 

Schematic representation of Donor and Recipient Plasmid digestion with RsrII and SalI restriction 

enzymes in order to create OST-DGKα WT and OST-DGKα KD vectors for overexpression of the 

DGKα protein. (c) Representative electrophoretic run of the enzymatic digestion of the Recipient 

Plasmid (left) and Donor Plasmid (right). The arrows indicate which digestion products were 

extracted from the gel and subsequently ligated as is indicated in the materials and methods. (d) 

Representative Sanger sequencing of the newly generated inserts. The figure shows the mutated 

triplet (highlighted in red) of DGKα KD variant. (e) Representative blot of endogenous DGKα and 

OST-DGKα protein expression in transiently transfected 293T cells.  
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Lentiviral transduction and cell sorting 

Lentiviral transduction is a widespread practice utilized to introduce the desired gene into cells 

of interest. This method relies on the ability of lentiviral vectors to infect different cell types and 

integrate genetic material into the genome of target cells (Roman P. Labbé et al., 2021).  

In this thesis work, Jurkat WT and DGKα KO cells were sequentially transduced with CAR and OST-

DGKα WT or OST- DGKα KD constructs and double positive cells were sorted. Thus, we generated 

six cell lines with comparable transduction efficiency of all the constructs (Fig.4a). The 

overexpression of OST-DGKα WT and KD proteins compared to the endogenous one was also 

evident (Fig.4b). 

In order to confirm that the transduction efficiency was comparable among the different cell 

lines, we evaluated the protein expression and the transcript levels of 19.28ζ into cells. Western 

blot and qPCR analysis of CAR mRNA expression did not reveal any significant differences (Fig.4b, 

c). 

Moreover, with the aim of generating a physiological in vitro system for CAR-T cells stimulation, 

we transduced K562 myelogenous leukemia cells with the CD19 antigen, which is recognized by 

19.28ζ CAR-T cells. (Fig.4d). After transduction, cells were sorted to separate K562 cells expressing 

the tumour antigen from the negative one (Fig.4e). These cell populations have been used in 

subsequent experiments to stimulate (K562 CD19+) or not (K562 CD19-) the 19.28ζ CAR-T cells. 
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a)  

b)                                                                                     c) 

 
 
                                                                                           
 d)                                                                                      e) 
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Figure 4. Lentiviral transduction and cell sorting: (a) Transduction and sorting workflow for the 

generation of the six 19.28ζ Jurkat cell lines. (b)  Representative blot of CAR and DGKα protein 

expression levels after transduction. (c) mRNA expression level of CAR in all 19.28ζ Jurkat cell 

lines. (d) Cartoon showing the in vitro model of CAR-T cells stimulation. Only K562/CD19+ cells 

bind the CAR and induce stimulation in 19.28ζ Jurkat cells. (e) Schematic representation of 

K562/CD19+ and CD19- cell lines generation by sorting. 
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CAR downmodulation requires DGKα 

CAR-T cells exhibited various limitations associated with CAR downregulation; specifically, 

persistent antigen exposure or high tumour burden cause a decrease in receptor surface 

exposure, resulting in a poor anti-tumoural response (Agarwal et al., 2023). Therefore, dissecting 

the mechanisms that regulate the amount of CAR exposed to the cell surface may represent a 

good strategy to ameliorate CAR-T cell effector function. Based on our previous results (see 

Introduction), we hypothesized that DGKα deletion via CRISPR/Cas9 could prevent the loss of CAR 

from the cell surface upon CD19 recognition on antigen-expressing cells.   

Therefore, we co-cultured 19.28ζ Jurkat with K562/CD19+ or K562/CD19- for 1 hour in 1:1 ratio 

(Fig.4d) to investigate the receptor persistence at the cell surface after tumour antigen encounter.  

CAR loss was measured through flow cytometry analysis by subtracting the amount of the 

receptor on the surface under basal conditions (19.28ζ Jurkat co-incubated with K562/CD19-) 

from the amount of the one after antigen exposure (19.28ζ Jurkat co-incubated with 

K562/CD19+). The results indicate a higher percentage of CAR loss in 19.28ζ WT cells compared 

to 19.28ζ DGKα KO cells (Fig.5a). When we reintroduced OST-DGKα WT in 19.28ζ Jurkat DGKα KO, 

CAR surface protein levels were restored similarly to 19.28ζ Jurkat cells expressing endogenous 

DGKα, highlighting a specific function of DGKα in driving CAR loss from the cell surface. 

