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ABSTRACT 
 
   Adoptive transfer of CAR T cells demonstrated impressive results against B-cell 

malignancies, but still limited efficacy against solid tumors. In this context, multiple 

challenges need to be overcome, including poor tumor recognition and strong 

immunosuppression within the tumor microenvironment (TME).  

   Our Unit has recently reported that pharmacological inhibition of N-glycan synthesis in 

cancer cells increases CAR T cell efficacy by improving tumor recognition and 

preventing T cell exhaustion. In this project, we investigated the role of N-glycosylation 

blockade on TME cells in the context of colorectal cancer (CRC) and pancreatic 

adenocarcinoma (PDAC)-derived liver metastases and CEA-specific CAR T cell therapy.  

   To this aim, we performed tripartite co-cultures and suppressive assays including M2 

macrophages (M2-M) and hepatic stellate cells (HepSCs) treated with de-glycosylating 

agents. These studies revealed that N-glycosylation inhibition abolishes the ability of both 

TME cells to restrain T cell proliferation and increases the elimination of cancer cell lines 

(BxPC3 and LoVo) and patient-derived tumor organoids (PDOs from CRC-liver 

metastases). Interestingly, these effects were associated with profound phenotypic and 

transcriptional changes in M2-M and HepSCs. In particular, the treatment was able to 

inhibit M2-polarization in terms of surface markers expression, IL-10 secretion and gene 

expression profile, and was shown to hinder the activation of HepSCs and inhibit the PD-

1/PDL-1 axis.   

   To evaluate the effect of N-glycosylation blockade on TME cells in vivo, we exploited 

immunodeficient mice reconstituted with a human immune system (huSGM3), engrafted 

intra-hepatically with tumor cells (either BxPC3, LoVo or PDOs) and treated with CEA 

CAR T cells. In this model, the presence of human immune cells supports CAR T cell 

responses and helps recreate an immune TME more representative of the human disease.  

Importantly, using these mice we observed that N-glycosylation inhibition increases CEA 

CAR T cell antitumor activity and this is associated with the downregulation of 

immunosuppressive genes in tumor-infiltrating human immune cells.  

   Overall, these data suggest that blocking N-glycosylation can help overcome multiple 

barriers that currently limit CAR T cell efficacy in solid tumors, acting not only on tumor 

cells, but also on immunosuppressive tumor microenvironment cells. 
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1. INTRODUCTION 
 

1.1 CAR T cell therapy of cancer: clinical point of view  

   In recent years, the use of cell-based therapies has animated the field of cancer 

immunotherapy. Starting with tumor-infiltrating lymphocytes and moving to engineered 

T cells with antigen specific T cell receptors (TCRs) or chimeric antigen receptors 

(CARs), each of these technological strategies displayed a gradual improvement for the 

treatment of neoplastic diseases (Leon et al., 2020).  

 

1.1.1 Adoptive T cell therapy and CAR T cells for cancer  

   The concept of the immune system as a tool for treatment of neoplastic diseases was 

conceived in the twentieth century with Paul Erlich, who hypothesized that tumors in 

human body are eradicated by immune cells. This idea was confirmed when, in 1956, a 

leukemic patient received for the first-time hematopoietic stem cell (HSC) transplantation 

from the monozygotic twin as treatment, resulting in a complete tumor remission through 

graft-versus-leukemia (GVL) effect. However, allogenic HSCs transplantation presented 

the toxic effect of graft-versus-host disease (GVHD), limited by the delayed transfusion 

of donor lymphocytes, after T cell-depleted stem cell transplantation (Thomas et al., 

1957). In the late 1900s, the discovery of monoclonal antibodies (mAbs) allowed new 

therapeutic products to be available for the cancer field (Maloney et al., 1997; Barrett et 

al., 2014). Indeed, starting with the Food and Drug Administration (FDA) approval of 

Rituximab, many other mAbs have been approved, including bi-specific antibodies such 

as the anti-CD19/anti-CD3 Blinatumomab, to tackle both T cells and B-cell leukemia 

blasts (Barret et al., 2014; Zugmaier et al., 2013). Impressive clinical results were 

reported, but unfortunately mAbs showed a poorly predictable pharmacokinetics and 

pharmacodynamics.  

   A crucial contribution in the field of cellular immune-gene therapy was given in the 

1980s by Steven Rosenberg from the US National Institute of Health (NIH), who 

pioneered the concept of adoptive T cell therapy. He based his work using tumor-

infiltrating lymphocytes (TILs) to treat metastatic melanoma. Lymphocytes isolated from 

tumor biopsies were expanded ex vivo with interleukin (IL)-2 and then reinfused 
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intravenously in the same patient, where they induced complete tumor regression in 

combination with IL-2 (Rosenberg et al., 1988; Rosenberg et al., 2011). 

   TILs strategy, however, presents intrinsic limitations, including the extensive 

manipulation and expansion for a feasible therapeutic product and the paucity of 

functional anti-tumor lymphocytes in most patients affected by other malignancies rather 

than melanoma (Dudley et al., 2013; Hinrichs & Rosenberg, 2014). 

   To overcome these limitation, cellular immune-gene therapy rapidly evolved, leading 

to the generation of T cells simply retrieved from peripheral blood and genetically 

modified ex vivo to express TCRs or CARs. With both approaches it is possible to 

generate large numbers of engineered T cells within few weeks, consistent with clinical 

application and T–cell fitness preservation. Even if these technologies share many 

advantages, CAR and TCR-based strategies are different. TCR-based T cells have shown 

successful results in melanoma, myeloma and HPV-associated cancers (Morgan et al., 

2006; Robbins et al., 2011; Doran et al., 2019), but have also demonstrated some 

limitations. First, despite the potential of targeting any peptide, the strategy is MHC-

restricted. Second, MHC downregulation or antigen processing machinery impairment, 

as determinants for tumor escape mechanism, are concrete possibilities (Seliger et al., 

2002). 

   Synthetic CARs can overcome MHC restriction and direct T cell-mediated cytotoxicity 

to any surface target molecule. CAR T cells were described in the late 1900s as artificial 

molecules composed by a single chain variable fragment (scFv) derived from monoclonal 

antibodies fused to the signaling domain of TCR ζ-chain. Compared to mAbs, CAR T 

cells show a wider bio distribution, proliferative capacity, migration and multiple effector 

functions. Moreover, their tumor recognition is MHC-independent, making them 

extensively applicable to multiple individuals. Contrary to TCRs, CARs can bind also 

surface carbohydrate and glycolipid structures, but lack the ability to target intracellular 

molecules (Leon et al., 2020).  

   CARs are synthetic molecules and their design has been modified over time, to improve 

CAR T cell efficacy against different malignancies. The ligand-binding domain is 

commonly composed by single chain fragment variants, where variable heavy (VH) and 

light (VL) chains are separated by a flexible linker. The affinity and avidity of this domain 

affect CAR T cell functionality and represent a key parameter that can be modified to 
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increase CAR specificity and reduce “on-target, off-tumor” toxicity, a CAR-T related 

side effect relevant when the target antigen is also expressed on healthy tissues (Park et 

al., 2017). Indeed, anti-ErbB2 CAR with a micromolar affinity showed selective 

cytotoxicity and increased efficacy mice, compared to high-affinity scFv CAR T cells 

(Chmielewski et al., 2004; Liu et al., 2015). However, reducing affinity to improve CAR 

specificity may also reduce CAR potency. Indeed, anti-ROR1 CARs with a higher-

affinity scFv demonstrated higher therapeutic index compared to scFv with lower affinity 

(Hudecek et al., 2013). Avidity is another important parameter regarding multiple 

receptor-ligand interactions and it is modulated by ligand densities, CAR expression 

levels and affinity of ligand-binding domains (Jayaraman et al., 2020). 

   Another crucial element of CAR structure is the spacer domain, which connects the 

ligand-binding domain to the transmembrane domain, conferring flexibility to the scFv, 

improving the binding with the specific target epitope. Spacer domain modulation is a 

relevant point to regulate the distance between CAR T cells and target cells, which is 

crucial to obtain a functional immunological synapse formation. To preserve optimal 

synapse distance, shorter spacers are preferred for membrane-distal epitopes, while 

longer spacers are required for membrane-proximal epitopes (Hudecek et al., 2013). 

Apart from limiting exclusion of inhibitory phosphates, such as CD45, the distance 

between epitope and paratope can also impair delivery of granzymes and perforins, 

altering the cytolytic effect of CAR T cells (Woodsworth et al., 2015). The most 

commonly used long spacer is the one that includes CH2CH3 portion of 

immunoglobulins G1 (IgG1) or G4 (IgG4) (Hudecek et al., 2015; Haso et al., 2013), 

whereas the short ones derive from the extracellular portions of CD28 (Haso et al., 2013; 

Lynn et al., 2015), CD3 (Weijtens et al., 1996), CD4 (Willemsen et al., 2005) or CD8 

(Carpenito et al., 2009; Hasom et al., 2013). Several groups reported that CAR T cells 

endowed with IgG spacers display reduced anti-tumor activity due to their premature 

clearance by Fc-receptor-expressing myeloid cells (Jonnalagadda et al., 2015). To avoid 

this phenomenon several approaches have been pursued, including mutation or deletion 

in the CH2CH3 spacer sequences (Smith et al., 2019). In addition to these strategies, 

another possibility is NGFR-derived spacers, previously reported by our group; this 

technology presents the additional advantage of enabling CAR-T cell enrichment through 
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clinical-grade magnetic beads purification and the in vivo monitoring during time 

(Casucci et al., 2018). 

   Transmembrane domains in CAR structures work in the signal transduction from ligand 

recognition to the intracellular domain, which is a key part for the correct functionality 

of CAR T cells. In classical T cells, the intracellular signaling domain of the TCR-CD3 

complex transduces the necessary “signal 1” after the engagement with the target antigen 

and co-stimulatory receptors, such as CD28, are required for “signal 2”, important to 

sustain signaling and T cells proliferation, avoiding anergy. (Jayaraman et al., 2020).  

   First-generation CARs were characterized by the absence of co-stimulatory domains, 

lacking the “second signal” that is crucial for correct CAR functionality. These 

suboptimal products were first evaluated in pioneering clinical trials targeting the tumor 

antigen Carbonic anhydrase IX (CAIX) in patients with renal cancer (Lamers et al., 2006) 

and CD171/LI-CAM against pediatric neuroblastoma (Park et al., 2007). Even if these 

trials did not demonstrate significant anti-tumor activity, they were instrumental to the 

implementation aimed at improving CAR T cells persistence and function. Indeed, these 

first-generation CARs failed to elicit a robust cytokine response, necessary to support T 

cell expansion and to guarantee T cell persistence in vivo.  

   For these reasons the following improvement of CAR design was the inclusion of 

additional co-stimulatory signals, such as CD28 (Kowolik et al., 2006; Savoldo et al., 

2011), 4-1BB (Milone et al., 2009; Lee et al., 2002), OX40 (Pulè et al., 2005) or ICOS 

(Guedan et al., 2014), that sustain T cell proliferation, persistence and potency. These 

implemented constructs were named “second” or “third”–generation CARs (Carpenito et 

al., 2009; Finney et al., 2004), according to the presence of one or more co-stimulatory 

signals, respectively. Most commonly second generation CARs present CD28 or 4-1BB 

which differ in metabolism (Kawalekar et al., 2016), T-cell memory development (Kalos 

et al., 2012; Kawalekar et al., 2016), and antigen-independent tonic signaling (Long et 

al., 2015). The first strong clinical evidence of the superior activity of endo-costimulated 

CARs compared to first generation ones derived from the work of Barbara Savoldo and 

Gianpietro Dotti. Their group measured the activity of two autologous CAR-T cells 

products, both targeting CD19 in patients with non-Hodgkin lymphomas (NHLs). 

Patients were simultaneously infused with a first and a second-generation CAR T cells 
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and CD28-endo-costimulated CAR displayed enhanced expansion and persistence with 

increased efficacy in patients (Savoldo et al., 2011).  

   Although a variety of configurations of the co-stimulatory domain has been proposed 

over time, several groups have developed a variety of combination of the co-stimulatory 

domain and exhaustive comparisons have just more recently emerged. CD28 based CAR 

T cells proliferate and expand more rapidly and release large amounts of Th1 cytokines 

like IL-2 and interferon-γ (IFN-γ); 4-1BB endo-costimulated CAR T cells, conversely, 

show a more gradual response, but with a less exhausted phenotype and increased in vivo 

persistence (Frigault et al., 2015; Van Der Stegen, Hamieh et al., 2015). These 

distinctions also reflect typical metabolic pathways. CD28-CAR T cells rely on aerobic 

glycolysis, resulting in effector memory phenotype with a reduced persistence capacity. 

In contrast, 4-1BB CAR T cells rely on oxidative phosphorylation, leading to an early 

memory phenotype and a prolonged in vivo persistence (Van Der Stegen et al., 2015; 

Kawalekar et al., 2016). Recently, Majzner et al. demonstrated that CD19 CAR endo-

costimulated with CD28 outperforms CD19 CAR with 4-1BB to tackle tumor cells with 

low antigen density. They have shown that the replacement of CD8 hinge-transmembrane 

(H/T) with a CD28-H/T reduces the threshold for antigen recognition also in CD19-4-

1BB CARs, due to improved immunological synapse formation (Majzner et al., 2020). 

Moreover, the group of Michel Sadelain implemented the design of CD28-CD3ζ endo-

costimulated constructs, since the simultaneous signaling through CD28 and CD3ζ could 

lead to excess T cell differentiation and exhaustion. For these reasons, they generated 

several CAR constructs with calibrated ITAM activities by mutating selected tyrosine 

residues. It was observed in vivo that one particular mutant outperforms the others, and 

also classical 28ζ CAR as well, in terms of improved therapeutic index and increased 

long-lived memory T cells (Feucht et al., 2019).  

   Third-generation CARs, with both CD28 and 4-1BB domains, have been exploited 

against different antigens such as CD19, GD2, PSMA and mesothelin. These studies 

showed that third-generation CAR T cells present stronger activation with a superior 

tumor eradication capacity (Ramos et al., 2018; Zhong et al., 2010; Quintarelli et al., 

2018; Carpenito et al., 2009). Anti-mesothelin CAR T cells endowed with ICOS and 4-

1BB costimulatory domains demonstrated increased anti-tumor potency and prolonged 

in vivo persistence (Guedan et al., 2018). However, the superiority of third-generation 
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CAR T cells over second-generation is still under discussion. Indeed, a study showed that 

anti-PSCA CARs with CD28-4-1BB domains confer increased in vivo persistence, but a 

reduced anti-tumor potency, in comparison to second-generation CAR (Abate-Daga et 

al., 2014).  

   More recently, fourth-generation CARs (or “armored” CARs) that introduce additional 

stimulatory domains have been studied. Armored CAR T cells named “T cells redirected 

for universal cytokine-mediated killing” (TRUCK) were engineered to secrete 

inflammatory cytokine IL-2 to activate innate immune response against tumor cells 

(Chmielewski et al., 2017). Other soluble secreted factors have been investigated, 

including IL-15 or IL-18 to increase T cell expansion, but also CCL19 and IL-7 to 

stimulate immune cells and favor a persistent memory response against tumors (Adachi 

et al., 2018; Hoyos et al., 2010). 

 

 
Figure 1.1 | Adoptive T-cell therapy process. (A) TILs are isolated directly from tumor 
resections, ex vivo expanded and infused back into the patient. (B) CTLs derived from peripheral 
blood T cells reactive to specific TAA. (C & D) CAR and TCR engineered T cells are generated 
from PBMCs in a manufacture process including the activation of T cells and the subsequent 
modification by viral vectors to express a specific antitumor TCR or CAR. In all these ACT 
approaches, patients are pretreated with a lymphodepletion regime.  
TILs, tumor-infiltrating lymphocytes; CTLs, cytolytic T cells; TAA, tumor-associated antigen; 
CAR, chimeric antigen receptor; TCR, T cell receptor; PBMCs, peripheral blood mononuclear 
cells; ACT, adoptive T-cell therapy. 
From Leon E., Ranganathan R., Savoldo B., Semin. Immunol. 2020 
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1.1.2 CAR T cell therapy for hematological tumors  

   The first application of CAR T cell therapy has been for hematological B-cell 

malignancies, like acute lymphoblastic leukemia (ALL), chronic lymphoblastic leukemia 

(CLL) and multiple myeloma (MM), easier to target than solid cancers. So far, six CAR 

T cell products have been approved by the FDA, four targeting CD19 antigen and two 

targeting BCMA (Haslauer et al., 2021). 

   The first CAR T cell product that receive U.S. FDA approval was Tisagenlecleucel 

(KYMRIAH, Novartis) in August 2017 to treat patients aged 25 or younger with relapsed 

or refractory B-cell acute lymphoblastic leukemia (B-ALL). The approval came after the 

publication of the results from the phase II multicenter ELIANA trial, which 

demonstrated complete response (CR) rate around 81% at 3 months and overall survival 

(OS) at 12 months around 76% (Maude et al., 2018). In the real world, in 255 patients 

treated so far, CR rate was assessed to be around 86%, and the estimated 12-month event-

free survival rates were 52% (Pasquini et al., 2021). One year later this promising CAR 

T cell product was approved also for the treatment of adult relapsed or refractory diffuse 

large B cell lymphoma, after the JULIET trial. The CR rate was around 40% in the pivotal 

JULIET trial and in the real world (155 treated patients) (Schuster et al., 2019).    

Tisagenlecleucel is an anti-CD19 CAR endowed with 4-1BB costimulatory domain, but 

in 2017 an anti-CD19 CAR endo-costimulated with CD28 domain, named Axicabtagene 

ciloleucel (YESCARTA, Kite Pharma) was also approved by FDA. In large B-cell 

lymphoma patients treated with Axicabtagene, the CR and 12-months progression-free 

survival were 58% and 44%, respectively, in the ZUMA-1 trial, compared with 64% and 

45% among 275 patients treated in the real world (Neelapu et al., 2017; Nastoupil et al., 

2020). Last year, in 2021, the FDA approval of Axicabtagene ciloleucel was extended to 

treat follicular lymphoma (from ZUMA-5 trial), where it led to a complete response of 

around 80% and a progression-free survival around 74% (Jacobson et al., 2020). In the 

last two years, other three CAR T cell products have been approved and commercialized. 

In July 2020, Brexucabtagene autoleucel (TECARTUS, Kite Pharma) has been approved 

by FDA for the treatment of mantle cell lymphoma, after the results obtained from 

ZUMA-2 trial. In this clinical trial 68 patients were treated with CR around 67% and with 

progression free survival and overall survival at 12 months around 61% and 83%, 

respectively (Wang et al., 2020). In 2021, Lisocabtagene maraleucel (BREYANZI, Juno 
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Therapeutics) has been approved for relapsed and refractory B-cell lymphoma, thanks to 

the results obtained from TRANSCEND trial, showing CR around 53% and progression-

free survival around 44% (Abramson et al., 2020). The most recent FDA approved CAR 

T cell product was Idecabtagene vicleucel (ABECMA, BMS and Bluebird Bio) to treat 

patients with relapsed or refractory multiple myeloma, targeting the B-cell maturating 

antigen (BCMA). The KarMMa trial has shown a complete response around 33% in 128 

treated patients and an overall survival of 78% at 12 month (Munshi et al., 2021). Finally, 

in the beginning of 2022 FDA approved the application of Ciltacabtagene autoleucel 

(CARVYKTY, Janssen Biotech) targeting BCMA for the treatment of adult patients with 

relapsed or refractory multiple myeloma. The safety and efficacy profile was evaluated 

in the CARTITUDE-1 clinical trial and in 97 patients enrolled the overall response rate 

was 97.9% and the duration of response was around 22 months (fda.gov). 

   Beside these six commercialized CAR T cell products, multiple CAR T cells have been 

evaluated in ongoing clinical trials, in particular for AML (Frey et al., 2020; Ghorashian 

et al., 2019) and large B lymphoma (Cappell et al., 2020), but also for the treatment of 

CLL (Frey et al., 2020), MM (Zhao et al., 2018), myeloid malignancies (Baumeister et 

al., 2019) and Hodgkin lymphoma (Ramos et al., 2020).  

All the numerous ongoing clinical trials suggest that the therapeutic arsenal of CAR T 

cells for hematological malignancies is growing rapidly, and represent a promising 

therapeutic strategy.  
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Table 1.1 | Commercially available CAR T cell products.  
From Gill S. and Brudno J.N., 2021 ASCO educational book 
 

 

 
 
Table 1.2 | Advanced outcomes of commercial CAR T cell products.  
From Gill S. and Brudno J.N., 2021 ASCO educational book 
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1.1.3 CAR T cell therapy for solid tumors  

   Focusing on the outstanding clinical results achieved with CD19 CAR T cell therapy to 

treat B cell malignancies, several clinical trials have been initiated all over the world 

targeting solid tumors. However, compared to hematologic malignancies, solid tumors 

share unique challenges to CAR T cell therapy. First, solid tumors display high antigen 

heterogeneity, which contribute to an escape mechanism from CAR T cells that 

commonly recognize a single target antigen. Second, solid tumors are often surrounded 

by physical barriers, such as the stroma, which prevent T cell infiltration. Moreover, solid 

malignancies are characterized by a highly immunosuppressive tumor microenvironment 

(TME), which inhibits T cell function and leads to T cell exhaustion (Hou, et al., 2021).  

   GD2 is one of the most-studied tumor associated antigen for brain tumors, specifically 

for neuroblastoma and glioblastoma. Immunotherapy with anti-GD2 CAR T cells has 

demonstrated to be safe and shown some objective clinical responses. However, it has 

also provided insights into reasons for limited success, including low T cell persistence 

and a suppressive TME. Tumino et al. reported that polymorphonuclear myeloid-derived 

suppressor cells (PMN-MDSCs) confer a resistance mechanism to anti-GD2 CAR T cells, 

since this myeloid population increases in patients with relapse. In this interesting study, 

they have demonstrated that isolated PMN-MDSCs inhibit in vitro the anti-tumor 

cytotoxicity of different generations of GD2 CAR-T, downregulating genes involved in 

cell activation, signal transduction, inflammation and cytokine/chemokine secretion. 

(Tumino et al., 2021). Targeting central nervous system (CNS) tumors requires specific 

and careful considerations of the optimal delivery of CAR T cells. An ongoing phase I 

trial exploits the feasibility, safety and efficacy of treatment with anti-IL13Rα2 CAR T 

cells in patients with recurrent and refractory malignant glioblastoma. Results from a 

patient case study related to this clinical trial have shown a transient complete response 

when CAR T cell are administrated intraventricular. Moreover, an immediate increase in 

endogenous immune cells and inflammatory cytokines was detected after each 

intraventricular CAR T cells infusion, suggesting a recruitment and stimulation of the 

host immune system, able to eradicate also the antigen negative tumor cells. The clinical 

response in this patient was sustained for 7.5 months after therapy initiation and 

improvements in quality of life were reported (Brown et al., 2016). In the context of 

glioblastoma, another CAR T target is the human epidermal growth factor receptor 2 
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(HER2), a tyrosine kinase receptor overexpressed in glioblastoma, but also in other 

human cancers, including pancreatic cancer. In patients with progressive glioblastoma, a 

phase I dose-escalation clinical trial showed promising results (Ahmed et al., 2018), while 

in a phase I study for advanced pancreatic cancers of 11 patients enrolled, one patient 

reported a partial response after 4.5 months and 5 patients achieved stable disease (Feng 

et al., 2018). Similarly, anti-EGFRvIII CAR T cells also proved to be safe in 10 

glioblastoma patients, even though antigen loss and tumor heterogeneity were the major 

source of adaptive resistance to therapy (O’Rourke et al., 2017).  

   Besides CNS antigens, other typically targeted antigens in on-going clinical trials for 

solid tumors are PSCA, PSMA and CEA. PSCA is the prostate stem cell antigen, 

overexpressed in pancreatic and prostate cancers. Regarding PSCA for prostate cancer, 

one phase I trial is investigating anti PSCA-CAR T cell therapy for the treatment of 

metastatic castration-resistant prostate cancer, studying safety, tolerability and 

recommended phase II dose (Patel et al., 2022).  

   CEA, the carcinoembryonic antigen, is a classical tumor marker overexpressed in more 

than 80% of colorectal cancer patients, but also in other tumor types such as pancreatic 

cancer and CEA positive liver metastases. Interestingly, even before clinical testing of 

CAR T cells, CEA has been exploited as target antigen for TCR- based immunotherapy 

in a clinical trial of patients with metastatic colorectal cancer (Parkhurst et al., 2011). In 

this clinical experience, all patients have shown strong reductions in serum CEA levels, 

and one patient showed regression of cancer metastases to the lung and liver. However, 

all three patients developed severe inflammatory colitis due to the recognition by 

adoptively transferred T cells of cytoplasmic CEA expressed by healthy epithelial cells 

throughout the gastrointestinal tract. As consequence, the clinical trial was halted from 

the FDA.  

   Despite this first disappointing result, CEA has been extensively investigated in clinical 

trials as a suitable target for CAR products. Indeed, this antigen is exceptionally 

promising due to its peculiar distribution pattern on normal adult pulmonary and 

gastrointestinal epithelial cells. In fact, its expression is restricted to the apical surface of 

cell membranes, thus becoming invisible to immune cells (Nap et al., 1988). However, 

during malignant transformation the apical-basal polarity is lost and CEA acquires a 

homogeneous pattern of expression on the cell surface, hence becoming visible to the 
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circulating immune cells as well (Saeland et al., 2012). Nowadays, clinicaltrials.gov lists 

12 trials that target CEA with CAR T cells, three of which actively recruiting.  