Surprisingly, this effect was kinase independent since the KD mutant behave exactly as DGKα WT 

(Fig.5a). Interestingly, the overexpression of both DGKα WT and KD per se (in 19.28ζ WT cells) 

increased surface CAR loss, indicating that the levels of DGKα are crucial for the regulation of CAR 

downmodulation (Fig.5a) 

In order to exclude effects related to the clonal origin of our 19.28ζ Jurkat DGKα KO cell lines, we 

repeated the experiment by using a second clone (namely H2) and we confirmed our previous 

findings (Fig. 5b). 

Altogether, these data suggest that DGKα contributes to the CAR loss from the cell surface upon 

antigen stimulation in a kinase independent manner. 
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a)                                                                                 b)       

 

Figure 5. CAR downmodulation after antigen stimulus: CAR loss quantification by FACS analysis 

was calculated by subtracting the quantity of unstimulated receptor (19.28ζ Jurkat co-coltured 

with K562/CD19-) from the quantity of receptor remaining on the surface after stimulation 

(19.28ζ Jurkat co-coltured with K562/CD19+).  

(a) CAR loss quantification in E9 clone. n= 4 independent experiments, data are mean ± SEM; two-

way ANOVA, uncorrected Fisher’s LSD multiple comparisons test: **** p< 0.0001. 

(b) CAR loss quantification in H2 clone. n=8 independent experiment; data are mean ± SEM; 

paired t-test * < 0.05. 
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DGKα deletion promotes CAR recycling to the plasma membrane and prevents 

CAR degradation 

The different percentage of CAR loss from the cell surface that we observed between WT and 

Knockout (DGKα KO) cells upon tumor antigen interaction, prompted us to investigate the 

mechanism processes that lead to total receptor downmodulation on the cell surface. These 

processes include internalization, recycling, and degradation (Fig.1). 

Indeed, the inhibition of CAR downmodulation in DGKα KO CAR-T cells could be due to either 

impaired CAR endocytosis or enhanced recycling of the internalized CAR to the cell surface. 

Therefore, we assessed both the internalization and recycling rate of CAR in 19.28ζ Jurkat WT or 

DGKα KO cells according to the scheme showed in methods (Fig.8, 9). 

Interestingly, we observed that DGKα deletion per se increased CAR receptor at steady state 

(Fig.6a), while did not have any significant difference in CAR internalization (Fig.6b). Notably, 

recycling rate appeared to be significantly increased in cells without DGKα (Fig.6c).  

However, the enhanced CAR recycling rate could relay either from a direct impact on the recycling 

process itself (i.e. DGKα may regulates Rabs, VAMPs or other proteins involved in receptor 

recycling (Onnis and Baldari, 2019)), or from increased availability of receptors upon 

internalization since degradation is prevented. 

In order to discern between these two possibilities, we first measured CAR degradation, since it 

was recently demonstrated that engagement of tumor antigens induces strong CAR 

downmodulation and lysosomal degradation (Li et al., 2020). 

We co-cultured 19.28ζ Jurkat WT and DGKα KO cells with K562/CD19+ and CD19- cells at 1:1 ratio 

in the presence of cycloheximide (CHX), a protein synthesis inhibitor, and we monitor CAR 

degradation (either antigen-induced or not) at various time points (0, 3, 6, and 9 hours). In line 

with published data, upon engagement with the CD19 tumor target we observed a drastic 

degradation of CAR in 19.28ζ Jurkat WT cells, which was significantly delayed in 19.28ζ Jurkat 

DGKα KO (Fig.6d about 92% loss in WT vs 82% loss in DGKα KO after 9h of CHX treatment). 

Interestingly, even under unstimulated conditions, we measured about 79 % of CAR degradation 

loss in Jurkat 19.28ζ WT cells compared to 59 % in 19.28ζ Jurkat DGKα KO cells (Fig. 6e). 

Collectively, these data strongly support the hypothesis that, in DGKα KO CAR-T cells, the CAR is 

saved from lysosomal degradation and redirected towards the cell surface upon internalization, 

whether stimulated by the antigen or not. 
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a)  

 
 
 
 
 
 
 
b)                                                                                           c) 

 
d)              e) 
 

 
f)                                                                                           g) 

 
Figure 6. Engaged and basal CAR fate: (a) Quantification of total CAR at the cell surface by FACS 

analysis in 19.28ζ Jurkat WT and DGKα KO cell lines; paired t-test * p<0.05. (b) Percentage of 

engaged CAR internalized, n=1. (c) Percentage of CAR recycling after stimulation, n=3 

independent experiment, data are presented as mean ± SEM; Two-Way ANOVA, Holm-Sidak’s 

multiple comparisons test: * p < 0.05. (d,e) CAR degradation assay after treatment with CHX 

(100μg/ml) for the indicated time: (d) CAR expression was evaluated in 19.28ζ Jurkat  WT and 
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DGKα KO co-incubated with K562/CD19+  by Western Blot analysis (left) and the quantification 

of degraded CAR is shown (right); (e) CAR expression in unstimulated condition (19.28ζ Jurkat co-

incubated with K562/CD19-) analysed by Western Blot (left) and its relative quantification is 

shown (right); a small band was observed in DGKα KO due to the presence of K562,which 

physiologically contain DGKα. 