   Altogether, the clinical experience of CEA CAR T cells proved hint of efficacy in the 

absence of significant toxicities in patients with liver metastasis of pancreatic cancer or 

colorectal carcinoma. An exception must be made for one phase I clinical trial, testing 

the infusion of high doses of first generation anti-CEA CAR T cells in patients with 

relapsed-refractory gastrointestinal tumor, in which one cohort of patients experienced an 

acute respiratory toxicity. This adverse event was the result of CEA expression on normal 

lung epithelium, which hints to a possible on-target off-tumor reaction as the primary 

trigger of toxicity. Interestingly, however, clinical manifestations also included raised 

levels of inflammatory cytokines, including IL-6, which might implicate another CAR T 

related toxicity, cytokine released syndrome (CRS) (Thistlethwaite et al., 2017). Another 

step forward, trying to improve the therapeutic index of CEA CAR T cells for the 

treatment of liver metastases, was exploited in two different phase I/Ib clinical trials. In 

these studies, the regional delivery of anti-CEA CAR T cells through hepatic artery 

infusion (HAI) was evaluated. These trials confirmed the safety of this delivery route with 

promising signs of clinical activity (Katz et al., 2015; Katz et al., 2020). More recently, 

the same group reported a case study where they tested the safety and feasibility of local 

CEA CAR T injection with Pressure-Enabled Drug Delivery (PEDD), a device designed 

to overcome high intra-tumoral pressure, for treatment of liver metastases. They reported 

that this combinatory strategy with three doses of CEA CAR T cells and IL-2 delivery 

demonstrated a complete metabolic response within the liver, durable and sustained for 

13 months, without any serious adverse events (Katz et al., 2020). 

So far, CEA CAR T cell therapy for liver metastases represent an interesting strategy, but 

with still limited application due to the efficacy to be improved and the toxicities effects 

to be managed.  
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Table 1.3 | Ongoing clinical trials of CAR T cells against solid tumors. 
From Hou A.J., Chen L.C., Chen Y.Y., 2021 Nat. Rev./Drug Discovery 
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1.2 CAR T cell therapy of cancer: efficacy and related toxicities   

   As reported in the previous paragraph, clinical trials of CAR T cells targeting CD19 

and BCMA have shown clear efficacy in B-cell malignancies and multiple myeloma. 

Despite the interesting results obtained from clinical trials, the percentage of complete 

response could be increased, since around 30-50% of patient will have disease relapse. 

The efficacy of CAR T cells, however, is not only threatened by disease relapse due to 

resistance mechanism, but also hindered by severe or even fatal toxicities.  

 

1.2.1 Clinical and biological determinants of CAR-related toxicities   

   One of the most common CAR related toxicity, emerging from clinical experience with 

CD19 CAR T cells and now also from BCMA CAR T cell trials, is the cytokine release 

syndrome (CRS). CRS is an acute and systemic inflammatory syndrome, which presents 

with systemic symptoms, such as fever, hypotension, malaise, coagulopathy and capillary 

leak, but can also affect any organ system of the body. The syndrome is initiated by 

activation and proliferation of CAR T cells soon after recognition of the cognate antigen 

on target cells and is characterized by peak serum concentration of IL-6, besides a broad 

spectrum of inflammatory mediators including IFN-γ, tumor necrosis factor-α (TNF-α), 

GM-CFS and IL-8 (Lee et al., 2014). CRS is treated with anti-IL-6 receptor-α (IL-6Rα) 

antibody, such as Tocilizumab, TNF inhibitors or corticosteroids. Other important CRS 

drivers are GM-CSF and IL-1; indeed, in a xenograft model of ALL, antibody inhibition 

or genetic knockout of the gene encoding GM-CSF (CSF2) in CAR T cells demonstrated 

the ability to prevent CRS reaction in the presence of human peripheral blood 

mononuclear cells (PBMCs) (Sterner et al., 2019). Moreover, blockade of IL-1 through 

the treatment with IL-1 receptor agonist Anakinra was successful to protect mice from 

CRS mortality (Giavridis et al., 2018; Norelli et al., 2018). Correlated to CRS, other CAR-

related toxicities include severe cytopenia, observed in the majority of patients with 

relapsed and refractory acute lymphoblastic leukemia. They developed neutropenia, 

anemia and thrombocytopenia and patients with higher grades of CRS have shown higher 

incidence of severe cytopenia during time (Wang et al., 2021). 

   CRS-like symptoms were also observed in a case study of a patient who received 

intracranial anti-IL-13Rα2 CAR T cells infusion for the treatment of glioblastoma; 

however, these symptoms were mild and the localized infusion of the cells didn’t increase 
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unwanted toxicity (Brown et al., 2016). Also in a phase I trial with anti-EGFRvIII CAR 

T cells administrated intravenously to patients with glioblastoma, typical CRS symptoms 

such as high IL-6 levels, fever and hypotension were recorded, but were associated with 

intracranial rather than systemic CRS (O’Rourke et al., 2017). Very recently, in an 

ongoing phase I clinical trial of Claudin18.2-specific CAR T cells for gastrointestinal 

tumors, all the patients treated (37) experienced severe CRS with leukopenia, 

neutropenia, anemia and thrombocytopenia (Qi et al., 2022). Other than these episodes, 

CRS has not been reported in other CAR T cell therapy for solid tumors. Indeed, in these 

malignancies CAR T cells are more localized and less stimulated in comparison to 

hematological tumors.  

   Along with CRS, neurotoxicity (also named immune effector cell-associated 

neurotoxicity syndrome, ICANS) is another potentially serious side effect related to CAR 

T cell therapy in clinic, occurring in up to 67% of patients with leukemia and 62% of 

patients with lymphoma (Santomasso et al., 2018). ICANS early manifestations include 

tremor, aphasia and lethargy that can progress until coma and also to fatal intracerebral 

hemorrhages. The mechanism of neurotoxicity has yet to be elucidated, but there is 

increasing evidence that myeloid cells have a role in triggering ICANS after CAR T cell 

administration. Myeloid cell-derived pro-inflammatory cytokines have been shown to 

induce systemic inflammation which correlates with sever ICANS development. Myeloid 

derived inflammation may lead to endothelial activation, increasing the permeability and 

reducing the function of the blood-brain barrier with the accumulation of inflammatory 

T cells in the cerebrospinal fluid (Gust et al., 2017).  

   As with CRS, most of the clinical experience with neurotoxicity comes from treatment 

of hematological tumors. No neurotoxicity was observed in a clinical trial of IL-13Rα2 

CAR T cells against glioblastoma, despite repeated intracranial T cells infusion (Brown 

et al., 2016). However, this year, two cases of death from neurotoxicity have been 

reported in a clinical trial testing PSMA-targeting CAR T cells. The adverse events were 

associated with a specific cytokines profile and a robust macrophages activation, which 

did not respond to tocilizumab (Narayan et al., 2022). 

   The main CAR T cell-related toxicity in solid tumors is on-target off-tumor recognition 

of healthy tissues expressing the target antigen. Regarding this aspect, target antigen 

choice is a crucial determinant of efficacy and safety for CAR T cell therapy. Indeed, the 
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ideal targeted antigen should be expressed selectively or at elevated levels by tumor cells, 

while healthy cells that share CAR T targeted antigen remain at high risk of on-target off-

tumor toxicity. During years, clinical experience has reported several on-target off-tumor 

effects, which could also be fatal in some cases. CAR T cell therapies targeting CD19 

antigen reported B cell aplasia, which is an expected consequence clinically managed by 

immunoglobulin transfusion (Sadelain et al., 2015). In the field of solid tumors, the 

majority of target antigens are shared with healthy and indispensable tissues. In a clinical 

trial with anti-CAIX CAR T cells for metastatic renal carcinoma, a patient showed a dose-

limiting toxicity to the liver and bile duct epithelial cells (Lamers et al., 2006). The most 

severe case was the fatal event of a patients receiving anti-HER2 CAR T cells for the 

treatment of lung carcinoma. In this particular case, the HER2 expression on pulmonary 

epithelia triggered CAR T cells activation and led to edema with cytokine release 

syndrome and multi-organ failure (Morgan et al., 2010).  

   Activation of CAR T cells upon antigen recognition, however, not only might result in 

killing of healthy cells, but also in the development of tumor lysis syndrome (TLS), which 

mirrors the rapid tumor elimination by CAR T cells. Rapid tumor death leads to metabolic 

abnormalities such as hyperuricemia and hyperkalemia, resulting ultimately in tissues and 

organs damage. This toxicity is not so rare, and to mitigate this reaction reducing tumor 

size before CAR T cells infusion and splitting doses of CAR-T are both approaches that 

have been pursued (Hartmann et al., 2017). 

   To reduce the risk of targeting tumor associated antigens that are not unique to 

malignant cells, several engineering strategies have been developed. One strategy 

includes the affinity reduction of the single-chain variable fragment of CARs, in order to 

kill only tumor cells overexpressing the target antigen, sparing healthy cells expressing 

lower level of the same antigen (Liu et al., 2016; Caruso et al., 2015). More recently 

strategies to avoid on-target off-tumor toxicities include multi-input receptors that 

activate T cells only in the presence of a specific combination of target antigens. These 

types of CAR structures are based on the Boolean AND-gate logic, where second-

generation CARs are split into a first-generation CAR paired with a second chimeric co-

stimulatory receptor (CCR) that includes a scFv fused to one or more co-stimulatory 

domain without CD3ζ chain. In this strategy both the targeted antigens must be present 

to activate CAR T cell signal (Kloss et al., 2013). Another strategy includes the synNotch 
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system, in which, upon binding to antigen “A”, the synNotch receptor undergoes a 

conformational change that causes the release of a transcription factor, which drives the 

expression of a CAR specific for antigen “B” (Roybal et al., 2016). In addition to AND-

gate approaches, it is possible to increase CARs specificity by triggering T cells activation 

only in the presence of a specific tumor associated antigen (TAA) and not in the presence 

of antigen expressed by healthy cells; this strategy follows the Boolean AND-NOT logic. 

(Fedorov et al., 2013). Even if AND or AND-NOT strategies can increase CARs 

specificity, reducing on-target off-tumor toxicity, they present several limitations. These 

limits include an increased risk of antigen escape by tumor cells, losing one of the input 

required for the CAR T activation and also the necessity of multi-component expression 

in T cells with a reduced transduction efficiency and genetic stability. 

   Since CAR T cell therapy currently show intrinsic toxicity potential, inducible safety 

controls are desirable. Suicide genes could be included in CARs structure, leading to CAR 

T cell death upon small-molecules administration. A typical example is the use of Herpes 

simplex virus thymidine kinase (HSV-TK), which in the presence of Ganciclovir leads to 

the depletion of HSV-TK expressing cells (Bonini et al., 1997). The clinical feasibility of 

this approach is limited due to its immunogenicity (Berger et al., 2006). Inducible Caspase 

9 (iCas9) is a protein produced by a human suicide gene that after administration of the 

small molecule AP1903 is activated and mediates caspase-9 apoptosis (Di Stasi et al., 

2011). It’s important to bear in mind that the exploitation of suicide genes results in a 

genetic and permanent switch off, with a complete depletion of CAR T cells, thus forcing 

the end of the therapy.  

   Novel strategies that enable drug-controlled pausing or activation of CAR T cells could 

improve the feasibility, avoiding the permanent conclusion of the therapy. These 

approaches include OFF switch, such as with Dasatinib, which is a tyrosine kinase 

inhibitor that temporally interferes with CAR T cell signal transduction, through CD3ζ 

chain (Mastermann et al., 2019). Temporal control of CAR T cell activity by clinically 

approved drugs can increase the safety profile of these cell products.  
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1.2.2 Clinical and biological determinants of CAR-T efficacy in solid tumors    

   As reported in previous paragraphs, the success of CAR T cell therapy has largely been 

observed in hematological malignancies, with the approval of six different CAR T cell 

products so far. However, despite extensive research, CAR T cell therapy for solid tumors 

has not been nearly as successful. Indeed, several obstacles in solid tumors must be 

overcome to reach desired efficacy, which can be summarized in three main categories: 

find an ideal target antigen, reach the tumor site and overcome the immunosuppressive 

tumor microenvironment (Martinez and Moon, 2019). 

   Starting from the first point, as stated above, finding a unique tumor associated antigen 

in solid tumor is challenging, since in most of cases targeted antigens are expressed also 

in normal healthy tissues. This is the case of CEA, HER2, EGFR, GD2, MUC1 and 

PSMA, frequently targeted antigens for solid tumors, but also present in normal cells with 

the increased risk of on-target off-tumor toxicity. Indeed, anti-HER2 CAR T cells lead to 

the death of a metastatic colon cancer patient after 5 days from CAR T cells infusion 

(Morgan et al., 2010). The cause of death was the expression of HER2 at low levels on 

epithelial cells of the lung, attacked by CAR T cells. Another example was found in 

neuroblastoma patient infused with anti-GD2 CAR T cells, in which the low antigen 

expression in the normal brain resulted in fetal encephalitis (Richman et al., 2018). These 

catastrophic events underline the importance to find safe tumor associated antigens, 

which even expressed at low levels on normal tissues, could result in significant toxicity.  

   Regarding this theme, another important issue in the context of solid tumors is antigen 

heterogeneity. Indeed, many tumors possess only a subset of cells that express the target 

antigen. In other tumors, where the antigen is uniformly expressed by tumor cells, there 

is the possibility of antigen escape or antigen loss. Antigen loss was largely observed also 

in hematological tumors with the anti-CD19 CAR T cells, but was also observed in a 

phase I study with an anti-EGFRvIII CAR-T to treat glioblastoma, where a single CAR 

T cell dose resulted in downregulation of EGFR/EGFRvIII receptor, leading to a reduced 

T cell efficacy (O’Rourke et al., 2017).  

   When target antigen is identified, CAR T cells have to reach the tumor mass. In 

hematological tumors, circulating CAR T cells in the blood have already reached their 

destination, while in solid tumors, CAR T cells have to overcome several barriers. The 

first crucial requirement for a successful tumor response is the trafficking of CAR T cells 
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from the bloodstream within the tumor mass. In this phase, extravasation is a crucial and 

limiting step due to the possible downregulation of adhesion molecules, such as ICAM-

1, by tumor cells and to the possible reduced expression of the exact set of chemokine 

receptors by CAR T cells (Sacksterin et al., 2017; Dirkx et al., 2003). Additionally, 

physical barriers such as cancer associated fibroblast (CAFs) and abnormal vasculature 

at the tumor site may block T cell entry (Hanahan and Coussen, 2012). 

   Even once CAR T cell infiltrates the tumor, there is still a great barrier to overcome, 

the hostile and immunosuppressive tumor microenvironment. It poses several challenges 

to T cell fitness and survival, such as an extended collection of inhibitory signals that 

suppress T cell responses and a particularly harsh metabolic milieu that limits T cell 

effector function. The glycolytic metabolism of tumor cells (e.g. the Warburg effect) 

induces a hypoxic, acidic and with low nutrient environment which is enriched of 

inhibitory enzymes, such as IDO-1 (Gullino et al., 1964; Hornyàk et al., 2018) and 

oxidative stress (Renner et al., 2017). In an inflammatory environment, tumor cells often 

upregulate ligands such as programmed cell death ligand 1 (PDL-1) and Galectin-9, 

which inhibit CD8+ T cells after binding with their inhibitory receptors (PD-1 and TIM3, 

respectively) (Acharya et al., 2020). The TME also includes stromal cells like cancer 

associated fibroblasts (CAFs) and suppressive immune cells, including myeloid-derived 

suppressor cells (MDSCs), regulatory T cells (Tregs), tumor associated neutrophils 

(TANs) and tumor associated macrophages (TAMs). These cells together with the tumor 

secrete soluble growth factors and cytokines, like vascular endothelial growth factor 

(VEGF) and transforming growth factor ß (TGF-ß), which favor tumor neo-angiogenesis 

and promote anti-inflammatory polarization of TAMs (Turley et al., 2015; Hanahan et 

al., 2012). Tumor associated macrophages are a plastic and dynamic population, which 

can both support tumor progression or eradication. In the TME, TAMs can be divided 

into two major phenotypes: M1 classically activated macrophages and M2 alternatively 

activated macrophages. M1 macrophages are polarized by pro-inflammatory stimuli 

(IFN-γ, TNF-α, GM-CSF, TLR ligands) and promote anti-tumor effects by activating 

Th1 response through the secretion of TNF-α, IL-6 IL-12, CXCL5, CXCL8-10 and the 

activation of interferon regulatory factors (IRF) (Wang et al., 2014). On the other hand, 

M2 macrophages polarization is driven by immunosuppressive stimuli, typically present 

in the TME, including TGF-ß, IL-4, IL-10 and IL-13. M2 polarized-macrophages show 
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immunosuppressive phenotype by supporting the Th2 responses and releasing IL-10, 

TGF-ß, CCL17, CCL18, CCL22 and CCL24. Moreover, M2 macrophages directly 

contribute to the tumor progression and metastases capacity through the secretion of 

VEGF and the expression of PDL-1 (Wang et al., 2014.; Jayasingam et al., 2010). In liver 

metastases from colorectal cancer (CRC) it was observed that an extracellular matrix 

(ECM)-related protein named Collagen Triple Helix Repeat Containing 1 (CTHRC1) 

secreted by CRC cells promoted liver metastases by increasing macrophages infiltration. 

In particular, CTHRC1 bound to TGF-ß receptor II and III activates TGF-ß signaling 

(Zhang et al., 2021). Moreover, in the same disease TAMs recruitment and polarization 

in liver metastases was correlated with an elevated expression of TCF4, a transcription 

factor which regulates CCL2-CCR2 axis (Tu et al., 2021). Another mechanism of 

resistance for the treatment of liver metastases was reported by Yu et al. The group has 

shown that diminished immunotherapy efficacy was due to hepatic myeloid cells, which 

induce apoptosis of activated T cells through the Fas-Fas ligand (FasL) pathway (Yu et 

al., 2021). 

   CAFs are stromal cells with the ability to degrade the extracellular matrix, induce 

angiogenesis, tumor growth and invasiveness. In the TME, epithelial cancer cells secrete 

factors such as hepatocyte growth factor (HGF), epidermal growth factor (EGF), TGF-ß 

and platelet-derived growth factor (PDGF). All these molecules activate resident 

fibroblast, which through the secretion of other chemokines such as CXCL12/CXCR4 

promote tumor growth, migration and angiogenesis (Kuzet and Gaggioli, 2016). 

Moreover, CAFs are directly involved in the killing and dysfunction of effector T cells 

through the expression of FasL, PDL-1 and PDL-2 and the release of TGF-ß (Lakins et 

al., 2018; Cho et al., 2011). A specific subset of liver CAFs includes the hepatic stellate 

cells, which are physiologically quiescent exerting the role of Vitamin A and retinoic acid 

storage. However, in the TME, factors and cytokines secreted by tumor endothelial cells 

activate these stromal cells (aHepSCs), which transdifferentiate into tumor supporting 

myofibroblasts. Indeed, it was observed that in vitro treatment of hepatic stellate cells 

with TGF-ß or with tumor conditioned medium induced the trans-differentiation into 

aHepSCs. Phenotypic changes include expression of α-smooth muscle actin (α-SMA), 

increased motility, proliferation and production of growth factors (Kang et al., 2011). 

These released factors support the tumor growth and progression in the liver, neo-
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angiogenesis, and induce immunosuppressive anti-tumor responses. Indeed, activated 

hepatic stellate cells are able to inhibit T cell proliferation and this is mediated by the 

binding between PDL-1 expressed by aHepSCs and PD-1 expressed by T cells (Yu et al., 

2004; Chen et al., 2006). Finally, the active role of aHepSCs in metastases formation was 

recently observed in the context of breast cancer-liver metastases. The exit from 

dormancy of breast cancer cells was followed by a reduction of NK cells with an 

accumulation of HepSCs and the invasion of tumor cells into the liver (Correia et al., 

2021).  

 

 
 
Figure 1.2 | Solid tumors obstacles for T cells fitness and functions.  
T cells in solid tumors may overcome several challenges to reach the tumor site, persist and 
maintain their effector functions. T cells should be able to enter in the tumor site through the 
extravasation via binding with adhesion molecules such as VCAM-1, ICAM-1 P- and E-selectins. 
Once in the tumor, there is the suppressive TME with TAMs, TANs, MDSCs, Tregs and CAFs 
which express together with tumor cells inhibitory molecules, such as PDL-1 and Gal-9 and 
promoting T cell exhaustion characterized by the upregulation of PD-1, TIM-3, LAG-3, TIGIT. 
VCAM-1, vascular cell adhesion molecule-1; ICAM-1, intercellular adhesion molecule-1; TME, 
tumor microenvironment; TAMs, tumor-associated macrophages; TANs, tumor-associated 
neutrophils; MDSCs, myeloid-derived suppressor cells; Tregs, regulatory T cells; CAFs, cancer-
associated fibroblasts; PDL-1, programmed death ligand-1; Gal-9, galectin-9; PD-1, programmed 
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cell death protein-1; TIM-3, T-cell immunoglobulin and mucin-domain containing-3; LAG-3, 
Lymphocyte activating-3; TIGIT, T cell immunoreceptor with Ig and ITIM domains). 
From Martinez M. and Moon E.K., 2019 Front. Immunol. 
 

 

 

1.2.3 Approaches to enhance CAR T cells therapeutic index against solid tumors  

   Improving the therapeutic index of CAR T cell therapy in the field of solid tumors is 

required to extend their applications beyond hematological tumors. As mentioned in 

1.2.2, several challenges are present in solid tumors, regarding T cells migration to the 

tumor site, T cells invasion in the solid mass and T cells fitness and persistence in the 

hostile immunosuppressive tumor microenvironment.    

   In solid tumors, there are multiple barriers that CAR T cells have to overcome to reach 

the tumor site. The presence of abnormal vasculature has an important role in blocking 

the infiltration of T cells into solid tumors. Indeed, anti-angiogenic therapies targeting 

VEGF or endothelin B receptor have been demonstrated to normalize the abnormal tumor 

vascularization and could be used in combination with CAR T cells (Yang et al, 2018). 

Moreover, mismatching of tumor-secreted chemokines and T cells expressed chemokine 

receptors is an important obstacle for CAR T cell trafficking to tumors. In this light, 

different strategies have been exploited to improve the ability of T cells to reach the tumor 

mass. Several groups engineered CAR T cells to express chemokines receptors such as 

CXCR1, CXCR2, CCR4 and CCR2 enhancing CAR T cells trafficking and efficacy in 

glioblastoma, ovarian cancer, pancreatic cancer and Hodgkin lymphoma (Di Stasi et al., 

2009; Bear et al., 2010). Moreover, cytokines are also necessary to achieve optimal 

activation of CAR T cells. To provide such signal, transgenic-based strategies to deliver 

IL-18, IL-21, IL15 or IL-12 have been employed. This 4th generation of CAR T cells, 

known as TRUCKs, demonstrated superior and long-lasting anti-tumor activity and 

capacity to overcome the tumor microenvironment in several preclinical solid tumors 

settings (Markley and Sadelain, 2010; Chmielewski and Abken, 2017). 

   Another promising approach to increase CAR T cell infiltration into tumor masses are 

CARs targeting tumor stroma. Indeed, CAFs create a physical barrier at the tumor site, 

which can block T cell entry. Fibroblast activation protein (FAP) is highly expressed on 

CAFs in over 90% of solid tumors and different groups developed anti-FAP CAR T cells, 
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enhancing the anti-tumor activity also in combination with T cells targeting TAAs, such 

as EphA2 (Kakarla et al., 2013). Another potential target within the tumor stroma is the 

extracellular matrix (ECM) itself. Indeed, Caruana and colleagues engineered CAR T 

cells to express heparanase (HPSE), an enzyme which degrades heparin sulfate 

proteoglycans in the ECM. This group reported that HPSE-expressing CAR T cells 

presented an enhanced capacity to degrade the ECM, thus promoting tumor T cells 

infiltration and anti-tumor efficacy (Caruana et al., 2015).  

   Apart from genetic tinkering of CAR T cells, a possible method to bypass the hurdle of 

T cell migration and infiltration into the tumor mass is the regional/local administration 

of the engineered cell product. In a xenograft mouse model of brain metastases from 

human breast cancer, intracranial administration of HER2-specific CAR T cells 

demonstrates an improved anti-tumor activity compared with intravenous delivery 

(Priceman et al., 2018.). Also, several clinical trials in patients with glioblastoma 

demonstrate a higher CAR T cell function upon intratumoral delivery, targeting different 

GBM-associated antigens (Brown et al., 2016; Keu et al., 2017). Similarly, intra-hepatic 

treatment with anti-CEA CAR T cells has demonstrated promising clinical results for the 

treatment of liver metastases (Katz et al., 2015; Katz et al., 2020). 