Densitometry analysis of 3 independent experiments, Data are mean ± SEM; two-way ANOVA, 

Holm-Sidak’s multiple comparisons test: * p < 0.05, ** p < 0.01. 
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CAR ubiquitination requires DGKα 

Based on our results, we can speculate that DGKα limits the amount of CAR exposed to the cell 

surface primarily by promoting CAR degradation, which is a consequence of the ubiquitination of 

its CD3ζ chain (Li et al., 2020).  

For this reason, we examined CAR ubiquitination by incubating or not 19.28ζ Jurkat cells with 

K562/CD19+ or CD19- at 1:1 ratio for 5 minutes and, then CAR was immunoprecipitated in order 

to assess its ubiquitination level. Western blot analysis revealed an induction of ubiquitination in 

19.28ζ WT cells when stimulated with the proper antigen, which was mirrored to a decrease in 

the amount of immunoprecipitated CAR (Fig.7a, b, c). However, in cells that were deleted for 

DGKα, CAR ubiquitination was significantly reduced, thus reflecting an impaired degradation 

(fig.7 a, b, c). 

Among the mechanisms that controls receptor ubiquitination, the E3 ubiquitin ligase c-Cbl has 

been identified as the main regulator of CD3ζ degradation. Since CAR shares the CD3ζ chain with 

the TCR complex, we hypothesized that c-Cbl may also regulate CAR ubiquitination. Therefore, 

we performed a CAR immunoprecipitation analysis to examine the c-Cbl association with the CAR 

in our 19.28ζ Jurkat cells. Following stimulation, as confirmed by p-ERK1/2T202/Y204 increasing 

level, c-Cbl co-immunoprecipitated with CAR in WT cells (Fig.7d, e). Then, we set to investigate 

whether DGKα could interfere with c-Cbl binding to the ζ chain of the receptor, thus affecting CAR 

loss. Interestingly, this association was reduced in stimulated 19.28ζ DGKα KO cells and partially 

rescued when we reintroduced both DGKΑ WT and KD (Fig.7d, e). Strikingly, DGKα itself was 

found to co-immunoprecipitate with the receptor in a stimulation-dependent manner, suggesting 

that may play a role in delivering c-Cbl to the CAR (Fig.7d, f). 

Altogether, the data presented in this thesis demonstrate that DGKα recruits the E3 ubiquitin 

ligase c-Cbl to the receptor, thus increasing CAR ubiquitination, degradation and ultimately 

reducing the amount of the CAR at the cell surface. DGKα deletion restore CAR levels at the cell 

surface both in unstimulated and stimulated conditions by preventing tonic and antigen-induced 

degradation and promoting receptor recycling back to the plasma membrane. Together, these 

data contribute to the understanding of CAR-T cell functioning, providing a novel rationale to 

target DGKα in order to ameliorate CAR-T response rate. 
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a)                                                           b)                                                       c) 

 
d)                                                                                                  e) 
       

                                                                         
 

f) 
 

 
 

 
 
 
 
 

 

 

Figure 7. DGKα mediates CAR ubiquitination: (a) Representative blot of CAR 

immunoprecipitation in 19.28ζ Jurkat WT and DGKα KO cells under basal conditions (untreated, 

UT) or following engagement with K562/CD19+ cells. (b) Quantification of immunoprecipitated 

ubiquitin normalized on immunoprecipitated CAR level for each condition; n= 3 independent 

experiments, data are mean ± SEM; two-way ANOVA, Holm-Sidak’s multiple comparisons test: ** 

p < 0.01, **** p < 0.0001. (c) Quantification of immunoprecipitated CAR on Zap70 in 19.28ζ Jurkat 
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WT and DGKα KO cells; n=4 independent experiments; data are mean ± SEM; two-way ANOVA, 

Sidak’s multiple comparisons test: * p < 0.05.  (d) Representative blot of CAR immunoprecipitation 

in 19.28ζ Jurkat cells co-incubated with K562/CD19+ or CD19-. (e) Quantification of 

immunoprecipitated c-Cbl normalized on immunoprecipitated CAR level for each condition; n=3 

independent experiments; data are mean ± SEM; one-way ANOVA, Sidak’s multiple comparisons 

test: * p < 0.05. (f) Quantification of immunoprecipitated DGKα on immunoprecipitated CAR level 

for each cell line; n=2 independent experiments. 
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Discussion 

CAR-T cell therapy represents a promising new frontier in cancer immunotherapy compared to 

classical chemotherapy, although it faces several limitations. These include the downmodulation 

of receptors following antigen exposure and the challenges posed by the immunosuppressive 

tumour microenvironment. 

In this thesis, we investigated the role of DGKα in modulating CAR trafficking, focusing specifically 

on the mechanisms contributing to receptor downmodulation at the cell surface. We used a 

19.28ζ Jurkat cell model to explore the receptor downregulation mechanism in presence (WT) or 

absence of DGKα (DGKα KO). Recent findings demonstrated that CAR undergoes rapid 

ubiquitination, internalization, and lysosomal degradation following antigen encounter (Li et al 

2020). Our findings in 19.28ζ WT cells confirmed what has been documented in the literature. 

Intriguingly, in our DGKα KO CAR model, we observed significantly reduced CAR downregulation 

following tumour antigen ligation, indicating a potential for more effective long-term tumour 

eradication. The phenotype observed in DGKα deficient cells is lost when DGKα is re-

overexpressed in 19.28ζ WT cells. Notably, OST-DGKα WT or KD significantly increases the 

percentage of surface receptor loss similar to 19.28ζ WT, suggesting that this mechanism may 

dependent on a scaffolding activity of the protein itself rather than on its kinase activity.  

Previous studies from our laboratory have demonstrated the involvement of DGKα in receptor 

trafficking, as evidenced in ovarian carcinoma cells where DGKα drives integrin recycling (α5β1) 

and invasive behaviour by generating PA required to dock Rab11FIP1 recycling endosome to the 

plasma membrane (Rainero et al., 2012). DGKα role in trafficking is also supported by our 

unpublished data showing that DGKα inhibition rescues defective TCR recycling and surface 

expression in hypofunctional SAP-deficient T cells. Starting from the observation that DGKα KO 

cells display higher levels of CAR at the cell surface, we investigated processes that lead to the 

modulation of the receptor at the cell surface. These processes include internalization, recycling 

and degradation. 

While we didn’t observe any differences in the internalization rate of CAR over time in 19.28ζ WT 

compared to DGKα KO cells, DGKα KO cells displayed significantly increased recycling. This seems 

to confer a protective effect against degradation through a mechanism that is dependent on 

DGKα. We may speculate that the increased recycling could be due to enhanced receptor 

dynamics, allowing for higher surface expression. Whether having more or less CAR at the cell 
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surface may confer an advantage in term of CAR-T cell function and in vivo persistence is under 

debate. On one hand, several studies provide support and demonstrate that a reduction of CAR 

on the surface is a crucial mechanism that drive CAR-T cells dysfunction (Davenport et al., 2015; 

Eyquem et al., 2017; Walker et al., 2017; Li et al., 2020; Agarwal et al., 2023). In particular, in the 

context of CAR ALK-BBz and CAR 19BBz, it has been observed that cells with low levels of surface 

CAR expression exhibit reduced cytokine production compared to cells with high CAR expression 

(Walker et al., 2017). Similarly, in a study by Guedan et co-authors, low levels of surface CAR 

significantly diminished their antitumor function in a xenograft pancreatic tumour model 

(Guedan et al., 2018). Therefore, one strategy to improve CAR-T cell function may be to increase 

CAR levels at the cell surface. Indeed, in the study by Li and colleagues, a mutated version of the 

CAR with increased recycling rate (and limited loss from the cell surface upon antigen stimulation) 

is sufficient to exhibit greater persistence in vivo of the CAR-T cells, which show better long-term 

killing capacity (Li et al., 2020). Altogether, these studies provide strong evidences that increasing 

CAR at the cell surface may be considered as a good strategy to improve CAR-T cells fitness. 

However, recent literature warns about the possibility of expressing the receptor at high levels in 

order to avoid tonic signalling, which is sufficient to induce ligand-independent early T cell 

exhaustion and limit antitumor potency (Long et al., 2015; Frigault et al., 2015). Since in DGKα-

deficient CAR-T cells we observed a significant increase in CAR surface expression already at basal 

levels, we cannot rule out that our treatment may curtail CAR-T cell persistence in vivo.  

The cellular model we exploit in this thesis (i.e. 19.28ζ Jurkat cells and antigen-expressing K562 

myelogenous leukemia cells) has been highly advantageous to determine the mechanism through 

which DGKα may control CAR trafficking. However, we are aware that it has several limitations; 

one future prospect is to assess the impact of DGKα in trafficking in CAR-T manufacturer from 

primary T cells, because they offer a more clinically relevant model compared to cell lines. 

Moreover, the use of primary CAR-T cells allows to perform crucial assays such as degranulation 

assays, killing assay and chronic antigen exposure assay (CAE) which are needed to study CAR-T 

cell effector functions.  