   Once CAR T cells find the way to enter into the tumor, the hostile tumor 

microenvironment represent another relevant barrier to T cell fitness and survival. The 

glycolytic metabolism of tumor cells creates a hypoxic, acid and nutrients poor 

environment, prone to oxidative stress (Renner et al., 2017). Activated-effector T cells 

generally rely on glycolysis to facilitate faster proliferation, while activated-memory T 

cells based their metabolism on oxidative phosphorylation (OXPHOS). However, both 

metabolic pathways are hampered in tumor infiltrating T cells, since glucose is depleted 

by tumor cells, reducing the capacity of glycolysis, but also OXPHOS is impaired, due to 

low oxygen concentration (Buck et al., 2015). Hypoxic condition in the TME provide 

challenges for memory T cells. To overcome this stress condition, engineering CAR T 

cells with 4-1BB costimulatory domain could be an efficient strategy. Indeed, BBζ CAR 

T cells had an increased mitochondrial respiratory capacity compared to 28ζ CARs, 

resulting in greater metabolic efficiency even in nutrient-poor and oxygen depleted 

environments (Kawalekar et al., 2016). Other than hypoxia, tumor cells upregulate ROS 

production, which sustain their proliferation, and also indoleamine 2,3 dioxygenase 
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(IDO), leading to T cell suppression and poor clinical prognosis (Ninomiya et al., 2015). 

The inflammatory and hypoxic TME induce the upregulation of tumor ligands, including 

PDL-1 and Galectin-9, that bind inhibitory receptors (IRs) on T cells, dampening their 

effector functions. PDL-1 and PDL-2 are expressed on a variety of tumor and stromal 

cells and the binding of PD-1 on T cells result in suppression of CD28-mediated signaling 

reducing T cell activation, proliferation and survival (Dong et al., 2002).  

   To improve CAR T cells in solid tumors, checkpoint inhibitors, such as antibodies 

targeting PD-1 and PDL-1, have been used in preclinical studies in combination with 

CAR T cells, showing promising results. In a breast cancer model, PD-1 blockade 

enhanced in vitro and in vivo tumor-control by CAR T cells (John et al., 2013). More 

recently, CRISPR/Cas9 technology has been used to knock out gene for inhibitory 

receptors (IRs) itself, which has been done for PD-1, CTLA-4 and LAG-3, either alone 

or in multiplex (Hu et al., 2019; Grosser et al., 2019). Not just tumor cells express PDL-

1, but also TME cells such as myeloid derived suppressor cells. Indeed, to increase the 

efficacy of CEA CAR T cells against liver metastases, anti PDL-1 antibodies were used 

in combination with CAR-T (Burga et al., 2015). CAR T cells have also been engineered 

to secrete checkpoint inhibitor antibodies, such as anti-CAIX CAR T cells. This 

engineered product releases anti-PDL-1 antibodies and has shown significantly enhanced 

anti-tumor activity against renal cell carcinoma (Suarez et al., 2016).  

   Moreover, as mentioned before, in the hostile TME also several immunosuppressive 

signals released by stromal and tumor cells are present, such TGF-ß and FasL (Turley et 

al., 2015; Motz et al., 2014). To avoid the immunosuppressive and apoptotic effect of 

these factors on T cells, some strategies have been employed. Tang et al., knock out the 

endogenous TGF-ß receptor (TGFBR2) in CAR T cells with CRISPR/Cas9 technology 

to prevent CAR T cell exhaustion in the TME, increasing their killing capacity in vivo 

(Tang et al., 2020). Other strategies aimed to increase T cell fitness in the TME include 

the knock-out of Fas receptor on these cells. Indeed, this receptor is highly expressed in 

patient derived T cells used for clinical adoptive T cell therapy and FasL is overexpressed 

within the majority of human TMEs. CAR T cells engineered with Fas variants prevent 

the ability to bind FasL on tumor cells avoiding T cell apoptosis, and also increasing T 

cells persistence and antitumor efficacy against both hematological and solid tumors 

(Yamamoto et al., 2019). 
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   Other important key players in the solid TME are tumor associated macrophages, with 

a pro-tumor activity and immunosuppressive functions. Therapeutic approaches to 

deplete or repolarize TAMs are in clinical development (Mantovani et al., 2017; 

Weiskopf and Weissman, 2015; Weiskopf et al., 2013). To target this specific 

immunosuppressive population in the TME, anti-folate receptor ß (FRß) CAR T cells 

have been developed. Indeed, FRß is expressed at high levels in an immunosuppressive 

subset of TAMs, with an M2-like profile. The elimination of this population enhances 

pro-inflammatory macrophages (M1-like), resulting in reduced tumor-progression and 

prolonged mice survival. Moreover, preconditioning of the TME with these specific CAR 

T cells improves the efficacy of anti-mesothelin CAR T cells. Interestingly, the enhanced 

effect was not observed when the two CAR products were infused together, suggesting 

the importance of TAMs-depleting before proceeding with the conventional 

immunotherapy (Rodriguez-Garcia et al., 2021). Outside the hostile tumor environment, 

macrophages are effectors and regulators of the innate immune response, capable of 

phagocytosis, secretion of pro-inflammatory cytokines and antigen presentation to T cells 

(Franken, et al., 2016). These key points were taken in consideration by the group of Gill 

at the University of Pennsylvania (UPenn), who genetically engineered human 

macrophages with CARs to redirect their phagocytic activity against tumors. They 

observed that CAR macrophages (CAR-Ms) sustained a pro-inflammatory M1-like 

phenotype and led to decreased tumor burden in two solid tumor xenograft mouse models 

(Klichinsky et al., 2020) This interesting engineered cellular product raised the interest to 

macrophages as direct effectors in solid tumor context, and not just target to be 

eliminated. In line with this, CAR-Ms in humanized mouse models have shown the 

capability to induce a pro-inflammatory tumor microenvironment to boost anti-tumor 

activity.  

   The modulation and reshaping of an immunosuppressive TME into a pro-inflammatory 

anti-tumor TME is now a novel research field also with CAR T cells. Indeed, this year 

two works have been published, showing the immunosuppressive role of TAMs-M2 

macrophages and also MDSCs on CAR T cells functions. Yamaguchi and colleagues 

reported that CAR T cells inhibition induced by M2 macrophages was due to the 

overexpression of PDL-1 on these myeloid cells. PDL-1 blockade restores CAR T cells 

activity, reshaping M2 macrophages into a M1-like phenotype (Yamaguchi et al., 2022). 



	 35	

The other work by Luo et al. is focused not only on M2-TAMs, but also on MDSCs. They 

reported that with a combinatory strategy of CAR T cells and folate-targeted Toll-like 

receptor 7 agonist (FA-TLR7-1A), M2-TAMs and MDSCs are reactivated to a pro-

inflammatory phenotype. With this combinatory approach, they modulated the TME, 

enhancing CAR T cells as well as endogenous T cells accumulation and activation, 

resulting in improved tumor control (Luo et al., 2022). 

 

 

 

1.2.4 Preclinical models to test CAR T cells products for solid tumors: limits and 

solutions 

   To evaluate the clinical applicability of CAR T cells products, a deeper understanding 

of the intrinsic/extrinsic mechanisms and cell players contributing to the response is 

required. Currently available preclinical models often fail to accurately predict efficacy 

and especially toxicities observed in the clinic for several reasons. The main issues 

include the absence of endogenous human immune system and the inability to fully 

recapitulate human tumor microenvironment and tumor heterogeneity. 

   To evaluate CAR T cells antitumor killing capacity in vitro, T-cell-mediated 

cytotoxicity assays using co-culture of human tumor cell lines with CAR T cells are 

commonly used. This two-dimensional (2D) model lacks the TME compartment and 

usage of cell lines is not representative of the heterogeneity and the complex architecture 

of solid tumors (Guedan et al., 2022). To increase the complexity of the 2D model, 

tripartite co-cultures have been employed as an in vitro model to partially recapitulate 

key regulators of the TME. To take another step forward, spheroids and organoids are 

being now employed as 3D co-cultures to better predict CAR T cell efficacy in vivo. 

Spheroids are unicellular cell line-derived floating cultures and are used to validate CAR 

T cells cytotoxicity against a specific target antigen (Dillard et al., 2018). Organoids refer 

to complex multicellular cultures derived from tumor biopsies cultured ex vivo on a 3D 

scaffold. Patient derived organoids (PDOs) are extremely relevant since they retain the 

histological complexity and genetic heterogeneity of parental tumors, becoming a suitable 

in vitro model (Li et al., 2020). CAR T cells have been shown to infiltrate PDOs, expand, 

activate and kill the antigen-positive targets in various PDOs models (Jacob et al., 2020; 
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Yu et al., 2021; Schnalzger et al., 2019). Organoids can be successfully transplanted in 

mice and are more relevant than traditional cell lines, due to their better preservation of 

mutational burden and TME features (Jacob et al., 2020). There are various organoid 

culture methods to growth PDOs. The most commonly used is the submerged Matrigel 

culture, where dissociated PDOs are embedded in Matrigel and culture in a dish or plate 

with medium enriched in growth factors and cytokines.  This is an easy method to enrich 

and expand PDOs, maintaining genetic and morphologic alterations of the original tumor. 

The limitation of this method is the lack of native immune and stromal components, since 

only epithelial tumor cells are maintained in the culture. However, to better recapitulate 

the TME, exogenous immune or stromal cells can be added to the culture (Vlachogiannis 

et al., 2018; Yuki et al., 2020). Another innovative and complex strategy includes the Air-

Liquid Interface Culture (ALI), where fragments of PDOs are embedded in collagen 

exposed to air. The great advantage of this method is the possibility to culture native 

immune and stromal cells together with tumor cells. However, immune and stromal cells 

decline over 1-2 months in culture, so they cannot propagate long-term as tumor cells 

(Neal et al., 2018; Li et al., 2016). 

   Regarding in vivo models the majority of preclinical studies for the evaluation of the 

therapeutic potential have been performed in classical human cell line derived xenograft 

(CDX) models, in which tumor cell lines are infused in immune-deficient mice prior to 

CAR T cells administration. The most popular strain is the immune-deficient 

NOD/SCID/IL2Ryc-/- (NSG) mouse, which is devoid of T, B and NK cells and retains 

defective dendritic cells and macrophages (Guedan et al., 2022). Aside from classical 

NSG mouse model, there are also other immune-deficient mouse strains, such as the 

Scid/Beige, that have been employed for efficacy studies with CAR T cells against both 

hematological and solid tumors (Drent et al., 2019 Koneru et al., 2015). This strain has a 

functional myeloid compartment that can partially mimic the role of myeloid cells in 

TME and inflammatory responses, restricted by species homologies (Giavridis et al., 

2018). To recapitulate a multi-lineage human immune system and a milieu that better 

recreate the human tumor microenvironment, humanized mouse models were developed. 

In this models immune-deficient mice are engrafted with human hematopoietic stem cells 

(HSPCs) to support the human hematopoiesis in vivo (Siegler et al., 2018). To better 

reconstitute a human immune system, in particular focusing on the myeloid compartment, 
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NSG mice knocked-in with human genes for specific cytokines have been generated, 

called SGM3 mice. These mice are triple transgenic for the expression of human stem 

cell factor (SCF), granulocyte-macrophage colony stimulating factor (GM-CSF) and IL-

3. This mouse model was first applied to study CAR-related toxicities, including CRS. 

Indeed, it revealed the crucial role of monocytes in driving CRS and neurotoxicity, as 

they represent the major source of IL-1 and IL-6 (Norelli et al., 2018; Arcangeli et al., 

2022). The presence of myeloid cells is essential for toxicities studies, but it is relevant 

as well for efficacy studies. Indeed, these cells on one hand can support CAR T cells anti-

tumor activity, increasing their expansion (Norelli et al., 2018). On the other hand, they 

might be helpful for establishing a more representative human TME, which is lacking in 

classical NSG mouse models and highly relevant for clinical translation, particularly in 

solid tumors. For this reason, humanized SGM3 mice (huSGM3) have been employed to 

study the antitumor activity of CAR T cells against solid tumors, with the evaluation of 

the immunosuppressive TME (Klichinsky et al., 2020). Unfortunately, this model still 

lacks the stromal component, so novel strategies have to be developed to fill this gap. 

Some groups have started to work on this aspect, trying to implement the classical NSG 

mouse model with the introduction of the human stromal compartment. With tissue 

engineering techniques, scaffold have been used to culture cancer associated fibroblast, 

which were implanted in a xenograft model together or prior of tumor cell lines injection 

(Guerrero-Aspizua et al., 2020). However, these models have not been employed with 

immunotherapies approaches yet.  
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Figure 1.3 | Models and tools to test efficacy and toxicity of CAR T cells.   
Currently typical preclinical models include 2D cultures assays and xenograft models in NSG 
mice. These methods present limits to asses and predict the efficacy of CAR T cells products in 
clinical trials. 3D model, such as spheroids or organoids, and humanized mouse models that better 
recapitulate tumor heterogeneity and the complex immunosuppressive TME are being developed. 
These new models together with analytical tools and imaging techniques help in the prediction of 
clinical efficacy of new CAR T cell products.  
2D, two-dimensional; NSG, NOD/SCID/IL2Ryc-/- mouse; 3D, three-dimensional; TME, tumor 
microenvironment. 
From Guedan S., Luu M., Ammar D., et al., 2022 Jitc 
 

 

   Of note, in all these in vivo models both xeno-and allo-reactions may be observed. First, 

CAR T cells generated from human donors and infused in mice can show xenoreactivity 

against murine tissues, causing the so-called xenogenic GvHD, which can lead to the 

death of animals (Kaneko et al., 2009). Moreover, CAR T cells can potentially react 
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against human allogenic tumor and immune cells that develop from HSPCs (Norelli et 

al., 2018). To reduce the risk of these reactions, gene editing technologies to disrupt the 

endogenous TCR (T Cell Receptor Alpha Constant, TRAC or T Cell Receptor Beta 

Constant, TRBC locus) have been employed (Torikai et al., 2012; Mastaglio et al., 2017).  
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1.3 Glycosylation in health, tumor and tumor microenvironment    

   Glycosylation is a common post translational modification of proteins or lipids. Tumor 

cells display an abnormal glycosylation profile, which changes through disease stages 

and cellular metabolism. Glycans have multiple roles in cellular physiology, but also in 

cancer cells. Indeed, glycans increase tumor heterogeneity, promote proliferation and 

allow dissemination, thus being involved in metastases formation. At the same time, 

glycans also drive immunosuppression in the tumor microenvironment (TME) by 

masking tumor cells from antibody targeting and promoting immunosuppressive capacity 

of TME cells.  

 

1.3.1 N-glycosylation in health and tumor  

   Glycans are saccharide or glucose chains that can be found freely or attached to proteins 

or lipids to form glycoconjugates. The majority of glycans is attached on the extracellular 

surface of cells. Among many glycan types that can be generated, glycoproteins are made 

through the conjugation of sugars to proteins, including the addition of N-linked glycans 

and O-linked glycans. 

   N-glycosylation, in particular, refers to the binding of N-acetylglucosamine (GlcNAc) 

to the amino group of Asn within polypeptide chains by a ß-1N linkage at the consensus 

motif Asn-X-Ser/Thr. Each N-glycan is composed by a core structure comprising two 

GlcNAc and three mannose residues, to which other monosaccharides can be linked, 

defining the structure as high-mannose or hybrid or complex N-glycan. The N-

glycosylation process starts in the endoplasmic reticulum (ER) and continues in the Golgi 

apparatus. There, mature carbohydrate can become a complex or hybrid N-glycan through 

the attachment of GlcNAc, galactose, sialic acid and fucose (Varki and Cummings). 

   As previously mentioned, glycans play a crucial role in healthy cells and they are 

involved in several functions. In the context of the immune system, immune receptors 

recognize pathogen associated molecular patterns (PAMPs), such as LPS, dsRNA, non-

methylated CpG, but also specific glycan structures that are normally absent from 

mammals. Moreover, peculiar glycosylation patterns are required for the correct 

interaction between endothelial cells and leukocytes, crucial for T cell trafficking and 

migration. Inflammatory cytokines can modify surface N-glycans of endothelial cells, 

which in turn regulates their functions (Hakomori and Kannagi, 1983; Kannagi et al., 
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2008). In addition, immunoglobulin isotypes differ in the prevalence and type of 

glycosylation residues in the heavy chain. In fact, immunoglobulin glycosylation can 

determine whether an antibody is pro-inflammatory, such as the absence of galactose in 

IgG N-glycans, or anti-inflammatory, such as sialic residues on N-glycans (Chacko et al., 

2011; Scott et al., 2013).  

   As already now well known, tumors display a wide range of glycosylation alterations, 

which confer them several advantages in terms of growth, invasion and metastases. 

Aberrant glycosylation, which characterizes tumor cells, can consist in the incomplete 

synthesis of physiological glycosylated proteins or in the synthesis of new abnormal 

glycoconjugates (Hakomori and Kannagi, 1983). This process in tumor cells can depend 

on several factors, including abnormal expression of tumor glycosyl-transferases and 

changes in availability and abundance of sugar precursors or transporters (Kannagi et a., 

2008; Pinho et al., 2012; Hatano et al., 2011). As result from all these deregulated 

processes, the most frequent cancer-related modifications in glycosylation include i) 

over-branching of N-glycans, ii) truncation of O-glycan, iii) increased sialylation and iv) 

altered fucosylation (Hakomori, 2002; Arnold et al., 2008). Focusing on branched N-

glycans, increased activity of acetyl-glucosaminyltransferase 5 (GnT-V), due to the 

overexpression in many cancers of MGAT5 gene, promotes ß1-6 N-glycan branching on 

tumor cells (Dennis et al., 1987). Glycans have been involved in several crucial processes 

in cancer, including cell-cell adhesion, cell-matrix interaction, cancer cell signaling and 

metabolism (Zhao et al., 2008; Dennis et al, 2009). GnT-V overexpression determines 

the addition of branched N-glycans to E-cadherins, which lead to its functional 

impairment by compromising cell-cell adhesion and promoting metastases formation 

(Pinho et al., 2009). Changes in N-linked ß1-6 N glycans occur not only in cell-cell 

adhesion, but also in cell-matrix adhesion, by inhibiting the clustering of integrin and the 

signal transduction pathway. Indeed, the deregulation of integrins, due to an increased 

expression of branched N-glycans, impairs cell-matrix adhesion and increase tumor cell 

migration and signal transduction (Pochec et al., 2013). In addition, the level of glycan 

branching modifies the signaling and membrane localization of several cell surface 

proteins. Receptors that stimulate cell proliferation, growth and oncogenesis have more 

N-glycan sites, while growth-arrest receptors have less N-glycans sites. Metabolic 

changes affect the stability of cell surface receptors by modulating the interaction of 
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branched N-glycans and galectin-3, which regulates receptor endocytosis and signaling. 

Hence, the more N-glycan site, the more ß1-6 branching structures are added, which are 

linked to galectins, precluding endocytosis while increasing signal transduction (Lau et 

al., 2007). Indeed, MGAT5-/- transgenic mice bearing a mammary carcinoma are less 

responsive to growth factors signals compared to wild-type mice, demonstrating reduced 

galectin-3 binding and internalization of receptors from cell membrane to endosomes 

(Partridge et al., 2004). Overall the nutrient flux which regulates complex N-glycans 

biosynthesis determines cellular response of tumor cells including growth, invasion and 

metastases capabilities (Dennis et al., 2009). 

   Since aberrant N-glycosylation helps tumor growth and metastases formation, some 

studies exploited the usage of N-glycosylation inhibitors, such as Swainsonine and 

tunicamycin. Swainsonine is an indolizidine alkaloid and an inhibitor of  α-mannosidase 

II, an enzyme involved in the complex glycans biosynthesis. The inhibition of this 

enzyme replaced complex-type glycans with hybrid–type N-glycans. In 1986 was first 

reported that Swainsonine treatment of two different melanoma cell lines reduces their 

organ colonization potential when cells are injected intravenous in syngeneic mice 

(Dennis, 1986). In the next work from the same group, they demonstrated that 

Swainsonine reduced tumor growth and inhibited the expression of complex N-glycans 

(Dennis et al., 1990). Swainsonine has been shown to reduce tumor cell metastases, 

enhance cellular immune responses and reduce solid tumor growth in mice. However 

only one phase I study was performed, since significant toxicities including edema, 

elevated serum aspartate aminotransferase (AST), fatigue and dyspnea occurred in more 

than 20% of patients (Goss et al., 1997). Tunicamycin is another N-glycosylation 

inhibitor. It is a nucleoside antibiotic, which inhibits the first step of the N-glycans 

biosynthesis. Several reports have shown that tunicamycin, by inhibiting N-

glycosylation, produces marked radio-sensitization in cancer cell lines (Contessa et al., 

2010), enhances the susceptibility of lung cancer cells to Erlotinib (Ling et al., 2009), 

potentiates cisplatin-induced cytotoxicity in human cell lines (Xu et al., 2012), inhibits 

angiogenesis in nude mice by decreasing VEGF expression (Banerjee et al., 2011) and 

enhances anti-tumor activity in combination with Trastuzumab against HER2-positive 

breast cancer cells (Han et al., 2015). 
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   Inhibition of N-glycosylation induces the unfolded protein response (UPR), due to 

presence of mis-folded proteins, which are retained in the endoplasmic reticulum (ER). 

As result of UPR activation, synthesis of new proteins is inhibited and degradation of 

aberrant proteins is increased leading to ER stress, which can either be solved or if 

prolonged in time can lead to cell apoptosis. Under ER stress, the three-major activated 

UPR branches are: PERK, IRE1α and ATF6. PERK through eIF2α activates ATF4 which 

regulates the transcription of UPR target genes involved in amino acid biosynthesis, anti-

oxidative response, autophagy and apoptosis. IRE1α through TRAF and XBP1s activates 

the transcription of genes involved in inflammation, autophagy, protein folding and 

secretion. Finally, ATF6 activates ATF6p50 leading to the activation of protein folding 

and secretion (Hetz et al., 2020). Tunicamycin, in particular, since it inhibits the first step 

of N-glycosylation, induces ER stress which is followed by UPR and eventually leads to 

ER-stress related cell apoptosis (Shu et al., 2019; Wu et al., 2018). 

   Another N-glycosylation inhibitor, which can also lead to UPR, is 2-deoxy-D-glucose 

(2DG), a glucose/mannose analogue in which the C-2 hydroxyl group is replaced by 

hydrogen (Qin et al., 2010). 2DG competes with mannose for the assembly into lipid-

linked oligosaccharides (LLO) chains, inhibiting the pathway of N-glycans biosynthesis 

(Kurtoglu et al., 2007). 2DG is not only an N-glycosylation inhibitor but also a glycolysis 

inhibitor, and it is well-known for this second function. Indeed, 2DG competitively 

inhibits glucose uptake, since both molecules are transported within cells through glucose 

transporters (GLUTs). Once in the cytoplasm, 2DG is phosphorylated in position 6 by 

hexokinase (HK) to form 2-Deoxy-D-glucose-6-phosphate (2DG-6P), which cannot be 

further catabolized and accumulates in the cell. This results in the inhibition of glycolysis 

with a decrease of ATP production, cell cycle arrest and inhibition of cell growth (Rasler 

et al., 1998; Kurtoglu et al., 2007). 2DG was tested in several preclinical models of human 

tumor xenografts and was used in combination with chemotherapeutic agents and 

OXPHOS inhibitors, showing the ability to induce tumor cell death (Maschek et al., 

2004). It was also tested in humans to conduct a deeper safety evaluation and phase I 

clinical trials indicate that the administration of 2DG alone or in combination with 

chemotherapy or radiotherapy is well tolerated and non-toxic in normally oxygenated 

tissues (Raez et al., 2005; Singh et al., 2005; Raez et al., 2013). However, as mentioned 

before, many studies underline the specific effect of N-glycosylation inhibition, and not 
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glycolysis, by 2DG in selected tumor cell types (Xi et al., 2011). Moreover, very recently 

in our Unit, Greco et al. have demonstrated that disrupting N-glycan expression on tumor 

cells, both with genetic knock-out of MGAT5 and also with 2DG treatment, CAR T cells 

efficacy against solid malignancies is increased. Indeed, it was shown that inhibiting N-

glycosylation CAR T cells killing against different carcinomas is enhanced, such as 

pancreatic ductal adenocarcinoma, lung, ovary and bladder cancer. Moreover, removal of 

cumbersome N-glycans leads to improved immunological synapse formation, increased 

killing activity as well as cytokine release, and decreased binding of co-inhibitory 

molecules between CAR T cells and tumor cells. This effect was observed with different 

CAR T specificities, both CD44v6 and CEA, hinting to the potential broad application of 

this approach to improve immunotherapies against solid malignancies (Greco et al., 

2022). 

 

 

 

1.3.2 The role of N-linked glycosylation in the tumor microenvironment    

   Glycosylation is strictly involved in the regulation of the tumor microenvironment. 