Mechanistically, in our model we demonstrate that the decreased degradation of CAR in DGKα 

KO cells is linked to reduced recruitment of Cbl to the CAR, resulting in decreased receptor 

ubiquitination. Accordingly, we would expect an increase in signalling after CAR stimulation in 

DGKα KO cells, while we didn’t observe any changes in pERK levels compared to WT cells. 

Interestingly, also c-Cbl and Cbl-b double KO (dKO) T cells, despite inducing a significant increase 

of the TCR at the cell surface, do not display an enhanced signalling downstream TCR activation, 
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rather the signalling appears to be sustained over time (Naramura, M. et al., 2002). Based on the 

similarities of these two models (DGKα KO and Cbl dKO) we can speculate that DGKα KO cells may 

mirror these effects.  

 Our results identify a new kinase-independent function of DGKα in receptor regulation: this 

hypothesis is supported by several studies demonstrating that DGKζ, but not DGKα, is the main 

regulator of DAG-mediated signalling after TCR stimulation (Joshi et al., 2013; Guo, et al., 2008; 

Ávila-Flores et al., 2017); moreover, previous studies were mostly conducted upon 

pharmacologically inhibition of both DGKs or by deleting both isoforms, thus making difficult to 

discern between the distinct function of the two kinases. Therefore, we may speculate that DGKα 

genetic ablation might increase T cell function with a mechanism which is at least partially 

independent from DAG increase, and that DGKα and ζ specific targeting may have different 

outcomes. Interestingly, a first in human study in participants with advanced solid tumours is 

currently ongoing that aim to establish the safety and dosing of a new compound (GS-9911) that 

specifically degrades DGK alpha isoform. The result of this clinical trial will be available in 2026 

and may help in dissecting DGKα specific functions 

(https://classic.clinicaltrials.gov/ct2/show/NCT06082960). 

Besides DGKα and Cbl, another key negative regulator of TCR and immune tolerance is CD5, which 

has been shown to interact with DGKα (Mori et al., 2020). In peripheral T cells, the Cbl family 

associates with CD5 upon TCR activation (Voisinne et al., 2018), suggesting that DGKα might play 

a scaffolding role either in CD5 recruitment to the plasma membrane, or in facilitating Cbl 

recruitment to the receptor through CD5, thereby influencing its turnover and signalling 

dynamics. Whether this mechanism can be applied to the CAR need to be investigated, as well as 

the contribution of DGKα. Therefore, we are currently designing DGKα and CAR proteomic 

experiments, in order to clarify how DGKα regulates CAR trafficking. 

Recent work from Carl June lab demonstrate that CTLA-4 deletion dramatically improve the 

response rate of CAR-T cells manufactured from patients with leukaemia that previously failed 

CAR-T cell treatment (Agarwal et al., 2023). However, CTLA-4 deficient cells are able to eradicate 

tumours only in low tumour burden conditions, when CAR at the cell surface is high; when mice 

are challenged with high tumour burden, CAR is lost from the cell surface, and CTLA-4 KO CAR-T 

cells failed to clear tumours (Agarwal et al., 2023), highlighting the strong positive correlation 

between CAR surface exposure and CAR-T cell anti-tumour activity in vivo. Based on these 

evidences, we can speculate that the combination of inhibitory receptors inhibition (i.e. CTLA-4) 

and DGKα genetic deletion will greatly improve CAR-T cell response and persistence in preclinical 
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model. 

Altogether, the data presented in this thesis provide a novel rationale to target DGKα in order to 

ameliorate CAR-T response rate. 

Materials and Methods 
 

Generation of OST-DGKα WT and OST-DGKα KD constructs 

The coding sequences for OST-DGKα WT and OST-DGKα KD inserts were designed based on mRNA 

transcript variant 3 of Homo sapiens diacylglycerol kinase alpha (DGKΑ) gene (NCBI Reference 

Sequence NM_001345.5), adding RsrII and SalI restriction enzyme sites in order to generate sticky 

ends and clone them in a recipient plasmid. Those inserts were synthesized in a pUC57-Mini 

vector (AmpR) by GenScript (Donor Plasmid). 

Thus, enzymatic digestion was performed with the indicated enzymes and the reaction buffer Cut 

SMART 10X Buffer (New England Biolabs, NEB) for 1 h at 37°C. The digestion products were loaded 

onto a 0.8% agarose gel and, then, isolated using Monarch® DNA Gel Extraction Kit (New England 

Biolabs, NEB #T1020) and quantificated using NanoDrop2000.  

The Recipient Plasmid (LV CD19-CAR.28ζ H (PGK) eGFP (mCMV), 9826 bp) is a lentiviral vector 

provided by Casucci laboratory. From this original vector, the sequence encoding for CD19-

CAR.28ζ was removed through enzymatic digestions using RsrII and SalI restriction enzymes as 

mentioned before.  

Subsequently, the digest Recipient Plasmid (50ng) was ligated (in ratio 3:1) with the previously 

isolated human DNA sequence of OST-DGKα WT or the mutated KD variant derived from the 

Donor Plasmid. The ligation reaction was performed overnight at 16°C by using the T4 DNA Ligase 

enzyme (Invitrogen, #15224017). 

The whole ligation product was used to transform competent bacteria. At the end, some of the 

obtained colonies were screened by Sanger sequencing (Eurofins Genomics) using one primer on 

the vector (Recipient Plasmid) and the other one on the insert (OST-DGKα WT or KD) to verify the 

correct incorporation.  

 

Primer Forward Reverse 

OST-DGKα (WT/KD) INSERT          CTCTGAGGCTCTGCGGATT AACAGTCTCAGGCCGATCTC 

RECIPIENT PLASMID                                                                                        GACCGAATCACCGACCTCTCT GGGCCACAACTCCTCATAA 
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Cell culture 

Jurkat (E6.1) and K562 cells were cultured in complete media (RPMI-1640, Euroclone) 

supplemented with 10% of fetal bovine serum (FBS), at 37 °C and 5 % CO2.  

Jurkat DGKα KO (E9, H2 clones) cells were previously generated in our laboratory from Jurkat 

(E6.1) cells, here indicated as Jurkat WT. 

Jurkat WT and DGKα KO cells were stably transduced with the lentiviral vector containing 19.28ζ 

CAR sequence (LV CD19-CAR.28ζ H (PGK) eGFP (mCMV) from Casucci Laboratory). After 24 hours, 

19.28ζ WT and 19.28ζ DGKα KO Jutkat cells just generated were transduced again with the 

Recipient Plasmid either empty or containing OST-DGKα WT or OST-DGKα KD sequences. 

K562 cells were stably transduced with a lentiviral vector containing the ectopic domain of CD19 

antigen provided by Casucci laboratory. 

Every new Jurkat or K562 cell line generated (Fig. 4a and Fig. 4e) was sorted with Sony SH800 Cell 

Sorter. 

Instead, 293T cells were cultured in complete Dulbecco's Modified Eagle's Medium (DMEM, 

Euroclone) supplemented with 10% FBS, at 37°C and 5% CO2. 

0.45*106 293T cells were plated in 1.5 mL of complete DMEM in a 6 well plate for transient 

transfection of Recipient Plasmid (4 µg) with Lipofectamine 3000 (Invitrogen, #L3000150). 

 

CAR mRNA expression assay 

RNA was extracted from 5*106 cells of each 19.28ζ WT and DGKα KO lines (empty, OST-DGKα WT 

and OST-DGKα KD) using TRIzol (Invitrogen, #15596018) and quantified by NanoDrop2000. Then, 

samples were digested with DNase at 37°C for 30 minutes, which was subsequentially inactivated 

by heating at 65°C and with 2mM EDTA. Next, 1μg of RNA was retrotranscribed into cDNA 

(complementary DNA) using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher, 

#4368813).  

The resulting cDNA was quantified using qPCR (Luna Universal qPCR Master Mix from New 

England Biolabs, NEB #M3003E) with the 7900HT Fast Real-Time PCR System. 18s r-RNA was used 

as housekeeping control.  

 Real-Time PCR system using the following couple of SYBR primers:  

SYBR PROBE Forward Reverse 

CAR          ACCGTGAAGCTGCTGATCTA GTGTTGCCTTGCTGACAG AA 

18S r-RNA TAGAGGGACAAGTGGCGTTC CGCTGAGCCAGTCAGTGT 
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CAR loss assay 

0.15 * 10^6 19.28ζ Jurkat cells were plated in 150 μl of complete media (RPMI + 10% FBS) and 

co-incubated at a 1:1 ratio with K562/CD19+ or CD19- cells for 1 hour at 37°C with 5% CO2. 

Then, cells were stained 1 hour on ice with saturating concentration of anti-Myc Tag antibody 

(9B11), conjugate with Alexa Fluor 647 fluorophore (Cell Signalling Technologies, #2233). After 

washing with PBS, CAR surface exposure was measured using FACSCelesta (BD Bioscience) and 

analysed with FlowJo Software. 

The percentage of CAR loss resulted by subtracting the amount of receptor on the surface 

(%TSK562/CD19-) under basal conditions (with K562/CD19-) from the receptor remaining 

(%TSK562/CD19+ ) on the surface after antigen exposure (with K562/CD19+). 