Indeed, despite the majority of studies are focused on glycosylation implications on tumor 

cells, a more emerging research field explores how tumor glycosylation affects the 

function of immune cells within the TME. In this context, several reports show that tumor 

glycans can bind lectin receptors on immune cells, such as sialic acid-binding 

immunoglobulin-like lectins (SIGLECs), macrophage galactose-specific lectin (MGL) 

and dendritic cell (DC)-specific ICAM3-grabbing non-integrin 1 (DC-SIGN). These 

interactions guide TME immune cells towards an anti-inflammatory state, characterized 

by increased secretion of anti-inflammatory cytokines that inhibit NK cells activity, while 

promoting T cells polarization into T helper 2 and regulatory T cells, tuning down the 

immune response (Gringhius et al., 2014; Van Vliet et al., 2013; Rodriguez-Garcia et al., 

2021). Furthermore, tumor cells secrete galectins, which bind to specific glycans on 

immune cells resulting in impaired T cell functions, dampening of NK cells and induction 

of suppressive myeloid cells (Toscano et al., 2007; Méndez-Huergo et al., 2017). Hence, 

altered glycan structures within the TME contribute to shape a glycol-code that drives 

innate and adaptive immune suppression. Interestingly, glycosylation can also affect the 
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structure of checkpoint molecules on tumor cells, modulating their function. Indeed, it 

was reported that N-glycosylation of PDL-1 on different solid tumors is necessary for its 

interaction with PD-1 receptor, enabling signal transduction and T cells exhaustion (Li et 

al., 2018; Greco et al., 2022). Another negative regulator of T cell response is the 

cytotoxic T-lymphocyte protein 4 (CTLA-4), which presents two N-glycosylation sites 

that modulate its cell surface expression on T cells. Also, lymphocyte-activating gene 3 

(Lag-3) and mucin-domain-containing molecule-3 (Tim-3) are modulated by glycans 

expression (Pereira et al., 2018). Moreover, galectins expressed by tumor cells could 

become ligands for these co-inhibitory receptors. Indeed, galectin-3 binds N-glycans on 

CTLA-4 maintaining the inhibitory signals, as well as to Lag-3 on the surface of CD8+ 

T cells, suppressing their effector function (Lau et al., 2007; Kouo et al., 2015). Finally, 

galectin-9 inhibits CD8+ T cells function through its N-glycosylation dependent binding 

to Tim-3 (Zhu et al., 2005; Oomizu et al., 2012). 

   Within the TME, TAMs express several lectins which bind glycans on tumor cells 

enhancing the immune escape mechanism. It was observed that the binding of Siglec-9 

with MUC1-ST increase the secretion of IL-10 and the expression of CD163, CD206 and 

PDL-1 corroborating TAMs immunosuppressive phenotype. Moreover, binding of 

Siglec-10 on macrophages with CD24, a highly sialylated glycoprotein expressed on 

tumor cells, activates a “don’t eat me” signal, inducing an immune escape mechanism by 

tumor cells. Indeed, the blockade of CD24 in the breast cancer MCF-7 cell line promotes 

higher phagocytosis by human macrophages both in vitro and in vivo. (Beatson et al., 

2016; Park et al., 2020; Barkal et al., 2019).  

   All these studies report the impact of tumor glycosylation on TME cells, while less is 

known about the specific and direct role of N-glycans expressed by TME cells. Indeed, 

in the tumor microenvironment glucose and glutamine are involved in the hexosamine 

biosynthetic pathway (HBP), which produces UDP-GlcNAc, a building block for protein 

and lipid glycosylation, that is emerging not only as a critical metabolic pathway involved 

in cancer cells, but also in some TME cells, such as macrophages. In activated 

macrophages glucose is phosphorylated to glucose-6-phosphate, which can enter into 

glycolysis pathway or into the oxidative branch of pentose phosphate pathway (PPP). 

Moreover, the majority of fructose-6-phosphate (F6P), an intermediate of glycolysis 

reaction, can proceed to generate 2 molecules of pyruvates, which enter in the 
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tricarboxylic acid cycle to generate ATP. Another part of F6P can enter into the HBP to 

generate donor substrates for the production of glycoproteins and glycolipids. Glutamine 

can also enter in the HBP to generate at the end of the process UDP-GlcNAc (Rodriguez-

Mantuano et al., 2019).  

 

 
 
Figure 1.4 | The hexosamine biosynthetic pathway (HBP).   
Glucose enters the cell and is converted to fructose-6P, which for the 95% precedes into the 
glycolysis pathway while around the 3-5% is converted to glucosamine-6P by the enzyme GFAT, 
using glutamine enters the cell. GNA1/GNPNAT1 then converts glucosamine-6P (also made by 
glucosamine entering the cell) into GlcNAc-6P, converted to GlcNAc-1P by PGM3/AGM1 and 
further to UDP-GlcNAc, utilizing UTP from the nucleotide metabolism pathway. UDP-GlcNAc 
is used for N-linked and O-linked glycosylation in the ER and Golgi.  
Fructose-6P, fructose-6-phosphate; glucosamine-6P, glucosamine-6-phosphate; GFAT, 
glucosamine-fructose-6-phosphate amidotransferase; GNA1/GNPNAT1, glucosamine-6-
phosphate N-acetyltransferase; GlcNAc-6P, N-acetylglucosamine-6-phosphate; GlcNAc-1P, N-
acetylglucosamine-1-phopshate; PGM3/AGM1, phosphoglucomutase; UDP-GlcNAc, uridine 
diphosphate N-acetylglucosamine; ER, endoplastic reticulum 
From Akella N.M., Ciraku L. and Reginato M.J. 2019 BMC Biology 
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   The imbalanced HBP in macrophages is still not well characterized; recently few 

studies have shown the importance of HBP in M2 macrophages. Indeed, Jha et al. 

identified many transcriptional-metabolic changes during M1 and M2 macrophages 

polarization (Jha et al., 2015). Glutamine catabolism and UDP-GlcNAc were activated 

during M2 polarization but not M1, and the absence of glutamine decreased M2 

polarization while its addition up-regulates specific M2-like markers (Mazzone et al., 

2018). Indeed, inhibition of glutamine synthase reverses M2-polarized macrophages to 

M1-like phenotype, avoiding metastases progression (Palmieri et al., 2017). Moreover, it 

was observed that only in hypoxic conditions, typical of tumor environment, HIF-1α 

induces the transcription of GFAT in macrophages, enhancing glutamine routing towards 

UDP-GlcNAc synthesis and inducing M2 rather than M1 polarization (Manzari et al., 

2007). UDP-GlcNAc is involved in the formation of extracellular glycoconjugates and 

the addition of a ß-GlcNAc to asparagine residues initiates N-glycosylation. This has an 

important role in M2 macrophages, since when this pathway is blocked with a specific 

N-glycosylation inhibitor tunicamycin, several M2-like markers, such as CD206, CD301 

and Relma, are downregulated in in vitro polarized murine macrophages. Moreover, this 

effect was observed only in M2 macrophages, while in M1 macrophages tunicamycin 

only mildly reduces inducible nitric oxide synthase (iNOS) protein expression and M1-

like cytokines (Jha et al., 2015). These findings suggest that N-glycosylation is required 

for the appropriate synthesis of proteins that are crucial for M2-polarized macrophages 

functions.  

   Furthermore, N-glycans present at the surface of macrophages, containing ß-galactose, 

can bind galectins. The binding of Galectin-3 (Gal-3) with CD98 stimulates M2 activation 

and using a specific Gal-3 inhibitor the M2 activation induced by IL-4 is blocked 

(MacKinnon et al., 2008). Finally, also sialic acid present in several glycoconjugates 

regulates several functions and sialylation is quite often upregulated in tumor cells. 

However, as N-glycosylation, also sialylation of TME immune cells has not been deeply 

investigated yet. It was observed that sialic acid decreases during the differentiation 

process from monocytes to macrophages and it is higher in M2 activated macrophages in 

comparison to M1-like. Recently, it was reported that targeting Siglec-sialic acid 

interaction in the tumor microenvironment, using an antibody-sialidase conjugate, 

increases anti-tumor immunity and arrests tumor progression in mice models. Through 
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single-cell RNA sequencing (scRNAseq), it was also observed that sialic acid inhibition 

repolarizes tumor-associated macrophages into a pro-inflammatory M1-like status, and 

thus, without sialylation blockade, M2 macrophages show their immunosuppressive 

phenotype expressing high levels of CD206. In mice treated to block sialylation, tumors 

contain few immunosuppressive TAMs, which display an M1 phenotype, expressing IL-

1ß, TNF and CD80 (Stanczak et al., 2021).  

   As previously reported, another important TME component are stromal cells. The role 

of N-glycosylation is still not clear also regarding this population. Focusing on the 

specific population of liver stromal cells, HepSCs, there are evidence that show that 

activated HepSCs present a different glycosylation profile in comparison to quiescent 

cells (Qin et al., 2012).  Moreover, the study of Wu et al. demonstrates the role of N-

glycosylation in the migration and activation capacity of these cells. Indeed, they 

observed that Neuropilin-1 (NRP-1), which is a glycosylated receptor expressed by 

HepSCs, binds Galectin-1 (Gal-1) in a N-glycosylation dependent manner. Blocking N-

glycosylation with Swainsonine or through genetic knock-out of MGAT5 gene, no more 

interaction with Gal-1 is observed and HepSCs maintain their quiescent phenotype (Wu 

et al., 2017). 
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2. AIM OF THE WORK 
 

   T cells redirected with chimeric antigen receptors (CARs) represent an innovative and 

sophisticated way of treating cancer. Although this approach has proven its value 

targeting CD19 and BCMA in hematological malignancies, the same results have not yet 

been reached for solid tumors. In this context, unique challenges need to be overcome, 

including poor trafficking at the tumor site, inadequate tumor recognition and strong 

immunosuppression within the tumor microenvironment (TME).  

   Previous work in our Unit has identified N-glycosylation inhibition in tumor cells as a 

mean to increase CAR T cells efficacy against different solid malignancies. It has been 

demonstrated that blocking N-glycan synthesis in cancer cells improves immunological 

synapse formation and ameliorates CAR T cell exhaustion, resulting in increased CAR T 

cells efficacy (Greco et al., 2022).  

   In this work, we aimed at investigating the effect of N-glycosylation blockade on TME 

cells, with the final goal of improving the therapeutic potential of CEA CAR T cells in 

the context of liver metastases from pancreatic adenocarcinoma (PDAC) and colorectal 

cancer (CRC). More specifically, this work aimed at:  

i) analyzing the consequences of N-glycosylation inhibition on the 

immunosuppressive functions of M2 macrophages and hepatic stellate cells, from a 

phenotypic, transcriptional and functional point of view;  

ii) developing a xenograft mouse model of intra-hepatically injected tumors, where the 

presence of a human immune system allows a more accurate investigation of CEA CAR 

T cell efficacy and toxicity profile;  

iii) exploiting the humanized animal model to evaluate whether N-glycosylation 

blockade can modulate the immune TME, thus improving CEA CAR T cells antitumor 

responses.  
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3. RESULTS 

 

3.1 2DG increases CEA CAR T cells killing of CRC and PDAC cell lines  
 

3.1.1 CEA is expressed by CRC and PDAC cell lines and CRC patient-derived liver 

metastases  

   Several clinical trials have been focused on the carcinoembryonic antigen (CEACAM5, 

CEA), considered a suitable target antigen for CAR T cell therapy in a wide range of solid 

tumors. This antigen in healthy tissue is expressed only in the apical surface of cell 

membranes that faces the luminal part of the colon. This polarized expression renders this 

antigen invisible to CAR T cells, but still detectable by TCR redirected T cells, leading 

to severe inflammatory colitis, as shown in clinical trial (Parkhurst et al., 2011).  

Interestingly, in tumor cells the apical-basal polarity is lost and CEA acquires a 

homogeneous expression on the cell surface, becoming visible to circulating immune 

cells (Nap et al., 1988; Saeland et al., 2012). This peculiar feature characterizes CEA as 

a safe antigen to be targeted with CAR T cell therapy. Indeed, CEA CAR T cells have 

been investigated in clinical trials for the treatment of liver metastases from 

gastrointestinal carcinomas, which represent a crucial unmet clinical need due to the 

absence of an effective therapeutic option nowadays. Regional administration of CEA 

CAR T cells into the hepatic artery has shown encouraging signs of clinical activity in a 

heavily pretreated population (Katz et al., 2015; Katz et al., 2020). Another trial, however, 

also reported acute respiratory toxicity possibly due to low CEA expression on normal 

lung epithelium (Thistlethwaite et al., 2017). For these reasons, much must be done in 

order to improve the therapeutic index of this CAR T cell approach in the context of liver 

metastases from colorectal cancer (CRC) and pancreatic adenocarcinoma (PDAC).  

   To confirm the relevance of this antigen in this context, we first evaluated CEA 

expression on a panel of human PDAC and CRC cell lines. This screening revealed that 

most of them express the antigen, albeit at not so high levels. Among all, BxPC3 and 

LoVo cell lines showed the highest expression, both in terms of percentage of positive 

cells and antigen density (fig 3.1a). Subsequently, we analyzed CEA expression in 25 

primary samples of CRC liver metastases retrieved from patients undergoing surgical 

resection at San Raffaele Hospital. All tumor samples showed CEA positivity, while 
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expression in the peri-tumoral tissue was minimal, supporting the favorable safety profile 

of this antigen (fig 3.1b).  

Overall, these data confirm that the CEA antigen represents a suitable target for CAR T 

cell therapy of CRC and PDAC liver metastases.  

 

 
 
Figure 3.1 | CEA is expressed by CRC and PDAC cell lines and CRC patient-derived liver 
metastases. A) CEACAM5 (CEA) protein expression by FACS in different CRC and PDAC cell 
lines (% above; RFI below). (B) CEA protein expression by FACS in primary liver metastases 
(% left; RFI right) (n=25 CRC patient-derived liver metastases). Results from t-test are indicated 
when statistically significant (B) (**P ≤ 0.01; ****P≤0.0001).  
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3.1.2 N-glycosylation blockade unmasks the CEA antigen to antibody recognition and 

increases susceptibility to CEA CAR T cells    

   Compared to healthy cells, solid tumors display a higher amount of cumbersome 

surface N-glycans, which support their invasion and metastases capability. Recently in 

our Unit, we observed that disrupting N-glycans expression on tumor cells can increase 

CAR T cell targeting, by improving immunological synapse formation and inhibiting the 

interaction between inhibitory receptors and their ligands. (Greco et al., 2022). 

   To evaluate the N-glycosylation status of PDAC and CRC cell lines, we used PHA-L, 

a lectin that binds over-branched N-glycans. The majority of these cell lines were found 

to express high levels of these sugar structures, which were significantly reduced after 

treatment with 2DG, a potent inhibitor of N-glycan synthesis (fig 3.2a). This effect was 

more evident in some cell lines, possibly since they express higher levels of GLUTs 

channels through which 2DG enters the cells.  

   Several membrane molecules are masked by cumbersome N-glycans. For example, N-

glycans attached to PDL-1 have been reported to interfere with binding to PD-1 (Li et al., 

2018; Greco et al., 2022). Since also CEA is highly N-glycosylated, we evaluated if 

treatment with 2DG renders it more visible to mAb staining, thus predicting a better 

recognition by CEA CAR T cells. Interestingly, we observed that upon N-glycosylation 

inhibition with 2DG, CEA become more visible to mAb targeting. Of notice, this effect 

was CEA-specific, since increased expression was not observed for other common 

epithelia markers, such as CD44 or EPCAM (fig 3.2b). To ensure that incremental 

antibody binding was due to an unmasking effect rather than gene induction, we 

performed real-time PCR analysis on both BxPC3 and LoVo cell lines, treated or not with 

2DG. Importantly, we observed no changes in mRNA expression levels (fig 3.2c), 

supporting the conclusion that removing N-glycans from CEA renders this antigen more 

visible to antibodies.  

   To evaluate whether this translates into increased susceptibility to CEA CAR T cells, 

we performed co-culture experiments in which BxPC3 and LoVo cells were pre-treated 

or not with 2DG. Importantly, using a CD28 endo-costimulated anti-CEA CAR, we 

observed significantly increased tumor elimination when both cell lines were pre-treated 

with 2DG (fig 3.2d).  
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   Overall, these data suggest that CEA CAR T cell therapy of PDAC and CRC tumors 

may benefit from combination with de-glycosylating agents.  

 

 
 
Fig. 3.2 | N-glycosylation blockade unmasks the CEA antigen to antibody recognition and 
increases susceptibility to CEA CAR T cells. (A) PHA-L expression level (RFI) by FACS in 
PDAC and CRC cell lines before and after 2DG treatment (4mM for 48 hours). (B) CEA, CD44 
and EPCAM expression level (RFI) by FACS in BxPC3 and LoVo cell lines, in the presence or 
absence of 2DG treatment. (C) CEA mRNA expression after 2DG treatment (fold over control) 
assessed by real-time PCR in BxPC3 and LoVo cell lines. (D) BxPC3 (left) and LoVo (right) 
were exposed to 4mM 2DG for 48 hours before being co-cultured with CEA.28z CAR T cells or 
control CD19.28z CAR-T at 2:1, 1:1, 1:5 effector-to-target ratio (E:T ratio). After 48 hours (for 
BxPC3) or 24 hours (for LoVo) killing was analyzed by bioluminescence (Tristar 3), thanks to 
the expression of luciferase (Luc) by cell lines. Killing was expressed as elimination index (see 
“Materials and Methods”) (n=3 donors). Results from t-test (A, C), two-way ANOVA (B) and 
one-way ANOVA (D) are indicated when statistically significant (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 
0.001; ****P≤0.0001). Data are represented as means ± SEM.   
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3.2 Glycosylation blockade reduces immunosuppressive activity of cells 

within the tumor microenvironment and increases CEA CAR T cells function 

in vitro   
 

3.2.1 De-glycosylated tumors dampen M2 macrophages polarization  

   In literature, it is very well reported that N-glycosylation is required and necessary for 

tumor growth, invasion and metastases (Pinho et al., 2009). Moreover, N-glycans 

expressed by malignant cells are crucial for their interaction with the tumor 

microenvironment (TME). This axis, which engages lectins such as SIGLECs expressed 

on immune cells, promotes tumor growth by inhibiting immune response. Therefore, we 

evaluated the effects of inhibiting N-glycosylation in tumor cells on the polarization of a 

specific and common TME population, M2 macrophages.  

   We differentiated primary M2 macrophages (M2-M) from PBMCs of healthy donors. 

Briefly, we sorted CD14+ cells, differentiated them with human monocyte-colony 

stimulating factors (M-CSF) for 5-7 days and human interleukin-4 (IL-4) for additional 

48 hours to finally obtain M2 macrophages (fig 3.3a). To check if we succeeded in 

generating M2-M, we analyzed by FACS the expression of typical M2 markers. Pro-

inflammatory M1 macrophages (M1-M), polarized in vitro with LPS for 48 hours, were 

tested in comparison. The mannose receptor CD206 and the folate receptor beta (FRβ) 

expressed by immunosuppressive M2-like tumor associated macrophages (TAMs) 

(Rodriguez-Garcia et al., 2021) showed a higher expression in M2-M in comparison to 

M1-M (fig 3.3b).  

   To evaluate the impact of glycosylated versus de-glycosylated tumors on M2 

macrophages, we performed in vitro co-culture experiments. When the tumor was fully 

glycosylated, M2-M maintained high levels of CD206 and CD200R, another M2-M 

specific marker (Koning et al., 2010) (fig 3.3c). However, when tumor cells were de-

glycosylated by pre-treatment with 2DG or tunicamycin, CD206 and CD200R expression 

in M2 macrophages was significantly reduced. The same results were obtained using 

tumor cells knocked-out of the gene encoding for a glycosyltransferase involved in the 

synthesis of branched N-glycans, MGAT5.  

   These results suggest that de-glycosylated tumors have a reduced capacity to sustain 

M2 macrophages polarization.  
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Fig 3.3 | De-glycosylated tumors dampen M2 macrophages polarization. (A) Schematic 
representation of protocol employed for primary macrophages differentiation and polarization is 
shown. CD14+ cells sorted from healthy donors’ PBMCs were plated and cultured for 5-7 days 
in the presence of human M-CSF. Once obtained M0 macrophages, they were polarized in M2 
macrophages (M2-M) with human IL-4 for 48 hours or in M1 macrophages (M1-M) with LPS 
for 48 hours (See “Material and Methods”). (B) Specific M2-M markers were analyzed by FACS 
in M1-M and M2-M polarized cells. The expression level (RFI) of CD206 and FRβ is shown. (C) 
CD206 and CD200R expression (RFI) of M2-M in co-culture with BxPC3 (left) or LoVo (right) 
pre-treated or not with 4mM 2DG, 100ng/ml tunicamycin or genetically knock-out for MGAT5. 
Results from t test (B) and one-way ANOVA (C) are indicated when statistically significant (*P 
≤ 0.05; **P ≤ 0.01). Data are represented as means ± SEM. Schematics (A) was created with 
Biorender software.  
 
 

 

 

 

 

 

A B

M2-MM1-M

25
50
75

100

C
D

20
6 

(R
FI

) ✱

C

M2-MM1-M

20
40
60
80

FR
β 

(R
FI

) ✱✱

0
50

100
150
200
250

C
D

20
6 

(R
FI

) ✱

✱

✱✱

LoVo
2DG

Tunica
MGAT5 KO 

+    +    +    -

- -    -     +

-     +    -     -
- -    +    -

0
20
40
60
80

C
D

20
6 

(R
FI

)

BxPC3
2DG

Tunica
MGAT5 KO 

+    +    +    -

- -    -     +

-     +    -     -
- -    +    -

✱

✱

✱✱

BxPC3 LoVo

0
20
40
60
80

C
D

20
0R

 (R
FI

)

✱

✱

✱

+    +    +    -

- -    -     +

-     +    -     -
- -    +    -

0
10
20
30
40
50

C
D

20
0R

 (R
FI

) ✱

+    +    +    -

- -    -     +

-     +    -     -
- -    +    -



	 56	

3.2.2 THP-1 derived M2 macrophages lose their immunosuppressive activity upon N-

glycosylation blockade 

   The role of glycosylated tumors in inducing an immunosuppressive microenvironment 

is well reported in literature. However, the direct role of N-glycosylation on TME cells is 

not well known. Therefore, we were interested in evaluating the effects of N-

glycosylation inhibition on the immunosuppressive function of M2 macrophages.  

   We started by exploiting the monocyte-like cell line THP-1, which can be genetically 

modified through MGAT5 KO rather easily compared to M2 macrophages. THP-1 cells 

were differentiated in vitro with PMA for 24 hours (M0-like) and then exposed to IL-4 

for 48 hours to obtain M2-like macrophages (M2-like, fig 3.4a). FACS analysis of these 

cells confirmed successful obtaining of M2-like THP-1 cells expressing higher levels of 

CD86 in comparison to M0-like, as reported in literature (Forrester et al., 2018) (fig 3.4b).  

   To test if the M2-like THP-1 cells show an inhibitory effect on CAR T cells, we set up 

tripartite co-cultures including BxPC3 cells, M2-like THP-1 and CEA CAR T cells. 

These assays revealed that CEA.28z CAR T cells displayed a reduced killing capacity in 

the presence of M2-like THP-1 cells. Strikingly, however, 2DG was able to abrogate this 

inhibitory effect, restoring potent elimination of BxCP3 also in the presence of M2-like 

THP-1 cells (fig 3.4c).  

   2DG is both a N-glycosylation and a glycolysis inhibitor. To analyze its impact on M2-

like THP-1 cells, we performed PHA-L staining and analyzed lactate production as proxy 

of N-glycosylation and glycolysis, respectively. Interestingly, while we observed no 

difference in lactate production (fig 3.4e), a significant reduction in PHA-L lectin staining 

was detected after treatment with 2DG (fig 3.4d). These results suggest that 2DG 

preferentially inhibits the N-glycosylation pathway in M2-like THP-1 cells, at least at the 

dose we employed for these studies.  

   Then, to better assess the specific effect of N-glycosylation inhibition on M2-like THP-

1 cells, we knocked-out MGAT5 in these cells. Successful gene knock-out was confirmed 

by PHA-L lectin staining (fig 3.4f) and tripartite co-cultures were performed to evaluate 

the functional impact of MGAT5 KO in M2-like THP-1 cells. Tumor killing at the 2:1 

effector to target ratio was higher with M2-like MGAT5 KO THP-1 cells (fig 3.4g), 

supporting the notion that de-glycosylated M2-like THP-1 cells display lower 

immunosuppressive activity. In line with this observation, M2-like THP-1 cells inhibit 
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the proliferation of polyclonal-stimulated T cells, but treatment with 2DG or MGAT5 KO 

mitigated this negative effect (fig 3.4h).  

   Overall, these data suggest that N-glycosylation blockade reduces the 

immunosuppressive activity of M2-like THP-1 cells, thus leading to superior tumor 

elimination by CEA CAR T cells.   

 

 
 
Fig. 3.4 | THP-1 derived M2 macrophages lose their immunosuppressive activity upon N-
glycosylation blockade. (A) Schematic representation of protocol employed for THP-1 
differentiation in macrophages (M0-like) and polarization in M2-like THP-1 is shown. THP-1 
cell line was cultured for 24 hours with PMA. To polarize cells in M2 macrophages-like, M0-like 
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THP-1 cells were washed-out and cultured for 48hours with IL-4 (See “Material and Methods”). 
(B) THP-1 M0-like and M2-like expression markers analyzed by FACS (RFI) are shown. (C) 
Elimination index of BxPC3 after 48 hours triple co-culture with M2-like THP-1 and CEA.28z 
CAR-T in 2:1, 1:1 and 1:5 E:T ratio (left without previous 2DG treatment; right with 4mM 2DG  
pre-treatment to BxPC3 and M2-like THP-1 co-culture, washed-out before adding CAR T cells) 
(n=3 donors). (D) PHA-L expression level (RFI) by FACS of M2-like THP-1 with or without 
2DG treatment is shown. (E) Lactate concentration in the medium of M2-like THP-1 culture, in 
the presence or absence of 2DG is reported. (F) PHA-L expression level (RFI) by FACS of M2-
like THP-1 WT and MGAT5 KO is shown. (G) Elimination index of BxPC3 after 48 hours triple 
co-culture with M2-like THP-1 (WT or MGAT5 KO) and CEA.28z CAR-T in 2:1, 1:1 and 1:5 
E:T ratio (n=3 donors) is reported. (H) T cells proliferation after 5 days co-culture with M2-like 
THP-1 (WT, treated with 2DG or MGAT5 KO) (n=3 donors). Results from t-test (B, D, E, F) and 
one-way ANOVA (C, G, H) are indicated when statistically significant (*P≤0.05; **P ≤ 0.01). 
Data are represented as means ± SEM. Schematics (A) was created with Biorender software.  
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3.2.3 Primary M2 macrophages are less immunosuppressive upon N-glycosylation 

inhibition 

   Once verified that inhibiting N-glycan synthesis in M2-like THP-1 cells reduces their 

inhibitory activity, we moved on to evaluate primary M2 macrophages. These cells were 

obtained from healthy donors’ PBMCs, as described in section 3.2.1.  

   To characterize the effect of N-glycosylation blockade on M2 macrophages 

polarization, we first analyzed their phenotype after treatment with 2DG or tunicamycin. 

Interestingly, typical M2 markers such as CD206, CD209, CD200R, PDL-2 and FRß 

were strongly downregulated after treatment with both de-glycosylating agents (fig 3.5a). 

To enrich the phenotype characterization, we analyzed also the expression of markers 

involved in “don’t eat me signal” mechanisms. In these pathways, tumor cells express 

specific ligands (e.g., CD24, CD47 and PDL-1), which bind their receptors expressed on 

M2 macrophages (namely Siglec10, SIRP! and PD-1), inhibiting their phagocytic 

capacity (fig 3.5b). Interestingly, upon N-glycosylation blockade, these receptors on M2 

macrophages were downregulated, suggesting the inhibition of the “don’t eat me” 

mechanism by tumor cells (fig 3.5c).  

 

 
 
Fig. 3.5 | N-glycosylation blockade inhibits M2 macrophages polarization. (A) M2-M markers 
expression level (RFI) by FACS with or without 4mM 2DG or 100ng/ml tunicamycin treatment 
for 48 hours (CD206 n=7 donors; PDL-1 n=4 donors; other makers n=3 donors) (B) Schematic 
representation of “don’t eat me” signals between tumor cells and macrophages is shown. (C) PD-
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1, SIRP! and Siglec10 expression level (RFI) with or without 2DG or tunicamycin treatment 
(n=6 donors). Results from one-way ANOVA are indicated when statistically significant 
(*P≤0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤0.0001). Data are represented as means ± SEM. 
Schematics (B) was created with Biorender software.  
 
 

 

  To evaluate whether these phenotypic changes translate into functional differences, we 

analyzed cytokine release, phagocytic capacity and performed suppressive assays. 

Interestingly, both de-glycosylating agents completely abolished the ability of M2 

macrophages to release IL-10, while promoting the production of pro-inflammatory TNF-

! (fig 3.6a). In line with this, N-glycosylation blockade was also able to increase the 

phagocytic capacity of M2-M, bringing them closer to M1-M (fig 3.6b). These 

observations suggest that N-glycosylation inhibition not only hamper M2 polarization, 

but also promote the acquisition of features of pro-inflammatory M1 macrophages. Like 

M2-like THP-1 cells, also primary M2 macrophages were capable of inhibiting T cell 

proliferation in suppressive assays, but in the presence of 2DG this negative effect was 

significantly reduced (fig 3.6c-d). This effect was reverted by addition of mannose, which 

competes with 2DG in the N-glycosylation pathway, confirming that 2DG inhibits N-

glycosylation by mannose mimicry. In line with this, we observed that 2DG treatment of 

M2 macrophages reduced PHA-L staining (fig 3.6e), without impacting on lactate 

production (fig 3.6f).  

   Altogether these results suggest that N-glycosylation blockade restrains the 

immunosuppressive activity of primary M2 macrophages, while inducing pro-

inflammatory features. 
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Fig. 3.6 | Primary M2 macrophages are less immunosuppressive upon N-glycosylation 
inhibition. (A) M2-M cytokines (IL-10 and TNF-!) concentration from supernatant, after 48 
hours treatment with 4mM 2DG or 100ng/ml tunicamycin (n=3 donors). (B) Zymosan-based 
phagocytosis assay of M2-M (treated or not with 2DG or tunicamycin) and M1-M (Nihil n=7 
donors; 2DG n=6 donors; tunicamycin n=4 donors; M1-M n=3 donors). (C) Schematic 
representation of suppressive assay with M2-M is shown. M2-M were plated in the presence or 
absence of different treatments (4mM 2DG, 4mM 2DG+1mM mannose, 100ng/ml tunicamycin) 
for 48 hours. Treatments were washed-out and labelled PBMCs from healthy donors, activated 
with OKT-3 and a-CD28 were added. After 5 days T cells proliferation was analyzed by FACS. 
(D) T cells proliferation after 5 days co-culture with M2-M. Treatments were washed-out before 
adding stimulated T cells (n=5 donors; n=3 donors in tunicamycin condition). (E) PHA-L 
expression (%) by FACS of M2-M before and after 2DG treatment (Nihil n=6 donors; 2DG n=3 
donors). (F) Lactate concentration of M2-M culture medium in the presence or absence of 2DG 
(n=3 donors). Results from t-test (E, F) and one-way ANOVA (A, B, D) are indicated when 
statistically significant (*P≤0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤0.0001). Data are represented 
as means ± SEM. Schematics (C) was created with Biorender software.   
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3.2.4 N-glycosylation blockade downregulates immunosuppressive genes in M2 

macrophages  

   To analyze more in depth the effect of N-glycosylation blockade on M2 macrophages, 

we performed transcriptome analysis of M2-M treated with de-glycosylating agents (2DG 

and tunicamycin) compared to untreated M2-M. M1 macrophages were also analyzed as 

comparison. From Pearson correlation analysis of transcriptional data, we observed 

similarity between the gene expression profile of both treated cells, which differ 

substantially from M2-M (fig 3.7a). To identify genes modulated after treatment, we 

performed a differential expression analysis of M2-M versus M2-M treated with 2DG or 

tunicamycin, separately, and we identified around 6000 genes classified in 7 clusters, 

using unsupervised hierarchical analysis (fig 3.7b). Cluster I and Cluster IV collect genes 

that are commonly down-regulated or up-regulated in treated versus untreated M2-M, 

while the others include genes specifically modulated by individual treatments. Enriched 

pathway analysis revealed that N-glycosylation blockade induces M2-M to downregulate 

genes involved in the inhibition of immune response, including PD-1 signaling and genes 

involved in the polarization and maintenance of M2-M, including IL-4 and IL-13 

signaling. On the other hand, upregulated pathways include protein processing in the 

endoplasmic reticulum (ER) and the unfolded protein response (UPR), which are the 

expected consequences of N-glycosylation inhibition (Hetz et al., 2020) (fig 3.7c).  

   Analysis of specific genes extrapolated from Cluster I and Cluster IV revealed that 

many of the down-regulated genes are involved in immunosuppressive functions, while 

several of the up-regulated ones have a role in immuno-stimulating pathways (fig 3.7d). 

Among down-regulated genes, we highlight those reported in the dataset published by 

Martinez et al., described as M2-specific and down-regulated in M1-M, such as Cd300a, 

Mrc1, Palld, Meltf, Epb41l2, Ccl26 and Cd209 (Martinez et al., 2006). Importantly, 

down-regulated genes also include some of those expressed by tumor associated 

macrophages, such as Mpeg, Pdcd1lg2, Trem2, S100a9, Tgfb2, Mmp9 (Ma et al., 2022). 

Most of these genes play a crucial role in immunosuppressive functions, such as S100a9 

(Kwark et al., 2020), Pdcd1lg2 (PDL-2) (Sumitomo et al., 2022) and Trem2 

(Katzenelenbogen et al., 2020), whose expression correlates with a poor prognosis in 

cancer patients. On the other hand, up-regulated genes include immunostimulating genes 

expressed by M1 macrophages, such as Irf1 (Xie et al., 2016), Irf7 (Yang et al., 2018), 
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Tnfsf9 (Wu et al., 2021), Pag1 and Cd55 (Martinez et al., 2006), which are expressed at 

high levels in M1 pro-inflammatory and anti-tumoral macrophages, as also reported from 

gene ontology.  

   Taken together these results, we can conclude that treating M2 macrophages with de-

glycosylating agents induces profound transcriptional changes that appear to inhibit their 

immunosuppressive function. Interestingly, the treatment also results in the up-regulation 

of immune-stimulating genes, suggesting possible remodeling towards a pro-

inflammatory state.  
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Fig. 3.7 | N-glycosylation blockade downregulates immunosuppressive genes in M2 
macrophages.  (A) Pearson correlation heatmap showing separation of M2-M with M2-M treated 
with 2DG or tunicamycin. Darker regions represent high correlation and lighter regions represent 
low correlation. (B) Gene expression heatmap and unsupervised hierarchical 
clustering (by maximum distance and complete linkage) of 5,998 genes found to be differentially 
expressed (FDR ≤0.01 and Fold Change ≥1.5) between M2-M and 2DG or tunicamycin treated 
M2-M. (C) Balloon plot showing significant enrichment pathways associated with genes 
differentially expressed in the Cluster I (upper-panel) and Cluster IV (bottom-panel) identified 
in B. Pathways were colored according to the legend.  
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(D) Heatmap showing significant differential expression of immunosuppressive and immuno-
stimulating genes collected from literature. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 66	

3.2.5 De-glycosylated M2 macrophages acquire M1-like features  

   In the previous subparagraphs, we described how M2 macrophages treated with 2DG 

or tunicamycin lose their immunosuppressive function and acquire immune-stimulating 

features. 

   To better characterize this last aspect, we compared the gene expression profile of M1 

macrophages from the same donors to that of the other samples. Principal Component 

Analysis (PCA) showed a global similarity between M1-M and M2-M treated with de-

glycosylating agents relative to PC-2, which is very different for untreated M2-M (fig 

3.8a). Differential expression analysis revealed 717 and 604 genes commonly up-

regulated and down-regulated in M1-M and treated M2-M compared to untreated M2-M 

(fig 3.8b). These data already suggest the strong transcriptional similarity between de-

glycosylated M2-M and M1-M.  

   To investigate which pathways are commonly overexpressed or down-regulated, we 

performed an enrichment analysis of de-regulated genes (fig 3.8c). Interestingly, the 

pathways commonly up-regulated in M1-M and treated M2-M are principally involved 

in epigenetic modification and positive regulation of immune response, including 

response to type I interferon and activation of interferon-regulatory factors (IRFs) by 

tumor necrosis factor receptor associated factors (TRAFs) (Dhillon et al., 2019). There 

are some evidences in literature regarding the role of epigenetic regulation in determining 

macrophages polarization. It’s reported that overexpression of specific methyl 

transferases, such as DNMT3B and DNMT1, prevents M2 polarization, increasing TNF-

α and IL-6 production by M1-M (Yang et al., 2014; Cheng et al., 2014). Acetylation is 

also known to control macrophages phenotype. In particular, H3 acetylation is reported 

to induce TNF-α and IL-6 expression in M1-M (Feng et al., 2010), while histone 

deacetylases 3 (HDAC3) is described as a negative regulator of M2 macrophages, able to 

repress IL-4 signaling and TGF-β production and to promote M1 polarization (Chen et 

al., 2012).  

   On the other hand, pathways downregulated in M1-M and treated M2-M compared to 

untreated M2-M comprise negative regulation of immune response, like IL-4 and IL-13 

signaling, and metabolism, in particular respiration and Tricarboxylic acid cycle (TCA 

cycle). TCA cycle in M1-M is usually impaired, since it is broken in two different steps, 

after citrate and after succinate, thus resulting in the accumulation of specific metabolites, 
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such as citrate, succinate and itaconate, which exerts antibacterial function (Jha et al., 

2015). M1-M are also characterized by reduced oxidative phosphorylation (OXPHOS), 

since they principally rely on glycolysis, crucial for their pro-inflammatory functions 

including phagocytosis, ROS production and secretion of inflammatory cytokines 

(Freemerman et al., 2014; Viola et al., 2019). Differently, in M2-M the TCA cycle is 

intact and their metabolic activity is characterized by enhanced fatty acid oxidation (FAO) 

and OXPHOS (Jha et al., 2015). These results suggest that N-glycosylation blockade can 

shape M2-M also in terms of metabolism that, after treatment become more similar to 

M1-M.  

   Overall, these findings support the concept that, besides inhibiting immunosuppressive 

behavior, N-glycosylation blockade also induces M2-M to acquire a M1-like pro-

inflammatory phenotype, from a functional, metabolic and epigenetic point of view.  
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Fig. 3.8 | De-glycosylated M2 macrophages acquire M1-like features. (A) Principal component 
analysis (PCA) of RNAseq data. M1-M and M2-M (treated or not with 2DG or tunicamycin) were 
obtained from three individual PBMCs’donors upon differentiation with M-CSF and polarization 
with LPS (for M1-M) and IL-4 (for M2-M). (B) Gene expression heatmap and unsupervised 
hierarchical clustering (by maximum distance and complete linkage) of 1,321 genes found to be 
differentially expressed (FDR ¡Ü 0.05 and Fold Change ¡Ý |1.5|) between M2-M versus M1-M 
macrophages samples. Gene expression of 2DG or tunicamycin treated M2-M are also shown. (C) 
Enriched processes associated with genes up-regulated (upper-pannel) and down-
regulated (bottom-pannel) resulted by M1-M versus M2-M comparison. Terms with P < 0.01 
were considered significant and two terms (nodes) with a similarity > 0.3 are linked by edges. 
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3.2.6 N-glycosylation inhibition reduces hepatic stellate cells activation 

   In the context of liver tumors and metastases, hepatic stellate cells (HepSCs) represent 

a crucial population of the TME, which support tumor progression and metastases 

formation. These cells are normally quiescent (qHepSCs), working as storage for vitamin 

A and retinoic acid droplets. However, in the context of tumors they become activated 

(aHepSCs) and support cancer progression by secreting growth factors and cytokines 

(Kang et al., 2011).  

   The contact of HepSCs with culture-treated plates renders HepSCs activated, as 

provided by manufacturer’s data sheet (Lonza). aHepSCs are characterized by increased 

proliferation and high contractility with expression of pericellular matrix proteins, such 

as α-smooth muscle actin (αSMA) and specific markers, including platelet-derived 

growth factor ß (PDGFR-ß). On the other hand, qHepSCs are characterized by lipid 

droplets in cytoplasm to store vitamin A and retinoic acid, which is their main function 

(Shang et al., 2018). We analyzed the expression of these markers by 

immunofluorescence (αSMA and lipid droplets) and FACS (PDGFR-ß). Upon N-

glycosylation blockade, aHepSCs reduce their activation by downregulating the 

expression of PDGFR-ß and αSMA (fig 3.9a-b). On the other hand, the inhibition of N-

glycosylation increases the amount of lipid droplets, suggesting reshape towards a 

quiescent state (fig 3.9b).  

   The PD1/PDL-1 axis is a well-known mechanism of tumor immune escape, able to 

inhibit antitumor activity of T cells. It has been demonstrated that this binding requires 

N-glycosylation. In particular, N-glycans prevent PDL-1 degradation and ensure proper 

binding to PD-1, a feature shared with other co-inhibitory molecules but not with 

stimulatory pairs (Li et al., 2016; Li et al., 2018). Similarly, also PD-1 in T cells is 

extensively N-glycosylated and this is critical for its stability on the cell surface 

interaction with PDL-1 (Sun et al., 2020). Accordingly, abrogation of the PD-1/PDL-1 

axis is one of the mechanisms responsible for improved antitumor activity of CAR T cells 

in combination with de-glycosylating agents (Greco et al., 2022). Interestingly, we 

observed that also aHepSCs bind a PD-1 chimera, and this interaction is reduced when 

the cells are de-glycosylated with 2DG or tunicamycin (fig. 3.9c).  

   To evaluate the functional consequences of N-glycosylation blockade, we performed 

suppressive assays like those performed with M2-M and observed that also aHepSCs are 
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capable of inhibiting T cell proliferation. Importantly, treatment with 2DG or tunicamycin 

was sufficient to abrogate their immunosuppressive function, paralleling the observation 

made with M2-M (fig 3.9d). Mannose supplementation to the condition with 2DG 

restored the inhibitory capacity, suggesting the specific role of N-glycosylation blockade 

in the observed phenomenon. In line with this, we observed that 2DG inhibits N-

glycosylation (fig 3.9e) but not glycolysis (fig 3.9f) in aHepSCs.  

   Altogether, these evidences suggest that N-glycosylation blockade reduces HepSCs 

activation and abrogates their immunosuppressive functions.    

 

 
 
Fig. 3.9 | N-glycosylation inhibition reduces HepSCs activation. (A) Representative 
immunofluorescence images of HepSCs (treated or not with 2DG or tunicamycin) stained for !-
SMA (red) and LipidSpot (green). Scale bars: 50um. Below: ROI-based analysis of !-SMA and 
LipidSpot expression. (B) PDGFR-β expression level (RFI) in HepSCs (with or without 2DG or 
tunicamycin treatment). (C) PD-1 Fc binding to PDL-1 (%) in HepSCs treated or not with 2DG 
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or tunicamycin. (D) T cells proliferation after 5 days co-culture with HepSCs. Treatments were 
washed-out before adding stimulated T cells (n= 4 donors). (E) PHA-L expression (%) by FACS 
of HepSCs treated or not with 2DG. (F) Lactate concentration of HepSCs culture medium in the 
presence or absence of 2DG. Results from t-test (E, F) and one-way ANOVA (A, B, C, D) are 
indicated when statistically significant (*P≤0.05; **P ≤ 0.01). Data are represented as means ± 
SEM.  
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3.2.7 N-glycosylation blockade increases CEA CAR T cells functions despite the 

presence of TME cells  

   Once evaluating the general effect of N-glycosylation blockade on M2 macrophages 

and hepatic stellate cells, we analyzed its specific effect in the context of CAR T cell 

therapy. To this aim, we performed tripartite co-cultures with TME cells, CEA CAR T 

cells and tumor cells, with or without 2DG treatment (fig 3.10a).  

   Of notice, CEA CAR T cells showed a reduced ability to kill BxPC3 cells in the 

presence of HepSCs, but 2DG completely reverted this negative effect (fig 3.10b, right). 

Differently, M2 macrophages failed to inhibit tumor cell killing (fig 3.10b, left), 

suggesting a milder inhibitory effect of this population in comparison to HepSCs. In 

general, targeting of LoVo cells was less influenced by both TME cells. However, a clear 

trend towards reduced killing in the presence of HepSCs was observed, but 2DG proved 

able to revert the effect (fig. 3.10c, right). Interestingly, in a suppressive assay with 

irradiated tumor cell lines, TME cells and CEA CAR T cells, M2-M demonstrated an 

inhibitory effect on CEA.28z CAR T cells proliferation in the presence of both BxPC3 

(fig 3.10d, left) and LoVo cell line (fig 3.10e, left). This inhibitory mechanism was 

completely reduced upon treatment with 2DG or tunicamycin. HepSCs, however, resulted 

less prone to inhibit CEA CAR T cells proliferation in the presence of LoVo cell line (fig 

3.10e, right), while showed strong suppression with BxPC3 cell line (fig 3.10d, right).  

   Altogether these data suggest that TME cells can inhibit CEA CAR T cells activity in 

vitro, both in terms of killing and/or proliferation, but treatment with de-glycosylating 

agents can restore their full functionality.  
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Fig. 3.10 | N-glycosylation blockade increases CEA.28z CAR T cells functions despite the 
presence of TME cells. (A) Schematic representation of triple co-culture with tumor cells (BxPC3 
or LoVo), TME cells (M2-M or HepSCs) and CEA.28z CAR T cells is shown. BxPC3 Luc+ or 
LoVo Luc+ were plated together with M2-M or HepSCs and treated or not with 4mM 2DG for 48 
hours. After treatment wash-out, CEA.28z were added in a 1:1 E:T ratio. After 24 hours, 
supernatant was collected for cytokine analysis. After 24 hours for LoVo and 48 hours for BxPC3, 
killing was analyzed by Tristar. (B) Elimination index of BxPC3 after 48 hours triple co-culture 
with M2-M (left) or HepSCs (right) in a 1:1 E:T ratio (n=6 donors). (C) Elimination index of 
LoVo after 24 hours triple co-culture with M2-M (left) or HepSCs (right) in a 1:1 E:T ratio (n=6 
donors for M2-M and n=3 donors for HepSCs). (D) CEA.28z CAR T cells proliferation after 5 
days co-culture with irradiated BxPC3 and M2-M (left) or HepSCs (right) (n=5 donors left; n=4 
donors right). (E) CEA.28z CAR T cells proliferation after 5 days co-culture with irradiated LoVo 
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and M2-M (left) or HepSCs (right) (n=3 donors). Results from one-way ANOVA are indicated 
when statistically significant (*P≤0.05; **P ≤ 0.01; ***P ≤ 0.001). Data are represented as means 
± SEM. Schematics (A) was created with Biorender software.  
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3.2.8 2DG increases CEA CAR T cells killing capacity against PDOs from CRC-liver 

metastases  

   In the previous subparagraph, we described how 2DG restrains the immunosuppressive 

activity of TME cells, increasing CAR T cell reactivity against tumor cell lines. To 

understand if this potential is maintained in a more relevant context, in collaboration with 

Giovanni Tonon’s group, we performed the same in vitro triple co-culture with organoids 

generated from liver metastases of CRC patients. Metastatic lesions were resected and 

processed to obtain a single cell suspension that was plated to generate organoids in the 

presence of Matrigel and specific medium (see “Material and Methods”). For the assay, 

PDOs were plated with TME cells and CEA.28z CAR T cells, with or without 2DG. After 

72 hours CEA CAR-T killing activity was analyzed (fig 3.11a).  

   Clearly, PDOs are more resistant to CAR T cells than cell lines (fig 3.11b,c). Indeed, 

the elimination index (see “Materials and Methods”) was only 0.5 with PDOs, while it 

reached 0.7 and 0.8 with BxPC3 and LoVo, respectively (see section 3.2.7). However, 

the presence of M2-M demonstrates a stronger inhibitory effect in comparison to HepSCs 

(fig 3.11b,c). Importantly, 2DG was able to increase targeting of PDOs both in absence 

and presence of either M2-M or HepSCs. Interestingly, the same behavior was observed 

analyzing tumor killing with bioluminescence (based on PDO’s luciferase expression) 

and counting viable PDOs from microscope images.  

   Altogether, these data suggest that the N-glycosylation blockade can increase CAR T 

cell targeting of patient-derived tumor organoids despite the presence of TME cells.  
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Fig. 3.11 | 2DG increases CEA CAR T cells killing capacity against PDOs from CRC-liver 
metastases. (A) Schematic representation of triple co-culture with PDOs, TME cells (M2-M or 
HepSCs) and CEA.28z is shown. PDOs Luc+ were plated with M2-M or HepSCs for 48 hours 
with or without 4mM 2DG treatment. After treatment wash-out, CEA.28z were added to the co-
culture in a 1:1 E:T ratio. After 72 hours killing activity was analyzed with Tristar and with 
Axio Vert inverted microscope. (B) Elimination index of different PDOs (n=3) after 72 hours 
triple co-culture with M2-M (left) or HepSCs (right) in a 1:1 E:T ratio (n=3 donors with M2-M 
and n=5 donors with HepSCs). (C) Representative microscope images of triple co-culture of 
CEA.28z CAR-T, PDO#17, TME cells and with or without 2DG are shown. On the right 
elimination index of 3 PDOs was calculated from microscope images, by counting live PDOs in 
each condition normalized to PDO alone, without CAR-T. Results from one-way ANOVA are 
indicated when statistically significant (*P≤0.05; **P ≤ 0.01). Data are represented as means ± 
SEM. Schematics (A) was created with Biorender software.  
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3.3 Human TME in vivo modeling in the context of liver metastases  
 

3.3.1 Intra-liver injection of CEA CAR T cells outperforms the intravenous one  

   In the previous paragraph, we observed in vitro the relevance of N-glycosylation to 

determine the immunosuppressive phenotype of M2 macrophages and hepatic stellate 

cells. Even if in vitro systems are useful to easily answer to specific questions, they are 

unable to recapitulate the complexity of cell interactions in a structured environment.  

   Therefore, we decided to set up an orthotopic xenograft mouse model for CEA CAR T 

cell therapy of CRC and PDAC liver metastases. First, we evaluated the feasibility of 

surgically injecting BxPC3 into the liver of immunodeficient mice and verified that the 

procedure permits the development of hepatic tumor masses. For the easy monitoring of 

tumor growth, cancer cells were engineered with a secreted luciferase that can be 

analyzed in blood samples. Second, we verified whether localized infusion of CEA CAR 

T cells at the tumor site was advantageous over systemic infusion (fig 3.12a). Indeed, 

once injected intravenously, CAR T cells have to overcome physical barriers to reach the 

tumor site, such as stromal cells and abnormal vasculature, that limit CAR T cells entry 

(Sacksterin et al., 2017; Hanahan and Coussen, 2012). Moreover, intravenously 

administered T cells do not usually infiltrate non-inflamed tumor tissues and can be 

sequestered within other organs, such as the lungs. These obstacles can be overcome by 

injecting CAR T cells directly at the tumor site. This administration route may also result 

in lower cytokines levels in the peripheral blood, reducing the risk to develop CRS and 

cytokine-mediated organ damage. Finally, regional delivery offers a way to bypass 

normal tissues, thus reducing on-target off-tumor toxicity (Cherkassky et al., 2022). 