 

 

Engaged CAR internalization   

0.15*106 19.28ζ Jurkat cells were resuspended in 50 μl of RPMI 0% FBS + 1% BSA for each 

experimental point and incubated for 30 minutes at 37 °C and 5 % CO2 to equilibrate. After 

washing with PBS, the cells were incubated 1 hour on ice with the anti-Myc-tag antibody (9B11, 

Cell Signaling Technology, #2276) at saturating concentration (0.4 μg) in 50 μl of RPMI 0% FBS + 

1% BSA (Bovine Serum Albumin) for each experimental point, to allow binding to the CAR exposed 

on the plasma membrane at that moment. After extensively washes with PBS, the cells were 

centrifuged at 300 g for 5 minutes and resuspended at the concentration of 0.15*106 cells in 50 

μl of RPMI 0% FBS + 1% BSA. Immediately, 50 μL (representative of the CAR Total Surface point) 

were transferred into a 96-well round-bottom plate, which was maintained on ice until the end 

of the experiment. 

Subsequently, the remaining cells were incubated at 37°C for the indicated time (0, 5, 10, 20, 40 

and 60 minutes) in order to promote CAR internalization and then transferred to the 96-well plate 

on ice. After washing with cold PBS, the cells in the plate were incubated with APC-647 anti-

mouse secondary antibody diluted 1:500 in FACS Buffer (PBS supplemented with 2% FBS) for 30 

minutes on ice. At the end, cells were washed again and the internalized receptor was measured 

using FACSCelesta (BD Bioscience) and analysed with FlowJo Software.  

The percentage of receptor internalization was determined using the following calculation: 
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Where MFI is the Median of Fluorescence Intensity detected in Total Surface (Ts) and MFI (time 

X) is the MFI measured at each time point. 

 

Figure 8. Engaged CAR internalization workflow: The cartoon illustrates the rationale of the 

engaged internalization experiment. 

 

Engaged CAR recycling 

As previous described for engaged CAR internalization, 0.15*106 19.28ζ Jurkat cells were 

resuspended in 50 μl of RPMI 0% FBS + 1% BSA for each experimental point and incubated 30 

minutes at 37 °C 5 % CO2. After washing with PBS, the whole CAR at the cell surface was coated 

with the anti-Myc-tag antibody (9B11, Cell Signaling Technology #2276) at a saturating 

concentration for 1 hour on ice.  

Then, after two washes with PBS, cells were resuspended at the concentration of 0.15*106 cells 

in 50 μl of RPMI 0% FBS + 1% BSA, and 50 μL representative of the CAR Total Surface point were 

directly transferred into a 96-well round-bottom plate on ice. 

Then, the remaining cells were allowed to internalize the antibody-coated receptor for 20 minutes 

at 37°C and, at that time, 50 μL of cells were transferred in the 96-well plate on ice (20 minutes 

of internalization point). Thus, the remaining cells were treated for 30 seconds with Acid Stripping 

Solution (100 mM NaCl, 100 mM Glycine, 48.72 mM HCl, pH 2.5) in order to remove the anti-

Myc-tag antibody bound to the receptor that is remained at the cell membrane, while internalized 

labelled CAR is protect from the stripping wash and preserve anti-Myc-tag antibody. 
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This reaction was stopped by washing twice with RPMI 0% FBS + 1% BSA and the cells were, finally, 

resuspended at the concentration of 0.15*106 in 50 μl of the same media. Subsequently, 50 μl of 

cells were transferred in the 96-well plate to obtain the Stripped point (strip) that is 

representative of the time 0 (in which no signal should be present). 

At this point, cells were incubated again at 37 °C to allowed labelled CAR recycling for the 

indicated time points (0, 15, 30 and 60 minutes) and transferred to the 96-well plate on ice. After 

washing with cold PBS, the cells were incubated with APC 647 anti-mouse secondary antibody 

diluted 1:500 in FACS Buffer for 30 minutes on ice. 

After extensively washes, the recycled receptor was measured using FACSCelesta (BD Bioscience) 

and analysed with FlowJo Software. 

The percentage of recycled receptor was determined using the following calculation: 

 

Where, MFI (Timerecycling) is the MFI detected at each recycling time points, MFI (strip) is the MFI 

measured at the Stripped point, MFI (TS) is the one measured at the Total Surface point and MFI 

(timeinternalization20 min) is the MFI detectable after 20 minutes of internalization. 

 

Figure 9. Engaged CAR recycling workflow: The cartoon illustrates the rationale of the engaged 

recycling experiment. 

 

Degradation assay 

0.3*106 19.28ζ Jurkat cells were plated in 150 μl of RPMI 10% FBS medium for each experimental 

point in ratio 1:1 with K562/CD19+ or CD19- cells in a 24 well-plate.  