Regional/local CAR-T administration has been investigated in different clinical trials, in 

the context of both brain tumors with anti-Her2 CAR T cells (Brown et al., 2016; Keu et 

al., 2017) and liver metastases with anti-CEA CAR T cells (Katz et al., 2015; Katz et al., 

2020). Here, we observed that at the early time points, i.e., until day 7 from CAR T cells 

infusion, intra-liver injection was superior in tumor control compared to systemic 

delivery. However, in subsequent time points tumor control was lost also in the mice that 

received CAR T cells intra-liver (fig 3.12b).  

   It has been recently reported that liver metastases restrain immunotherapy efficacy due 

to hepatic myeloid cells, which induce apoptosis of activated T cells (Yu et al., 2021). 
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Hence, to better understand if the liver could be an obstacle per se due to its suppressive 

environment, we changed the tumor injection site. We compared CEA CAR T cells 

efficacy in the intra-liver (i.l.) and intra-peritoneum (i.p.) settings, where both tumor and 

CAR T cells were infused in the same site (fig 3.12c). Although a trend towards increased 

antitumor activity in the i.p. setting was observed, this advantage was rapidly lost (fig 

3.12d), suggesting that independently form tumor location CEA CAR T cells are not 

sufficiently potent to counteract tumor growth.       

   Overall, these data suggest that hepatic CAR T cell delivery is superior to intravenous 

infusion, even if its efficacy remains low.   

 

 
 
Fig. 3.12 | Intra-liver injection of CEA CAR T cells outperforms the intravenous one. (A) 
Schematic representation of pancreatic BxPC3 cell line injected intra-liver in SGM3 mice, treated 
with 10x106 CEA.28z CAR-T intravenous (i.v.) or intra-liver (i.l.) is shown. Tumor growth was 
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followed by bioluminescence analysis from blood samples, thanks to secreted luciferase (sLuc) 
expression by tumor cell line (Nihil, n=2 mice; CEA.28z i.v., n=6 mice; CEA.28z i.l., n=10 mice). 
(B) Tumor growth was measured from blood samples and reported as RLU, relative light unit. 
On the left RLU of i.v. infused CEA.28z treated group versus untreated group are shown. In the 
middle RLU of i.l. injected CEA.28z treated group versus untreated group are shown. On the right 
RLU at day 7 of i.v CEA.28z, i.l. CEA.28z and untreated groups are shown. (C) Schematic 
representation of BxPC3 injected i.l. or intra-peritoneum (i.p.) in SGM3 mice, treated with 
CEA.28z CAR-T i.l. or i.p. is shown (i.l/i.l CEA.28z, n=5 mice; i.p/i.p CEA.28z, n=5 mice). (D) 
Tumor growth reported as RLU of i.l. treated or i.p. treated mice is shown. Results from one-way 
ANOVA (B right) and two-way ANOVA (B left and middle, D) are indicated when statistically 
significant (*P≤0.05; ****P ≤ 0.0001). Data are represented as means ± SEM.  
 
 
 
 

3.3.2 Humanized mice recreate a human immune tumor microenvironment  

   Even though classical xenograft mouse models are useful to answer questions regarding 

CAR T cell reactivity against tumor cells, they are limited by the absence of functional 

murine and human immune cells, which are crucial to support CAR T cell function, 

recreate a human immune tumor microenvironment and exacerbate CAR-related 

toxicities (Norelli et al., 2018; Giavridis et al., 2018). The presence of immune cells 

increases the complexity of xenograft mouse models, allowing to better profile CAR T 

cells efficacy and toxicities.  

   Therefore, for this project, we exploited a humanized mouse model in which immune-

deficient mice are infused with human hematopoietic stem and progenitor cells (HSPCs) 

to reconstitute a functional human immune system. To this aim, we used a triple 

transgenic mouse strain (SGM3), which express human stem cell factor (SCF), 

granulocyte-macrophage colony stimulating factor (GM-CSF) and interleukin-3 (IL-3). 

These mice better support human hematopoiesis compared to NSG mice and allow an 

improved reconstitution of the myeloid compartment, which has a crucial role in 

modulating CAR T cell responses (Billerbeck et al., 2011; Norelli et al., 2018).  

   First, we set up the model in the context of tumors within the liver, injecting BxPC3 

directly in the liver of humanized SGM3 (huSGM3) (fig 3.13a). In a first experiment, we 

analyzed tumor growth and human hematopoiesis in humanized versus not humanized 

mice. Tumor growth didn’t differ in the two conditions (fig 3.13b), suggesting that 

humanization per se does not inhibit liver tumor progression. Similarly, no differences 

were observed in total human CD45+ cell counts and in specific immune populations, 
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including monocytes, NK cells and B cells (fig 3.13c), suggesting that the presence of 

tumor cells within the liver does not interfere with human hematopoiesis. 

 
 
Fig. 3.13 | Tumor engraftment does not impair human immune reconstitution in humanized 
mice. (A) Schematic representation of intra-liver injected BxPC3 in huSGM3 mice is shown. 
SGM3 mice were reconstituted with human CD34+ cells infused i.v. After BxPC3 i.l. injection, 
mice were treated or not with 2DG (500mg/Kg) infused i.p. every day, with two days wash-out. 
From blood sampling, human immune reconstitution was analyzed by FACS and tumor growth 
was measured by Mithras Reader as RLU. When tumor level was at cut-off, mice were euthanized 
and liver was analyzed by FACS. (B) Tumor growth (RLU) was measured every week from 
BxPC3 injection in huSGM3 (n= 8 mice) vs SGM3 mice (n= 9 mice). (C) Human reconstitution 
in peripheral blood was analyzed by FACS. Concentration of hCD45, Monocytes, NK cells and 
B cells was calculated by FACS, in huSGM3 (n= 3 mice) and in tumor-bearing huSGM3 mice 
(n= 8 mice). Results from two-way ANOVA are indicated when statistically significant. Data are 
represented as means ± SEM.  
 
 

 

   In a second experiment, we treated tumor-bearing huSGM3 mice with 2DG to evaluate 

if N-glycosylation blockade could impair human hematopoietic reconstitution and/or 

influence the human liver TME. We didn’t observe any effects on total circulating human 

CD45+ cells and on monocytes, NK cells and B cells (fig 3.14a).  

   Importantly, when we analyzed the livers at sacrifice, we observed a great 

representation of different human immune cell subsets, including B cells (CD19+), 

monocytes (CD14+), dendritic cells (CD11b+/CD11c+), neutrophils (CD15+/CD16+), 
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eosinophils (CD15+/CD16-), M1 macrophages (CD80+/CD86+) and M2 macrophages 

(CD163+/CD206+), supporting the potential of the humanized model to recreate the 

complex interactions between tumor and immune cells (fig 3.14b). Accordingly, we 

observed that the frequency of M2 macrophages was increased in tumor-bearing mice 

and, in line with our in vitro data, 2DG treatment was able to reduce this 

immunosuppressive cell population (fig 3.14c).  

   Altogether, these data suggest that humanization does not impair tumor growth but 

allows tumor cells to coexist with other human immune cell populations. Interestingly, 

2DG was able to reduce the frequency of M2 macrophages that was increased in the 

presence of the tumor.  

 

 
 
Fig. 3.14 | 2DG reduces the frequency of liver M2 macrophages in tumor-bearing huSGM3 
mice. (A) Concentration of hCD45, monocytes, NK cells and B cells was calculated by FACS, in 
huSGM3 (n=3 mice), in tumor-bearing huSGM3 mice (n=5 mice) and in tumor-bearing huSGM3 
mice treated everyday with 2DG (n=5 mice). (B) Pie charts of human immune cells distribution 
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within livers of huSGM3 mice (n=7 mice), in tumor-bearing huSGM3 mice (n=11 mice) and in 
tumor-bearing huSGM3 mice treated everyday with 2DG (n=5 mice). Percentage (%) of total 
liver hCD45 in each group was reported (left). Representative FACS plots of human populations 
shown in pie charts (right). (C) Liver M2-M frequency (%) in huSGM3 mice (n=7 mice), in 
tumor-bearing huSGM3 mice (n=11 mice) and in tumor-bearing huSGM3 mice treated everyday 
with 2DG (n=5 mice) was reported. Results from one-way ANOVA (C) are indicated when 
statistically significant (*P≤0.05). Data are represented as means ± SEM.  
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3.3.3 Intra-liver administration of CEA CAR T cells better controls tumor growth in 

BxPC3-bearing huSGM3 mice 

   Once understood that huSGM3 mice are a feasible and useful model for liver tumors, 

we aimed to evaluate CEA CAR T cells efficacy in BxPC3-bearing huSGM3 mice.  

   First, we evaluated the best CAR T cells delivery route as already performed in not 

humanized mice (fig 3.15a). The results obtained confirmed the superiority of CAR T 

cells injection at the tumor site compared to intravenous infusion (fig 3.15b). 

Interestingly, antitumor activity was stronger in humanized than in not humanized SGM3. 

In fact, in huSGM3 disease was kept under control until day 14, while in SGM3 after day 

7 tumor control was lost. This result indicates the importance of human immune cells in 

supporting CAR T cells functionality in vivo. Unfortunately, the experiment was aborted 

prematurely since mice developed severe toxicity. In detail, around day 14, we observed 

an exponential increase of circulating T cells (fig 3.15c) and a significant weight loss (fig 

3.15d), detectable in all experimental conditions including mice treated with 

untransduced T cells. These observations suggest the occurrence of a xenogeneic GvHD 

reaction rather than a CAR-related toxicity like CRS. To support this hypothesis, we also 

analyzed serum concentration of typical CRS cytokines, including IL-6, IL-8, MCP-1 and 

IP-10, and we did not observe significant elevations compared to control mice (fig 3.15e), 

confirming the occurrence of xeno-GvHD rather than CRS.  

   Since xeno-reactive T cell precursors are usually present at a low frequency, we 

investigated whether reducing CAR T cell doses could mitigate this toxicity and allow to 

follow the mice in the long term. The administration of half dose of CEA CAR T cells 

injected in situ was sufficient to significantly delay tumor growth (fig 3.15f) and to 

increase mice survival (fig 3.15g). Interestingly, we didn’t observe any signs of CRS in 

these mice, neither weight loss (fig 3.15h) nor relevant cytokines elevations (3.15i).  

   Overall, these data suggest that human immune cells help CAR T cells control of tumor 

growth without CRS occurrence. However, xeno-GvHD might prevent long term 

monitoring especially at high CAR T cell doses. 
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Fig. 3.15 | Intra-liver administration of CEA CAR T cells better controls tumor growth in 
BxPC3-bearing huSGM3 mice. (A) Schematics of intra-liver injected BxPC3 in huSGM3 mice 
treated with 10x106 CEA.28z is shown. SGM3 mice were reconstituted with human CD34+ cells 
infused i.v. BxPC3 were injected i.l. and after 7 days mice were treated with CEA.28z CAR-T 
i.v. or i.l. or with control untransduced T cells (UT, n=3 mice; CEA.28z i.v., n=4 mice; CEA.28z 
i.l. n=3 mice). (B) Tumor growth (RLU) was measured during time. (C) Peripheral blood T cells 
concentration is shown. (D) Weight loss from day 0 from CAR-T injection is shown. (E) Pooled 
IL-6, IL-8, MCP-1 and IP-10 concentration from serum collected at day 4 from CAR-T is 
reported. (F) Tumor growth (RLU) of 5x106 CEA.28z (n=4 mice) or UT (n=3 mice) treated mice 
was measured during time. (G) Kaplan-Meier survival plot of CEA.28z vs UT mice is shown. 
(H) Weight loss from day 0 from low-doses CEA.28z injected i.l. is shown. (I) Pooled IL-6, IL-
8, MCP-1 and IP-10 concentration from serum collected at day 4 from low-doses CEA.28z 
injected i.l. is reported. Results from one-way ANOVA (E, I) two-way ANOVA (B, C, D, F, H) 
and log-rank Mantel-Cox test (G) are indicated when statistically significant (*P≤0.05; **P ≤0.01; 
****P ≤0.0001). Data are represented as means ± SEM.  
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3.3.4 TCR knock-out CEA CAR T cells control tumor growth in LoVo-bearing 

huSGM3 mice, without the occurrence of xeno-GvHD  

   BxPC3 cells derive from a primary human pancreatic adenocarcinoma and do not 

develop multiple hepatic lesions when injected intra-liver. To better recapitulate a liver 

metastases mouse model, we tested LoVo cells, which derive from lymph-node 

metastases of colorectal cancer and express higher CEA levels compared to BxPC3 (fig 

3.16a). Importantly, once injected in the liver of SGM3 mice, LoVo cells were able to 

give rise to intra-hepatic metastatic lesions, visible by MRI (fig 3.16b).  

   For these reasons, we decided to develop a LoVo-based huSGM3 mouse model, 

injecting these cells intra-liver and infusing CEA CAR T cells 21 days after (fig 3.16c). 

Considering that, independently from the cell dose, the occurrence of xeno-GvHD 

reaction can vary among different donors, we decided to produce CEA CAR T cells 

knocked out of the endogenous TCR, allowing long term monitoring of experimental 

animals. Using the CRISPR/Cas9 technology and in collaboration with Chiara Bonini’s 

group, we produced CEA CAR T cells, with a high TCR knock-out (TCRko) efficiency. 

Mice treated with TCRko CAR T cells proved able to control tumor growth (fig 3.16d) 

and prolong the survival (fig 3.16e) compared to the control condition, although mice 

eventually succumbed to the disease. Around day 7 from CAR T cells administration, we 

observed the lowest tumor level, which was concomitant with CAR T cells peak of 

expansion in peripheral blood (fig 3.16f). It is also interesting that CAR T cells are present 

also in the peripheral blood even if they were administrated intra-hepatic. Loss of tumor 

control by CAR T cells was concomitant with their disappearance in peripheral blood. 

Additionally, also with this cell line, no mice showed signs of CRS toxicity, both in terms 

of weight loss (fig 3.16g) and cytokines peak at day 4 from CAR T cells (fig 3.16h). Liver 

analysis at sacrifice indicated a high frequency of total human CD45+ cells in treated 

mice (fig 3.16i left), mainly explained by the presence of CAR T cells (fig 3.16i middle). 

Moreover, mice receiving CAR T cell therapy showed a lower frequency of 

immunosuppressive M2 macrophages compared to untreated controls, suggesting that 

treatment per se is capable of modulating the human immune compartment (fig 3.16i 

right).  
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   These data suggest that LoVo-bearing huSGM3 mice could be a useful liver metastases 

mouse model to test the efficacy of approaches aimed at potentiating CAR T cell 

responses, without any sign of toxicities.  

 

 
 

Fig. 3.16 | TCRko CEA CAR T cells control tumor growth in LoVo-bearing huSGM3 mice, 
without the occurrence of xeno-GvHD (A) CEA antigen expression (RFI) in BxPC3 and LoVo 
cell lines. (B) Representative MRI image of SGM3 mouse with metastatic lesions after 21 days 
from LoVo i.l. injection. (C) Schematic of LoVo-bearing huSGM3 mice treated with 5x106 TCRko 
CEA.28z CAR-T is shown. After human reconstitution, LoVo were injected i.l. and after 21 days 
TCRko CEA.28z CAR-T (n=5 mice) or TCRko UT cells (n=3 mice, as control) were injected i.l. 
in huSGM3 mice. Blood samplings were performed to follow the mice over time. (D) Tumor 
growth (RLU) was measured by blood sampling in treated vs control mice. (E) Kaplan-Meier of 
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survival plot of TCRko CEA.28z vs TCRko UT mice is shown. (F) Peripheral blood CEA.28z 
concentration is shown. (G) Weight loss from day 0 from CAR-T injection is shown in each 
experimental group. (H) Pooled IL-6, IL-8, MCP-1 and IP-10 concentration from serum collected 
at day 4 from T cells is reported. (I) Liver analysis at the sacrifice of human CD45+, CEA.28z 
CAR-T and M2-macrophages (%) in each experimental group is reported. Results from t-test (A, 
H, I), two-way ANOVA (D) and log-rank Mantel-Cox test (E) are indicated when statistically 
significant (*P≤0.05; **P ≤0.01; ****P ≤0.0001). Data are represented as means ± SEM.  
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3.3.5 Patient derived organoids from CRC-liver metastases develop metastatic lesions 

in the liver of huSGM3 mice 

   We developed tumor-bearing huSGM3 mouse model, with both LoVo and BxPC3, to 

study CAR T cell therapy in the context of intra-hepatically injected tumor cells. In 

particular, we aimed to exploit the feasibility of the model and the efficacy of CEA CAR 

T cells in the presence of human immune cells. We observed that these cells strongly 

support CAR T cell function and seems to recreate a human immune TME. 

   To further improve the relevance of this model, we also exploited patient derived 

organoids (PDOs) from CRC-liver metastases (CRC-LM), which retain histological 

complexity and genetic heterogeneity of parental tumors. 

   Briefly, we injected CRC-LM PDOs intra-liver and evaluated the development of 

hepatic lesions by MRI and IVIS scan, since PDOs were transduced with firefly luciferase 

(Luc+) (fig 3.17a). We injected three different PDOs (#6, #17 and #54), which showed 

different engraftment capacity. PDO#6 failed to engraft, PDO#54 engrafted in 2 of 6 

mice, while PDO#17 was the best one, with 7 of 9 mice developing lesions visible by 

both IVIS and MRI (Table 3.1). These three PDOs were derived from CRC-LM samples 

obtained after tumor resection. Primary CRC tumors were KRAS wild-type, excluding 

the one referred to PDO#17, which was mutated. Moreover, all the patients from which 

organoids were derived underwent chemotherapy before metastases resection.     

   In huSGM3 mice, another variable is the cord blood (CB) donor. To evaluate its 

contribution, we injected PDO#17 in mice reconstituted with CD34+ cells from three 

different CB donors and observed a different engraftment capacity (Table 3.2). While 

none of the mice reconstituted with OSR 21CB/0011 developed metastases, all the mice 

developed metastatic lesions with OSR 21CB/0017 and CB39440 purchased from 

LONZA (fig 3.17b). These data underline the complexity of the model and the high 

variability of PDO engraftment, also influenced by CB donor.  

   Importantly, the architecture of metastatic lesions retrieved from mice was very similar 

to that of the primary lesion from which the organoid was derived (fig 3.17c). Indeed, the 

two slides show neoplastic glandular structures that recall intestinal origin and both of 

them show tumor necrosis.  

   When we challenged CEA CAR T cells against PDO#17 in huSGM3 mice, we observed 

significant antitumor activity, both in term of luminescence signal (fig 3.17d) and 
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metastases formation (fig 3.17e). In particular, CEA CAR T cell treated huSGM3 mice 

showed a reduced number of metastatic lesions (3.17e left) with decreased volume (3.17e 

right). 

   These data underline the complexity of the model but also suggest its potential for a 

wide exploitability for cancer immunotherapy.  

 

 
 
Fig. 3.17 | Patient derived organoids from CRC-liver metastases develop metastatic lesions in 
the liver of huSGM3 mice. (A) Schematic of PDOs-bearing huSGM3 mice is shown. After human 
reconstitution, PDO Luc+ were injected i.l. and PDO growth was followed and analyzed by MRI 
and IVIS scan (n=5 mice). (B) Volume (mm3) of metastatic intra-hepatic lesions in PDO-bearing 
huSGM3 mice after 14 and 28 days from PDO injection (left). Representative MRI image of intra-
hepatic metastatic lesions in PDO-bearing huSGM3 mouse, engrafted with OSR 21CB/0017 
(right). (C) Histological images of a metastatic intra-hepatic lesion from a representative huSGM3 
mouse (left) engrafted with CB39440 (LONZA) and injected with PDO derived from a patient, 
which lesion is shown in the right image. (D) Tumor growth, shown as ROI, of PDO in TCRko 
CEA.28z (n=4 mice) vs TCRko UT (n=4 mice). (E) Metastatic lesions from MRI images in TCRko 
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CEA.28z vs TCRko UT mice (left number; right volume). Results from two-way ANOVA (D, E) 
are indicated when statistically significant. Data are represented as means ± SEM.  
 
 

 
Table 3.1 | PDOs engraftment in huSGM3 mice.   

 

 

 
Table 3.2 | PDOs engraftment in huSGM3 mice infused with different cord blood (CB) donors. 

 

 

 

 

 

 

 

 

 

 

 

#PDO Engraftment IVIS (ROI) MRI (lesions)

PDO#6 0/5 ND No

PDO#17 7/9 Mean: 1x109 Yes

PDO#54 2/6 Mean: 1x108 Yes

CB donor Engraftment IVIS (ROI) MRI (lesions)

OSR 21CB/0011 0/2 Mean: 1x105 ND

OSR 21CB/0017 4/4 ND Yes

LONZA 
DON39440

3/3 Mean: 1x109 Yes
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3.4 N-glycosylation blockade inhibits immunosuppressive TME myeloid cells 

and increases CEA CAR T cells efficacy in vivo  
 

3.4.1 N-glycosylation blockade increases CEA CAR T cells efficacy in LoVo-bearing 

huSGM3 mice 

   Once the huSGM3 model was set up in the context of liver metastases, we used it to 

evaluate whether blocking N-glycosylation can increase the efficacy of CEA CAR T cell 

therapy by acting on both tumor and immune cells.  

   To this aim, we chose to start with tunicamycin because, differently from 2DG, it is a 

specific N-glycosylation inhibitor. LoVo-bearing huSGM3 mice were treated with TCRko 

CEA CAR T cells with or without low doses of tunicamycin (0.02mg/Kg) injected i.p. 

twice a week (fig 3.18a), as reported (Han et al., 2015). Notably, the advantage of the 

group receiving tunicamycin was evident at all time points, with statistical significance 

reached at day 25 from CAR T cell infusion (fig 3.18b). At this time point, also the 

concentration of CEA CAR T cells in peripheral blood showed a higher trend in mice 

treated with the combined therapy (fig 3.18c). To analyze human liver populations in the 

two experimental groups, mice were euthanized at this time point. While we observed a 

reduction in the percentage of tumor cells and an increase in CAR T cells in mice 

receiving tunicamycin (fig 3.18d-e), no differences were observed in the proportion of 

dendritic cells, monocytes, M1 and M2 macrophages and FOXP3+Treg (fig 3.18e). To 

analyze the effect that N-glycosylation inhibition could have on the exhaustion profile of 

tumor-infiltrating lymphocytes (TILs), we also performed a SPICE analysis. Globally, no 

significant differences were observed (fig 3.18f left), but analyzing all the possible 

combinations of exhaustion markers such as PD-1, 2B4, TIM-3 and LAG-3, we noticed 

significant differences, supporting improved TILs phenotype, in mice treated with the 

combinatory strategy (fig 3.18f right). In particular, combination with tunicamycin 

resulted in a significantly lower frequency of CAR T cells expressing one or more 

exhaustion markers.  

   Although these results need to be confirmed, they suggest that N-glycosylation 

blockade increases CEA CAR T cells efficacy in huSGM3 mice.  
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Fig. 3.18 | N-glycosylation blockade increases CEA CAR T cells efficacy in LoVo-bearing 
huSGM3 mice. (A) Schematic of LoVo-bearing huSGM3 mice treated with 5x106 TCRko 

CEA.28z CAR-T is shown. After human reconstitution, LoVo were injected i.l. and after 21 days 
TCRko CEA.28z or TCRko UT cells were injected i.l. in huSGM3 mice. A group of UT and 
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CEA.28z treated mice was also infused i.p. with 0.02mg/Kg tunicamycin twice a week for 3 
weeks. Blood sampling were performed to follow the mice over time. (B) Tumor growth (RLU) 
was measured by blood sampling (left) in CEA.28z (n=5 mice) and CEA.28z + tunicamycin 
treated mice (n=5 mice) vs UT mice (n=5 mice) and UT + tunicamycin (n=2 mice). Right: Tumor 
growth (RLU) at day 25 from T is shown. (C) Concentration of peripheral blood CEA.28z CAR-
T analyzed by FACS at day 25 from T. (D) Frequency (%) of CEA.28z CAR T cells were 
analyzed in tumor masses at sacrifice (day 25 from T). (E) Tumor analysis by FACS at day 25 
when mice were sacrificed. Frequency of tumor cells, monocytes, dendritic cells, M1 
macrophages, M2 macrophages and Treg-FOXP3+ are shown. (F) SPICE software analysis of 
TILs in CEA.28z mice vs CEA.28z + tunicamycin is shown (left). 2B4, PD-1, TIM-3 and LAG-
3 expression between the two CEA.28z treated groups is reported in table obtained from SPICE 
software analysis (right). Results from t-test (B right, C, D, F right), two-way ANOVA (B left) 
and permutation test (F left) are indicated when statistically significant (*P≤0.05). Data are 
represented as means ± SEM.  
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3.4.2 N-glycosylation blockade downregulates myeloid immunosuppressive gene 

expression in huSGM3 mice 

   To better characterize the effect of N-glycosylation inhibition on immune cells in the 

liver of tumor-bearing huSGM3 mice receiving CAR T cell therapy, we performed a 

NanoString analysis on tumor-infiltrating human CD45+ cells.  

   Briefly, huSGM3 mice were injected with LoVo cells subcutaneously and infused i.v. 

with CEA CAR T cells, in the presence or absence of tunicamycin (administered i.p. 2 

days before and 2 days after CAR T cells infusion). After three days, mice were sacrificed 

and human CD45+ cells were isolated from tumor masses to perform NanoString 

analysis, using the human myeloid innate immune panel (fig 3.19a).  

   Strikingly, we observed that many genes were downregulated when tunicamycin was 

combined with CAR T cell therapy, as compared to CAR T cells alone. Interestingly, 

investigating from literature the role of these genes, we found that many of them are 

involved in M2 polarization and immunosuppressive features. For example, ApoE 

encodes for Apolipoprotein E that exerts potent anti-inflammatory effects and whose 

expression induces M2 macrophages polarization (Baitsch et al., 2011). Trem2 is another 

gene expressed by M2 macrophages and recently its role in defining M2-TAMs with a 

potent immunosuppressive activity has been reported (Katzenelenbogen et al., 2020). In 

our results, we also observed the downregulation of typical M2-macrophages markers, 

such as Mrc1 (CD206) and Clec7a, also known as Dectin-1, which promotes immune 

suppression in the TME inducing pancreatic carcinoma progression and peri-tumoral 

immune-tolerance (Daley et al., 2017). Specific M2-TAMs expressed genes are also Fpr3 

(Tan et al., 2020), Marco (Shi et al., 2021), S100a8 (Li et al., 2020) and Il4il (Yue et al., 

2015), which are associated with tumor progression and poor prognosis. In particular, 

S100a8 and Il4il are also involved in immunosuppressive mechanisms, by promoting 

tumor escape and inhibiting effector T cells response (Li et al., 2020; Yue et al., 2015). 

In line with in vitro data, these results suggest that N-glycosylation blockade with 

tunicamycin inhibits the expression of immunosuppressive, tumor-promoting genes in 

huSGM3 mice.  

   Despite the prevalence of down-modulated genes, we also observed the up-regulation 

of some immune-stimulating genes, such as Il-3 (Chen et al., 2020) and Edn1, a toll-like 

receptor induced inflammatory gene (Dougan et al., 2019) (fig 3.19b). Moreover, 
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importantly, the expression of genes involved in Th1 activation and antigen presentation, 

such as Ifng, Ifit1, Lamp3 and Hla-dob (NanoString Annotation v6), was similar in level 

as in the “only CAR” group and upregulated in both treated groups in comparison to 

control mice (fig 3.19c). These data underline the specific action of tunicamycin on the 

inhibition of immunosuppressive myeloid genes rather than a general inhibitory effect on 

gene transcription.   

   Altogether, these results suggest that N-glycosylation blockade could dampen 

immunosuppressive myeloid cells also in vivo. 
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Fig. 3.19 | N-glycosylation blockade downregulates myeloid immunosuppressive gene 
expression in huSGM3 mice. (A) Schematic of NanoString myeloid TME analysis in huSGM3 
mice is shown. CD34+ cells were i.v. infused in mice and after human reconstitution, LoVo 
(5x105) were injected subcutaneously (s.c.) in the right flank. 15 days later mice were infused i.v. 
with (5x106) CEA.28z CAR-T (n=3 mice) or UT cells (n=3 mice), as control. A group of CEA.28z 
treated mice was also infused i,p. with 0.02mg/Kg tunicamycin two days before and two days 
after CAR-T infusion (n=3 mice). After three days from CAR-T, mice were sacrificed and tumor 
mass was collected, processed and hCD45+ cells were sorted. Myeloid NanoString panel was 
performed to analyze human myeloid TME. (B) Heat-map shows differentially expressed genes 
in CEA.28z + tunicamycin vs CEA.28z only, as reported from Rosalind Bio software analysis. 
(C) Normalized gene expression (fold changes) of genes involved in Th1 response and antigen 
presentation are shown. Results one-way ANOVA (C) are indicated when statistically significant 
(*P≤0.05; ** P≤0.01). Data are represented as means ± SEM.  
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4. DISCUSSION 
 

 CAR T cell therapy has demonstrated unprecedented clinical results in patients with 

refractory B-cell malignancies. As a consequence, four anti CD19 and one anti-BCMA 

CAR T cell products are now on the market, approved by both U.S. FDA and European 

Medicine Agency (EMA) (Haslauer et al., 2021). Moreover, in the U.S. a latest anti-

BCMA CAR (CARVYKTY) has been recently approved for the treatment of adult 

patients with relapsed or refractory multiple myeloma (fda.gov). The exciting success 

achieved in hematological tumors propelled the development toward other highly lethal 

malignancies, such as solid cancers. Despite the enthusiasm, however, this task has met 

a number of hurdles. Indeed, clinical experience with solid malignancies revealed that the 

pharmacokinetics of CAR T cells in patients with solid tumors are quite different than 

those of B-cell malignancies. Indeed, in solid tumors CAR T cells must traffic to the 

tumor site, infiltrate within its stroma, engage the specific antigen on target cells and 

rapidly expand to mount an effective antitumor response (Martinez and Moon, 2019). 

Moreover, the highly immunosuppressive microenvironment typical of solid 

malignancies poses unique barriers to CAR T cell activity (Hou et al., 2021). 

Immunosuppressive cells and inhibitory ligands expressed on tumor cells restrain T cells 

fitness and functionality, allowing tumor escape mechanisms and limiting immune 

responses (Martinez and Moon, 2019).  

   Beyond the presence of a hostile TME, the first crucial requirement for a successful 

CAR T cell therapy is the efficient engagement of the target antigen, which have to be 

accessible to recognition. Most commonly, CAR T cells bind their antigen through a 

monoclonal antibody (mAb)-derived moiety. Importantly, it is well recognized that 

protein modifications, such as N-glycosylation, can impact on mAb binding. A typical 

example involves viruses; indeed, the envelope proteins of threat viruses, such as HIV-1, 

influenza virus and SARS-CoV-2 are strongly glycosylated. As reported, these glycans 

can hide an antigen epitope to mAb recognition, providing a convenient way for viruses 

to infect host cells and to promote immune escape (Li et al., 2021). Interestingly, 

glycosylation is also well described to be deregulated in solid malignancies. These tumors 

display a wide range of glycosylation alterations, which confer them many advantages in 

terms of growth, invasion, metastases formation and immune evasion. In particular, solid 
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tumors are characterized by the presence of truncated O-glycans, which are the result of 

an incomplete O-glycan synthesis that allows the exposure of sugar epitopes otherwise 

masked in healthy cells. A typical example of a truncated O-glycan in cancer is the tumor 

associated Tn-glycoform of Mucin 1 (MUC1). In 2016, the group of Carl June 

demonstrated that engineering CAR T cells with single chain fragment variable regions 

of a mAb targeting Tn-MUC1 (5E5) is an effective and safe strategy to eradicate 

pancreatic cancer and leukemia in mice (Posey et al., 2016). In the last few years, anti-

Tn-MUC1 CAR T cells approaches have been reported also for the treatment of other 

solid tumors, including triple-negative breast cancer (Zhou et al., 2019) and 

cholangiocarcinoma (Supimon et al., 2021). While aberrant O-glycosylation generates 

truncated proteins exposing neo-antigens, N-glycosylation alterations are characterized 

by the overexpression of branched sugar chains on tumor cells. These cumbersome 

structures mask peptide epitopes on tumor cell surface, thus limiting CAR T cells 

recognition and killing. 

   Recently, our Unit demonstrated that inhibiting N-glycan synthesis can enhance CAR 

T cell targeting of different carcinomas, such as pancreatic ductal adenocarcinoma, lung, 

ovary and bladder cancer. Mechanistically, removal of cumbersome N-glycans leads to 

improved immunological synapse formation and reduced interaction between ligands-

inhibitory receptors pairs, thus resulting in increased activation of anti-CD44v6 CAR T 

cells, higher cytokine release and improved target cell lysis (Greco et al., 2022). In the 

published work, the improved functionality was also observed with anti-CEA CAR T 

cells and, in this project, we have shown a potential unmasking effect of the CEA antigen 

upon 2-deoxy-glucose (2DG) treatment.  

   Several reports have also shown how tumor glycosylation could affect the function of 

immune cells within the TME. In fact, tumor N-glycans can bind lectin receptors on 

immune cells, such as sialic acid-binding immunoglobulin-like lectins (SIGLECs), 

macrophage galactose-specific lectin (MGL) and dendritic cell (DC)-specific ICAM3-

grabbing non-integrin 1 (DC-SIGN). These interactions strongly promote the formation 

of immunosuppressive and anti-inflammatory environment, thus inhibiting the 

development of potent immune responses (Gringhius et al., 2014; Van Vliet et al., 2013; 

Rodriguez-Garcia et al., 2021). For instance, high abundance of sialic acid on tumor cells 

can dampen NK cell activation and favor polarization of immunosuppressive M2 
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macrophages upon binding to Siglec (Jandus et al., 2014; Rodriguez et al., 2021). 

Interestingly, it was recently demonstrated that targeting breast cancer with an anti-HER2 

antibody-sialidase conjugate significantly improves tumor elimination in mice, by 

enriching CD8+ T cells and cytotoxic NK cells, while reducing Treg cells and CD206+ 

TAMs (Gray et al., 2020; Stanczak et al., 2021). In this work, we have also observed that 

tumor de-glycosylation reduces the polarization of immunosuppressive M2 macrophages, 

at least in term of CD206 and CD200R expression. 

   Most of the evidence report the impact of tumor glycosylation on the TME, while less 

is known about the direct role of N-glycosylation on TME cells. In this work, we aimed 

to evaluate this effect, investigating if N-glycosylation inhibition could modify the 

immunosuppressive TME and unleash the therapeutic potential of CAR T cell therapy. 

In particular, we focused our study on liver metastases of CRC and PDAC, which 

represent nowadays an important unmet clinical need. In this context, we analyzed the 

effect of N-glycosylation blockade on two liver TME populations, i.e., M2 macrophages 

and hepatic stellate cells, in which the role of N-glycosylation is still not clear. M2-M are 

immune cells recruited from the periphery and are a typical immunosuppressive 

population in the majority of solid tumors (Wang et al., 2014.; Jayasingam et al., 2010). 

On the other hand, HepSCs represent a liver resident stromal population that, once 

activated in the TME, support tumor progression and metastases formation (Kang et al., 

2011). 

   Activated HepSCs show inhibitory effects on CEA CAR T cell proliferation and killing 

capacity. Interestingly, we found that treatment with de-glycosylating agents reverts their 

immunosuppressive effects, mitigates their activation status and reduces their binding to 

the co-inhibitory receptor PD-1. Moreover, treatment with de-glycosylating agents 

increases the formation of cytoplasmic lipid droplets, suggesting a reshape mechanism to 

quiescent HepSCs. These observations are supported by a report where it was shown that 

the use of Swainsonine, another N-glycosylation inhibitor, or the knock-out of MGAT5 

gene reduce the activation of HepSCs and their migration capacity (Wu et al., 2017).   

   Focusing on M2 macrophages, we deeply analyzed the effect of N-glycosylation 

inhibition at the functional, phenotypic and transcriptional level. These cells share 

immunosuppressive functions with HepSCs, being able to suppress CAR T cell 

proliferation and killing capacity, in particular against PDOs from CRC-liver metastases. 
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Interestingly, this inhibitory effect was lost in the presence of both 2DG and tunicamycin, 

suggesting that N-glycosylation has a key role in their immunosuppressive functions. 

Accordingly, our in vitro characterization demonstrated that, upon N-glycosylation 

inhibition, M2-M down-regulate several surface markers, such as CD206, CD200R, FRβ, 

CD209, PDL-2 and abrogate the secretion of IL-10. Interestingly, after treatment they 

also acquire pro-inflammatory M1-like features, including secretion of TNF-α and 

increased phagocytic capacity, comparable to that of M1-M. RNA-seq data confirm these 

results, showing the downregulation of immunosuppressive genes and inhibitory 

pathways, such as PD-1 and IL-4 signaling, after treatment with either 2DG or 

tunicamycin, concomitantly with the up-regulation of immune-stimulating genes, which 

are shared with M1-M. The reshape effect whereby M2 macrophages lose their 

polarization while acquiring features typical of M1 macrophages is supported by some 

evidence in the literature. It has been observed that tunicamycin induces the 

downregulation of specific M2-M markers, such as CD206, in murine macrophages (Jha 

et al., 2015) and that the removal of sialic acid repolarizes tumor-associated macrophages 

to a pro-inflammatory M1-like status (Stanczak et al., 2021). However, the mechanism 

by which N-glycosylation inhibition induces these wide modifications is still not clear. 

One hypothesis could be the activation of the unfolded protein response (UPR) pathway, 

which is a consequence of N-glycosylation blockade. Indeed, it has been shown that UPR 

modulates inflammation, activating the inflammasome response. Upon ER stress, cells 

express pro-IL1β via NF-kB activation and after caspase-1 catalytic activity they secrete 

IL1β, whose release depends on the activation of NLRP3 inflammasome (Kim et al., 

2014; Li et al., 2020). The triggering of inflammation upon UPR and ER stress could 

explain the acquisition of pro-inflammatory features in M2-M upon de-glycosylating 

treatments. Another hypothesis could be the inhibition of binding between IL-4 and IL-4 

receptor, which is crucial in determining M2 polarization in macrophages. It is known 

that N-glycans are required for the correct binding between different ligand-receptor 

pairs, such as PD-1/PDL-1 and TIM-3/Gal-9. N-glycans removal could also impair IL-

4/IL-4 receptor binding, inhibiting M2 polarization. Furthermore, since N-glycans are 

involved in cell-cell contact and adhesion, N-glycosylation inhibition could alter these 

processes, impairing M2 polarization. It is known that M2-M are involved in wound 

healing and tissue regeneration and it was reported that the inhibition of cell adhesion 
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inhibits their polarization without affecting M1-M (McWhorter et al., 2013; Kang et al., 

2019). This evidence supports our RNA-seq analysis on human macrophages, where we 

found that cell adhesion is a pathway down-regulated in de-glycosylated M2-M and in 

M1 macrophages. All these data allow us to hypothesize that N-glycosylation blockade 

dampens M2 polarization by interfering with cell adhesion and/or ligand-receptor 

interactions, and bring M2-M closer to pro-inflammatory M1-M, as a consequence of ER 

stress and UPR.  

   Standard xeno-graft NSG mouse models are not ideal to study the effect of N-

glycosylation on the TME and its impact on CAR T cell function. Indeed, although they 

are useful to answer questions regarding CAR T cell reactivity against tumor cells, they 

are limited by the absence of a functional murine and/or human immune system. Indeed, 

immune cells are crucial to exacerbate CAR-related toxicities, such as CRS (Norelli et 

al., 2018; Arcangeli et al., 2022), but at the same time can support CAR T cell function 

by releasing chemokines and cytokines, enhancing killing activity and sustaining T cell 

proliferation. Accordingly, we observed increased antitumor efficacy of CEA CAR T 

cells in humanized versus not humanized mice. On the other hand, immune cells can be 

shaped by cancer cells to create an immunosuppressive microenvironment, a key barrier 

that need to be overcome in solid tumors. Interestingly, we observed that intra-hepatic 

injection of tumor cells allows to reconstitute a human immune TME in the liver of 

humanized mice. Indeed, we reported the presence of several human immune cells, 

including B cells, NK cells, dendritic cells, neutrophils, Tregs and M2 macrophages, 

which were increased in terms of frequency compared to huSGM3 mice without tumor. 

To date we only evaluated the frequency of human immune cell subsets by FACS 

analysis, but we have planned to confirm these results and further characterize the model 

with advanced technologies, such as spatial transcriptomics and the MACSima imaging 

system (Miltenyi). In particular, we are interested in exploring the modulation of spatial 

and gene expression profile of different human immune cells in the presence of tumor 

before and after treatment with CEA CAR T cells.  

   As already mentioned, this sophisticated mouse model is appropriate to study not only 

CAR T cell efficacy, but also CAR-related toxicities, such as CRS. In our experiments 

with BxPC3, LoVo and PDOs, we didn’t observe any sign of CRS. However, we didn’t 

reach a robust efficacy with CEA CAR T cells, which has been proven to be crucial to 
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observe any CAR related toxicity. We have planned to perform specific experiments to 

exacerbate CRS, using high tumor burdens and CAR T cell doses, since this aspect is of 

great interest in solid tumor field. Indeed, even though CRS was principally observed in 

patients suffering from hematological tumors, clinical trials in solid tumors have also 

reported CRS symptoms, such as fever, hypotension and elevated IL-6 levels (Brown et 

al., 2016; O’Rourke et al., 2017). Very recently, in a clinical trial testing Claudin18.2 

CAR T cells against gastrointestinal tumors, all treated patients experienced severe CRS 

(Qi et al., 2022). In perspective, we are also interested in investigating neurotoxicity 

(ICANS) that, as with CRS, was principally observed in the clinical experience with 

hematological tumors. However, this year, a phase I trial reported two cases of death for 

neurotoxicity in patients treated with armored anti-PSMA CAR T cells (Narayan et al., 

2022). We reckon that the humanized mouse model may be a great tool to address these 

issues, since it is the only murine model in which the infusion of human CD19 CAR T 

cells induces the formation of brain hemorrhages (Arcangeli et al., 2022).  

   Despite huSGM3 mice represent a bridge between xenograft and syngeneic animal 

models, they still present some limitations, such as the absence of human stromal 

compartment. In liver metastases, hepatic stellate cells play a key role in disease 

pathology, by supporting tumor progression and metastases formation. Therefore, we are 

evaluating the possibility to include this population in humanized mice in order to 

strengthen our results and increase the relevance of the model for testing approaches 

aimed at interfering with the TME, both immune and stromal.  

   Beyond the immunosuppressive TME, there are other challenges that CAR T cells have 

to overcome in solid tumors. Unlike hematologic malignancies, which are readily 

accessible to CAR T cells, solid tumors are surrounded by capsules that are difficult to 

infiltrate due to poor tumor vascularity and stromal barrier. To overcome these issues, 

regional delivery has been applied. Several pre-clinical studies have demonstrated that 

loco-regional administration of CAR T cells generates a robust local immune response 

and increases T cell persistence (Adusumilli et al., 2021; Cherkassky et al., 2022). In our 

work, we investigated intrahepatic injection of CEA CAR T cells, which granted 

enhanced control of tumor lesions residing in the liver in comparison to intravenous 

infusion. Another advantage of local CAR T cell delivery is the limitation of systemic 

release of cytokines, which can result in reduced cytokine-mediated organ damage. 



	 104	

Indeed, as previously mentioned, we never observed signs of toxicity in our in vivo 

experiments. On one hand this could be related to poor efficacy, but on the other it could 

represent an advantage of localized CAR T cell delivery. Nowadays, several clinical trials 

on solid tumors have exploited regional delivery of CAR T cells, especially in the context 

of brain tumors and liver metastases. Regarding the latter, phase I clinical trials testing 

CEA CAR T cells injected in the hepatic artery have shown promising results in terms of 

safety and efficacy against liver metastases from different carcinomas (Katz et al., 2015; 

Katz et al., 2020). In our model, we injected CEA CAR T cells directly into a liver lobe 

to gain insights on the advantages of local delivery. However, in perspective, we plan to 

implement intra-portal vein infusion to increase the translational value of the model.  

   The technical adaptation of the humanized mouse model to solid tumors has been 

instrumental for our purposes to evaluate the effect of combining CAR T cell therapy 

with de-glycosylating agents on the immune TME. Using tunicamycin, a specific N-

glycosylation inhibitor, we observed increased tumor control by CEA CAR T cells. 

However, a first analysis performed by FACS did not reveal any change in the frequency 

of human immune cells in the liver. The only effect we observed was the presence of less 

exhausted tumor infiltrating CAR T cells, as already shown in our previous work with 

CD44v6 CAR T cells (Greco et al., 2022). Importantly, however, transcriptional analysis 

of a panel of myeloid genes on human CD45+ cells isolated from subcutaneous tumors 

revealed that combination with tunicamycin was associated with the downregulation of a 

wide panel of immunosuppressive genes. This beneficial effect could be either ascribed 

to a direct effect of N-glycosylation inhibition on immune cells, an indirect effect through 

tumor de-glycosylation, or both. To address this issue, we are planning to use 

glycosylation-deficient MGAT5 KO tumor cell lines or perform the same knock-out in 

CD34+ cells to obtain de-glycosylated human immune cells in mice. Finally, we have 

planned to perform single-cell RNA sequencing in a more relevant setting with PDOs, to 

perform a deeper characterization of each human immune cell subset in the TME and to 

analyze their modulation upon treatment with CAR T cells alone or with de-glycosylating 

agents. 

   In our in vivo experiments, we started by using tunicamycin because, differently from 

2DG, it is a specific N-glycosylation inhibitor. This compound inhibits the first step of 

N-glycan biosynthesis and proved to be toxic in mice, rendering the translation of its 
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application to the clinic difficult to envisage. However, in several pre-clinical studies 

tunicamycin have shown great results in inhibiting tumor growth and improving cancer 

susceptibility to monoclonal antibodies, such as Erlotinib and Trastuzumab (Ling et al., 

2009; Han et al., 2015). Moreover, at low doses (0.02mg/Kg) and with a temporary 

administration (twice a week for three weeks), tunicamycin did not prove to be toxic in 

mice (Han et al., 2015). Therefore, we used it under the same conditions and observed no 

toxic effects on the animals, as well as no direct impact on tumor growth when provided 

as a single agent. Differently, tunicamycin was able to synergize with CAR T cells and 

provided proof of concept that N-glycosylation blockade dampens immunosuppressive 

TME cells. Of course, we will also test the glucose/mannose analogue 2DG, a dose-

dependent inhibitor of both glycolysis and N-glycosylation, which has proven effective 

in increasing CAR T cell efficacy in multiple xenograft mouse models of human 

carcinomas (Greco et al., 2022). From a safety point of view, this compound is interesting 

because it is expected to preferentially accumulate in tumor cells as a consequence of the 

Warburg effect (Raez et al., 2005; Raez et al., 2013). Accordingly, 2DG has shown good 

tolerability in human during clinical trials and a radiolabeled version of this compound is 

already approved for diagnostic purpose (PET-SCAN). However, even if tumor cells are 

greedier of glucose, it was recently demonstrated that 2DG uptake and accumulation is 

higher in CD45+ cells within the TME, rather than tumor cells (Reinfeld et al., 2021). On 

one hand, this suggests that 2DG could have a strong impact on myeloid 

immunosuppressive cells. On the other hand, it implies that it could accumulate in other 

effector cells inhibiting their function due to glycolysis inhibition. Therefore, besides 

efficacy experiments, we have also planned to perform single-cell RNAseq to analyze the 

effect of 2DG on the transcriptional profile of each single human population recreated in 

our huSGM3 model. Importantly, alternative approaches could be pursued to safely and 

selectively block N-glycosylation in tumor and TME cells. For example, to avoid 

systemic administration of toxic de-glycosylating agents, local delivery through 

nanoparticles could be considered (Sasaki et al., 2021). Another approach could involve 

the generation of a single CAR T cell product armored to locally release a specific de-

glycosylating factor, an approach that we are currently developing in our Unit.  

   In conclusion, several barriers need to be overcome to improve efficacy in solid tumors, 

including defective trafficking and tumor infiltration, poor tumor recognition and killing, 
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and strong immunosuppression within the tumor microenvironment. Most strategies 

currently under development tackle one barrier at a time, for example using anti-

angiogenic therapies (Yang et al., 2018) to enhance T cells trafficking, targeting stromal 

compartment (Kakarla et al., 2013) or the extracellular matrix (Caruana et al., 2015) to 

increase T cells infiltration, or counteracting the immunosuppressive tumor 

microenvironment (Tang et al., 2020; Rodriguez-Garcia et al., 2021). The major 

advantage of N-glycosylation inhibition is the possibility to bypass several obstacles with 

a single approach. First, N-glycosylation inhibition allows to increase tumor killing by 

improving immunological synapse formation. Second, it has the potential to reduce CAR 

T cell exhaustion by impeding the interaction between immune checkpoint molecules like 

PD-1/PDL-1 (Greco et al., 2022). In this work, we also described a beneficial effect on 

the TME consisting in the inhibition of immunosuppressive activity of key players like 

M2 macrophages and hepatic stellate cells. Finally, it is important to underline that this 

strategy has the potential to be applied in multiple malignancies that up-regulate the N-

glycosylation pathway and exploited with different CAR specificities, including but not 

limited to CD44v6 and CEA.  
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5. MATERIALS AND METHODS  
 

5.1 Cells and Media  

 

5.1.1 Primary cells  

   Buffy coats from healthy blood donors were obtained after written informed consent 

and Institutional Review Board (IRB) approval. Cord blood donors signed informed 

consent forms approved by the San Raffaele Hospital Ethics Committee (Protocol 

“34CB”, Milan, Italy), in accordance with the Declaration of Helsinki. Peripheral blood 

mononuclear cells (PBMCs) were isolated by Ficoll-Hypaque gradient separation 

(Lymphoprep, Fresenius) and used fresh or cryopreserved until use. PBMCs from cord 

bloods donors were sorted with CD34 Microbead Kit UltraPure human (Miltenyi) and 

CD34+ cells purity was checked by FACS. CD34+ cells were counted and cryopreserved 

until use. T lymphocytes from healthy donors’ buffy coats were cultured in RPMI 1640 

medium (Euroclone), supplemented with penicillin (100 UI/ml; Pharmacia), 

streptomycin (100 UI/ml, Bristol- Meyers Squibb), glutamine (2mM, Gibco), 10% FBS 

(fetal bovine serum, BioWhittaker), MycoZap Plus (LONZA), IL-7 and IL-15 (5ng/ml, 

PeproTech). Primary human macrophages were obtained after sorting of CD14+ cells 

from PBMCs from healthy donors. CD14+ cells were cultured in RPMI 1640 medium, 

supplemented with penicillin, streptomycin, glutamine, 10% FBS, MycoZap Plus and 

human M-CSF (30ng/ml, Miltenyi). Macrophages were polarized in M1 macrophages 

with LPS (Lipopolysaccharides from Escherichia Coli O111:B4 100ng/ml, Sigma 

Aldrich) and in M2 macrophages with human IL-4 (20ng/ml, Miltenyi) for 48 hours. 