Cells were treated with CHX (100μg/ml) for 0, 3, 6, 9 hours and incubated at 37°C with 5 % CO2. 
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Then the cells were lysed in 70 μl of RIPA Lysis buffer (20 mM Tris-HCl pH 7.4, 160 mM NaCl, 50 

mM NaF, 1 mM EGTA, 1 mM EDTA, 0.1% SDS, 0.1 % Sodium Deoxycholate, 1% TritonX-100) 

supplemented with Protease Inhibitor Cocktail (Sigma-Aldrich, #P8340). And 1mM Sodium 

Orthovanadate, for 30 minutes on ice. 

At the end to purify the proteins from DNA, the lysed was centrifugated at 12000 g for 15 minutes 

at 4°C. In conclusion, proteins were denatured with Sample buffer (62.5 mM Tris-HCl pH 6.8, 10% 

Glycerol, 2% SDS) and 150 mM Dithiothreitol (DTT) and resolved by Western Blot. 

 

CAR immunoprecipitation assay  

2*106 19.28ζ Jurkat cells were resuspended in 200 μl of RPMI 10% FBS in Eppendorf tubes and 

incubated in ratio 1:1 with K562/CD19+ or CD19- cells for 5 minutes at 37°C. 

Subsequently, the cells were lysed for 30 minutes on ice in 300 μl of Lysis Buffer containing 50 

mM Tris-HCl (pH 7.6), 1% Triton X-100, 200 mM NaCl, 1 mM EDTA, 0.2% SDS, with the addition of 

freshly prepared 10 mM N-ethylmaleimide (Sigma Aldrich #04259-5G), Protease Inhibitor Cocktail 

(Sigma-Aldrich, #P8340) and 1mM Sodium Orthovanadate, 2 mM phenylmethylsulfonyl fluoride 

(PMSF) and 50 mM NaF. Then, proteins were purified from DNA by centrifugation at 12000 g for 

15 minutes at 4°C. 

Then, an equal amount of cell lysate (around 270 μl) was used to immunoprecipitate the CAR and 

the remaining part (around 30 μl) was kept as input for western blot analysis. For CAR 

immunoprecipitation, cell lysate was incubated with 15 μl of agarose beads conjugated with anti-

Myc antibody (Sigma-Aldrich #A7470) for 1 hour at 4°C in agitation.  

After intensively washing with Lysis Buffer to avoid non-specific binding, the CAR 

immunoprecipitated in complex with the beads was eluted in 15 μl of Sample Buffer plus 150 mM 

DTT. Finally, inputs were denatured as described before and both immunoprecipitates and inputs 

were resolved by western blot. 

 

Western blotting 

Protein lysates obtained from the previous assays were denatured as mentioned before and 

heated at 95°C. Subsequently, an equal amount of proteins was loaded and separated through 

SDS-PAGE (SDS-Polyacrylamide Gel Electrophoresis) using a 4-15% polyacrylamide precasted gel 

by BioRad. Following the electrophoresis run, the proteins in the gels were transferred using 

trans-blot Turbo RTA transfer kit (#1704273). Then, membranes were saturated for 1 hour at room 
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temperature with a 3% BSA solution in T-TBS (TBS with 0.25% Tween20) and 0.01% Sodium Azide 

before being probed with specific antibodies.  

Primary antibodies against Myc-tag (9B11, Cell Signaling Technology #2276), DGKα (Proteintech 

11547-1-AP), c-Cbl (D4E10; Cell Signaling Technology, #8447), Ubiquitin (P4D1; Cell Signaling 

Technology, 3936), β-ACTIN (8H10D10; Cell Signaling Technology, #3700), GAPDH (14C10, Cell 

Signaling #2118), Vinculin (Sigma Aldrich #V9264) and Phospho-p44/42 MAPK (Erk1/2) 

T202/Y204 (Cell Signaling Technology #8334) were used. 

Those primary antibodies were diluted to a concentration of 1:1000 or 1:2000 in 3% BSA in T-TBS 

+ 0.01% Sodium Azide and were incubated overnight at 4°C. To detect the bound antibodies, the 

appropriate HRP-conjugated secondary antibody (PerkinElmer) was used at 1:3000 in T-TBS and 

incubated for 1 hour at room temperature. Bands were visualized through ECL Plus Substrate 

(PerkinElmer), and the resulting images were captured using ChemidocTouch (BioRad). The 

quantification of the bands was carried out utilizing Image Lab software (Biorad). 

 

Statistical analysis  

The data are presented as mean ± SEM. Statistical analysis was performed using GraphPad PRISM 

software. It was determined by a Student T-test or when compare more than two groups a 

Oneway ANOVA or Two-way ANOVA (α=0.05) with Sidak’s multiple comparison correction. * p < 

0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 or uncorrected Fisher’s LSD test.  
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