Primary human hepatic stellate cells were purchased from Lonza (#HUCLS) and cultured 

following manufacturer’s instructions in Human Stellate Cell Growth medium 

(#MCST250).  

 

5.1.2 Generation of patient derived organoids (PDOs) from CRC-liver metastases 

samples 

   Tissue resections were obtained from patients undergoing surgery at San Raffaele 

Hospital, for the removal of clinically confirmed liver metastases from colorectal cancer 

(CRC-LMs). Human samples were obtained after written informed consent and IRB 
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approval (Protocol “Limet”, Milan, Italy). Tissue samples were kept in cold in Phosphate 

Buffered Saline (PBS) (Euroclone) until processing and for no more than 24 hours after 

surgery resection. Tissues were processed, by cutting them with scalpels in small pieces 

and incubating them with PBS + 5mM EDTA (Invitrogen). Tissues fragments were 

washed in PBS and then incubated for 1 hour at room temperature with a digestion 

solution, composed by PBS/EDTA 1mM + TrypLE 10X (Gibco) + 10X DNAse I buffer 

+ DNAseI (Roche).  Dissociated cells were collected in Advanced DMEM/F12 medium 

(Gibco), pelleted and resuspended in 130µl of Growth Factor Reduced (GFR) Matrigel 

matrix (Corning) and seeded in single 24mws plate. After Matrigel solidification, 

complete human organoid medium was added to the plate. Basal medium was prepared 

using the following reagents: Advanced DMEM F/12 (Gibco) with the addition of 1% 

penicillin/streptomycin (100 U/ml, 0.1 mg/ml, Euroclone) and 1% Glutamine (2mM, 

Euroclone), 1x B-27 (Gibco), 1x N-2 (Gibco) and 0,1% BSA. Basal medium was 

complemented with the following additives: EGF (PrepoTech), Noggin (PrepoTech), R- 

Spondin-1 (PrepoTech), Gastrin (Sigma-Aldrich), FGF-10 (PrepoTech), FGF-basic 

(PrepoTech), WNT-3A (R&D Systems), Prostaglandin E2 (Tocris), Y-27632 (Stem Cell 

Thecnologies), Nicotinamide (Sigma-Aldrich), A 83-01 (Tocris), SB202190 (Sigma-

Aldrich), HGF (PrepoTech). Additive solutions were prepared at 1000X concentration 

and freshly added to the basal medium.  

   To perform in vitro and in vivo functional assays, PDOs were transduced with 

Luciferase-expressing lentiviral vector and selected in puromycin. For the functional 

assays, PDOs were harvested by gently pipetted out of Matrigel using 1ml Cell Recovery 

Solution (Corning) per well and incubated for 45 minutes at 4°C. After the incubation, 

PDOs were collected in Falcon tubes, diluted five times in HBSS and centrifuged. 

Supernatant was discard and the pellet was resuspended in a 1:1 ratio Matrigel and basal 

medium (for in vitro co-cultures) or Matrigel and PBS (for in vivo infusion).  

 

5.1.3 Cell lines  

   Tumor cell lines were kindly provided by several groups at San Raffaele Institute. THP-

1, PDAC and CRC cell lines were all cultured in RPMI 1640 medium. 293T cells were 

kindly provided by Luigi Naldini’s group and cultured in IMDM. To differentiate THP-

1 cell line in M2 macrophages, cells were cultured for 24 hours with phorbol 12-myristate 
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13-acetate (PMA, 10ng/ml, Sigma Aldrich) and then with human IL-4 (20ng/ml, 

Miltenyi) for 48 hours. All media were supplemented with penicillin, streptomycin, 

glutamine, FBS and MycoZap Plus as described in 5.1.1. 

 

 

 

5.2 Viral vectors   

 

5.2.1 CAR construct 

   CAR constructs were obtained by cloning the antigen-specific single chain fragment 

variable (scFv) into a CAR-encoding viral backbone containing an IgG1-derived hinge 

spacer, a CD28 transmembrane and co-stimulatory domain and a CD3ζ endodomain 

(CEA.28ζ). scFv specific for CEA was derived from BW431-26 variable heavy (VH) and 

variable light (VL) sequences. CAR constructs were expressed into a bidirectional 

lentiviral vector kindly provided by the group of Luigi Naldini (Amendola et al., 2005). 

In this vector, the expression of GFP as marker gene was substituted with NGFR by 

cloning. The LV CAR construct was employed for T cell transduction (see 5.3.3).  

 

5.2.2 LV vector production and titration 

   To produce LV supernatants, 293T cells were co-transfected with the transfer vector, 

the packaging plasmid (pMDLg/pRRE, encoding for viral genes gag-pol; Addgene, 

Cambridge, MA), the REV plasmid (pRSV-Rev, encoding for the viral gene rev; 

Addgene) and the ENV plasmid (pMD2.VSV-G, encoding for G glycoprotein of the 

vesicular stomatitis virus pericapsis -VSV-G-; Addgene), using CaCl2 precipitation. 

Supernatants containing lentiviruses were collected 48 hours later, ultracentrifuged and 

cryopreserved.  

   To titrate LV supernatants, 293T cells were transduced with different supernatant 

dilutions. After 6 days from the titration, 293T cells were analyzed by FACS and the titer 

of LV supernatants was calculated.  
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5.3 Cell-manipulation conditions  

 

5.3.1 T-cell activation and expansion   

   Activation of T cells from healthy donors was performed with anti-CD3/CD28 

immuno-conjugated magnetic beads (ClinExvivo CD3/CD28; Invitrogen) following 

manufacturer’s instructions. Briefly, T cells were stimulated at 3:1 bead/T cell ratio and 

cultured in RPMI-1640 supplemented with 10% FBS, penicillin, streptomycin, 

glutamine, MycoZap Plus and IL-7 and IL-15. Magnetic beads were detached 6 days after 

T cell activation. Phenotypic analysis and functional testing were performed at day 20 

from stimulation.  

 

5.3.2 Generation of TCR knocked-out T cells  

   Stimulated human CD3+ cells were electroporated 48 hours after stimulation. Two 

million cells per condition were resuspended in P3 primary buffer (Lonza) and assembled 

Ribonucleoprotein Paritcles (RNPs), targeting the coding sequence of TRAC gene, were 

added to the cell suspension. Commercial crRNA (Alt-R® CRISPR-Cas9 crRNA, IDT) 

and tracrRNA (Alt-R® CRISPR-Cas9 tracrRNA, IDT) were purchased by Integrated 

DNA technology (IDT). crRNA:tracrRNA were mixed in equimolar concentrations and 

heated at 95°C for 5 min to form a duplex with a final 100µM concentration. 

crRNA:tracrRNA duplex and Cas9 enzyme were assembled in a 120:104pmol ratio for 

20 minutes at room temperature, according to manufacturer’s instructions. Then, 1µL of 

Enhancer (100µM; Alt-R® Electroporation Enhancer, IDT) was added to the reaction. 

Cells were electroporated using Nucleofector 4D (Lonza) according to manufacturer’s 

instructions. 24 hours later, electroporated T cells were counted for transduction with 

CEA.28ζ  LV vector.  

 

5.3.3 T-cell transduction with LV vector 

   At day +2 after stimulation, activated T cells from healthy donor were collected, re-

suspended, plated in a 24mws plate at the concentration of 1x106 cells/ml, 1 ml per well 

and transduced with LV vector (using µl of LV vector accordingly to viral titration, see 

5.2.2). Transduction efficiency was measured by flow cytometry at day +9 before CAR+ 

T cell sorting at day +10.  



	 111	

5.3.4 Generation of MGAT5 knocked-out THP-1, BxPC3 and LoVo cell lines 

   The lentiviral vector plasmid encoding for MGAT5-specific gRNA and Cas9 protein 

was purchased from ABM good (K1298706). After lentiviral vector production, tumor 

cells were transduced and cultivated in puromycin-supplemented medium (3µg/ml 

Puromycin) for positive selection (Thermo Fisher). Knock-out efficiency was checked 

regularly by PHA-L lectin (EY-Lab) binding and evaluated by flow cytometry analysis. 

 

 

 

5.4 Flow cytometry  

 

5.4.1 Antibodies and procedures  

   Anti-human antibodies were purchased from BioLegend, eBioscience or Miltenyi. For 

staining, cells were washed with PBS containing 5% FBS. Data were analyzed with the 

FlowJo software (Tree Star Inc.) and relative fluorescence intensity (RFI) was calculated 

as follows: mean fluorescence intensity (MFI) of the sample stained with the mAb of 

interest / MFI of control sample.  

 

5.4.2 Analysis of branched N-glycan surface expression  

   Cells were incubated with 50 mg/mL of biotinylated Phaseolus vulgaris 

Leukoagglutinin (PHA-L; EY-Lab) for 1 hour at room temperature, washed and 

incubated with PE-conjugated streptavidin and analyzed by flow cytometry.  

 

 

 

5.5 In vitro functional assay  

 

5.5.1 RNA extraction and qPCR analysis   

   Total RNA from BxPC3 and LoVo (cell lines treated or not with 4mM 2-deoxy-glucose, 

2DG, for 48 hours) was extracted with RNAzol® RT (Sigma Aldrich). 500ng of RNA 

were retro-transcribed with High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystem), and real-time PCR was performed with StepOne™ Real-Time PCR 
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System (Applied Biosystem), according to the manufacturer protocol by using the human 

CEACAM5 Taqman probe (Hs00944025, Thermo Fisher) and the human GUSB Taqman 

probe (Hs00939627, Thermo Fisher) used to normalize CEACAM5 gene expression.  

 

5.5.2 Lactate production assay  

   Lactate production was assessed 48 hours after 4mM 2DG treatment using the Lactate-

Glo assay kit (Promega) according to the manufacturer’s instructions.  

 

5.5.3 Macrophages phagocytosis assay  

   To evaluate M2 macrophages phagocytic capacity upon de-glycosylating treatments, 

1x105/well M2 macrophages, in vitro differentiated from healthy donors’ PBMCs, were 

plated in 48mws plate with or without de-glycosylating treatments (4mM 2DG or 

100ng/ml Tunicamycin). After 48 hours, cells were stained with the Phagocytosis Assay 

Kit (Red Zymosan, Abcam), detached, stained also with PD-1, SIRP-α and Siglec-10 

(Biolegend) and analyzed by flow cytometry.  

 

5.5.4 PDL-1/PD-1 binding assay 

   To measure PDL-1/PD-1 protein binding, Hepatic stellate cells were fixed in 4% 

paraformaldehyde for 15 minutes at room temperature. HepSCs were then incubated for 

1 hour with recombinant human PD-1 Fc chimera biotinylated protein (R&D Systems). 

Streptavidin-APC (BioLegend) antibody was used for detection by flow cytometry. 

 

5.5.5 T cells proliferation assay  

   To analyze the proliferation, PBMCs or CEA CAR T cells were stained with CellTrace 

Violet Cell Proliferation Kit (Thermo Fisher). PBMCs were stimulated with anti-OKT3 

(30ng/ml, Biolegend) and anti-CD28 (60ng/ml, Biolegend), while CEA CAR T cells with 

irradiated target cell lines (BxCP3 or LoVo). Then, T cells were plated on primary M2 

macrophages or Hepatic stellate cells at 1:5 TME cells:T cells ratio. M2 macrophages and 

HepSCs were pre-treated for 48hrs with 4mM 2DG, 4mM 2DG+1mM Mannose or 

100ng/ml tunicamycin and then washed with PBS before adding stained and stimulated 

PBMCs or CAR T cells. Frequency of cell-trace diluting T cells was evaluated by flow 

cytometry 5 days after initial stimulation. 
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5.5.6 M2 macrophages and tumor cell lines co-culture  

   BxPC3 or LoVo cell lines were pre-treated or not with 4mM 2DG or 100ng/ml 

tunicamycin for 48 hours. Then, these cells and also MGAT5 KO LoVo or BxPC3, were 

plated in 24mws plate in a 1:1 ratio with primary M2 macrophages, without any treatment. 

After 48 hours co-culture, cells were collected and analyzed by FACS. CD206 and 

CD200R expression (RFI) was analyzed as specific markers of M2 polarization.  

 

5.5.7 CAR T cells killing assay  

   Anti-CEA CAR T cells from healthy donors were co-cultured in 96mws plate with 

target cells or in a 1:1 ratio with or without TME cells (M2-like THP1, M2-M or HepSCs) 

for 48 hours in the presence or absence of 4mM 2DG. After treatment wash-out with PBS, 

CEA CAR T cells or control T cells were added in 2:1, 1:1 and 1:5 E:T ratios, in the 

absence of IL-7 and IL-15. T cells either untransduced or CD19 CAR+ were used as 

control. Tumor killing was assessed after 24 hours (with LoVo) or 48 hours (with BxPC3) 

with luminescence using the Tristar 3 filter-based multimode plate reader (Berthold), 

thanks to the expression of luciferase by tumor cells. CAR T cell killing assay with PDOs 

was performed as follow. Five days before assay plating, PDOs were dissociated at single 

cell with TrypLE, counted and seeded 1x105 cells per well, in 24mws plate. After 3 days 

PDOs were harvested with Cell Recovery Solution to maintain their integrity and seeded 

with or without TME cells (M2-M or HepSCs) with Matrigel and PDOs medium, 

supplemented or not with 4mM 2DG. After 48 hours from 2DG treatment, co-culture 

assay was performed. PDOs were harvested with Cell Recovery Solution and collected 

in falcon tubes (around 6x104 PDOs/tube). CEA CAR T cells or either untransduced or 

CD19 CAR+ used as control were added to the tubes at different E:T ratio (2:1, 1:1, 1:5). 

Cells were centrifuged and then suspended in 1:1 ratio Matrigel + PDOs basal medium 

and seeded in 96mws white plate (Costar) for luminescence analysis with Tristar 3 after 

72 hours. Triple co-culture with PDOs was also plated in transparent 96mws plate to 

obtain microscope images, with Axio Vert (Zeiss).  

Specific target cell killing was expressed as elimination index and calculated as follows: 

1 - (number of residual target cells with experimental CAR T cells / number of residual 

target with control T cells).  
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5.5.8 Cytokine-release assay  

   To analyze M2 macrophages secreted cytokines, after 48 hours culture with 4mM 2DG 

or 100ng/ml tunicamycin, supernatants were collected and cryopreserved at -20°C. 

Cytokines level were determined using a LEGENDplex kit (BioLegend).  

 

5.5.9 RNAseq analysis 

   Total RNA was extracted from in vitro differentiated M2 macrophages treated or not 

with 4mM 2DG or 100ng/ml tunicamycin for 48 hours, using ARCTURUS PicoPure 

RNA Isolation Kit (Thermo Fisher Scientific). Quality control (QC) check of all RNA 

samples was performed by TapeStation HS RNA. RNA samples were quantified with 

Qubit RNA HS Assay (Life Technologies) and their integrity was assessed using High 

Sensitivity RNA ScreenTape Assay on 4200 TapeStation System (Agilent Technologies). 

Libraries were prepared using TruSeq Stranded mRNA kit (Illumina) and then sequenced 

2x100bp on the Illumina NovaSeq 6000 platform. RNA-seq analysis was performed as 

previously described (Balestrieri et al., 2018). Briefly, after the pre-processing steps 

(filtering, quality trimming, and adapter clipping), single-end reads were mapped to 

human genome build GRCh38/hg38 using STAR (version 2.5.3a) with default parameters 

(Dobin et al., 2015). Only properties paired mapped reads were retained. At the gene 

level, expression counts were measured using featureCounts (version 1.6.4) (Liao et al., 

2014) summarized across all exons as annotated in GENCODE v39, with option –

largestOverlap. Coding RNA genes with a minimum of 1 read count in at least three 

samples were retained for downstream analyses. Differential expression analyses were 

performed in paired using the EdgeR R package (version 4.0.5) (Robinson et al., 2010) 

with trimmed mean of M (TMM) normalization, generalized linear model, and likelihood 

ratio tests. Principal Components Analysis (PCA) were used to the comparison between 

M2 and M1 macrophages cells. Then, in both analysis genes were identified as DEGs 

when the following criteria were met: log2(FC) > |0.7|, false discovery rate (FDR) < 0.05 

(Benjamini–Hochberg) and expression > 1 Transcript Per Million (TPM) in at least 70% 

of samples per condition.  

   Enrichment analysis were performed using g:Profiler (Raudvere et al., 2019) and 

resulting enriched GO terms and/or pathways were selected with FDR-adjusted P < 0.05. 
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Metascape was used to perform functional enrichment analysis (Zhou et al., 2019) using 

only terms with P < 0.01, minimum overlap of 3, and enrichment factor >1.5.  

 

5.5.10 Hepatic stellate cells immunofluorescence 

   Hepatic stellate cells were plated directly on fibronectin coated cover glasses (24mm, 

Zeus super) in a 6mws plate. Cells were treated or not with 4mM 2DG or 100ng/ml 

tunicamycin for 48 hours. After that, medium was removed and cells were fixed with 4% 

Paraformaldehyde (PFA; Sigma-Aldrich) for 15 minutes. For immunofluorescence 

staining, PFA was removed and cells were washed with PBS+0.1% Tryton-X 100 (PBS-

T, Sigma), and then incubated 30 minutes with a blocking and permeabilization solution 

(PBS-T + 1mg/ml bovine serum albumin, BSA + 10% fetal bovine serum, FBS) at room 

temperature. Cells were first incubated with anti-human  α-Smooth Muscle Actin 

(αSMA) primary antibody (Invitrogen), diluted 1:750 in blocking solution for 1 hour at 

room temperature. After 3 washes in PBS-T, cells were incubated with anti-mouse IgG 

Alexa Fluor 546 (Invitrogen) diluted 1:500 in PBS-T for 30 minutes at room temperature. 

After 3 washes cells were incubated with LipidSpot 488 Lipid Droplet Staining 

(Biotium), diluted in 1:500 for 10 minutes at room temperature. After 1 wash in PBS-T 

for 5 minutes, to visualize nuclei, cells were incubated with DAPI (Fluka), diluted 1:500 

in PBS for 5 minutes at room temperature, followed by three washes in PBS-T. Slide 

mounting was performed with glycerol (Sigma) + milliQ H20 (1:1 ratio). 

   Images were acquired using Axio Observer microscope. Digital images were acquired 

in separately scanned channels with no overlap in detection of emissions from the 

respective fluorochromes. Final image processing was performed with ImageJ software 

and Adobe Illustrator with minimal contrast and luminosity adjustment. ROI-based (3 

sections per image) quantification analysis was performed with ImageJ software. 
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5.6 In vivo experiments  

 
5.6.1 In vivo functional assays   

   For in vivo studies in standard xenograft mouse model, 6 to 8 weeks old NSGTgCMV-

IL3 CSF KITLG1Eav/MloySzJ (SGM3) mice (Charles River), were injected intraliver 

(i.l.) or intraperitoneum (i.p.) with BxPC3 Lucia/NGFR+ cell lines (1x105 i.l.; 5x105 i.p.). 

After 1 week, mice were infused intravenous (i.v.), i.l. (in the i.l. tumor setting) or i.p. (in 

the i.p. tumor setting) with 5-10x106 CEA CAR T cells. The control group was 

represented by mice with only tumor (Nihil), or untransduced T cells (UT).  

   For in vivo studies with humanized mice, 6 to 8 weeks old SGM3 mice, were sub-

lethally irradiated and infused i.v. with 1x105 human cord blood CD34+ cells, provided 

from Lonza or sorted in our laboratory from cord bloods. Upon reconstitution, huSGM3 

mice were injected i.l. with BxPC3 Lucia/NGFR+ (1x105), LoVo Lucia/NGFR+ (1x105) 

or with patient derived organoids luciferase positive (PDOs-Luc+, 4x104) from CRC-liver 

metastases patients. To evaluate human reconstitution in tumor bearing huSGM3 mice 

and to analyze the reconstitution of human tumor microenvironment similar to human 

disease, mice did not receive CAR T cells, and a group was treated with 2DG (500mg/Kg) 

i.p. every day with 2 days of wash-out. In efficacy experiments, however, mice were also 

injected i.v. or i.l. with 5/10x106 CEA CAR T cells (TCR KO or WT) or untransduced T 

cells after 1 week (with BxPC3), 3 weeks (with LoVo) or 2-3 weeks (with PDOs).  

   In the combinatory treatment strategy with de-glycosylating agent, tunicamycin 

(0.02mg/Kg) was infused i.p. in mice at day -2 from T cells and then twice a week for 3 

weeks (Han et al., 2015).  

   After CEA CAR T cells infusion, mice were followed with bleeding to check the tumor 

growth, thanks to the expression of secreted luciferase (Lucia/NGFR+) by cell lines. In 

the same sample of peripheral blood, FACS analysis were also performed to characterized 

human cells composition. For the PDOs experiment, the tumor growth was followed by 

IVIS Specturm (PerkinElmer), thanks to the expression of Luciferase (Luc), and by MRI 

analysis. Mice were sacrificed when relative light units (RLU) exceeded the threshold 

(1x106 with BxPC3; 5x105 with LoVo) or at specific time points, for end-point analysis. 

FACS liver analysis was performed to identify and deeply characterize the composition 

of human TME. For infiltrated CEA CAR T cells exhaustion phenotype analysis, SPICE 
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software was used. CAR-related toxicities, such as CRS, were evaluated by weight loss 

monitoring and analysis of the concentration of serum human cytokines (LEGENDplex).  

 

5.6.2 MRI images  

   In vivo MRI experiments were performed on a 7-Tesla scanner for rodents, equipped 

for high resolution MRI/MRS (Biospec, Paravision 6.0.1 Software Bruker-Biospin), with 

450/675 mT/m gradients (slew-rate: 3400-4500T/m/s; rise-time 140µs) and a circular 

polarized mouse body volume coil with an inner diameter of 40 mm. For each MRI exam, 

a mixture of IsoVet (isoflurane 1-2%) with oxygen was used to anaesthetize animals and 

breath rate was monitored to regulate the level of anaesthesia. Body temperature of mice 

was maintained through warm water circulating inside the bed where the animal was 

placed during the MRI exam. To display liver lesion, we used a hepatocyte-specific 

contrast agent, the Gd-EOB-DTPA (Bayer Schering Pharma, Berlin, Germany) known as 

gadoxetic acid (0.05 µmol/g of body weight). Axial fat-saturated T2-weighted images 

(RARE-T2, Rapid Acquisition with Relaxation Enhancement, TR = 3000 ms, TE = 40 

ms, voxel-size = 0.170 × 0.120 × 0.8 mm, averages = 4,) and axial fat-saturated T1-

weighted sequences (RARE-T1: TR = 540 ms, TE = 7.2 ms, voxel size = 0.170 × 0.120 

× 0.8 mm, averages = 4) acquired during the hepatobiliary phase of Gd- EOB-DTPA 

enhancement (10 minutes after administration).  

   Generated MRI images were analyzed by a single board-certified radiologist with a 

dedicated software, MIPAV (Medical Imaging Processing And Visualization, National 

Institutes of Health, Bethesda, Maryland, USA). Difficult findings or images were always 

discussed with a second senior radiologist. Images were analyzed in order to evaluate the 

number of liver metastases, their overall volume, the presence of extra-hepatic metastases 

and non-target lesions. Non-target lesions were defined as lesions too small to be 

measurable and non-measurable metastatic disease (e.g. presence of ascites). The number 

of hepatic metastases was visually assessed by the radiologist comparing T2 and T1 MRI 

sequences. The volume of the hepatic lesions was calculated by the software based on a 

manual segmentation of the lesion slice-by-slice and following the formula: area of the 

segmented region of interest (ROI) (mm2) x slice thickness (mm). The presence of extra-

hepatic lesions or non-target lesions was communicated by the radiologist in a report.   
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5.6.3 Histopathological analysis  

   Livers from huSGM3 mice were collected at sacrifice, fixed in buffered 4% formalin, 

embedded in paraffin, cut and stained in the Good Laboratory Practice (GLP) SR-TIGET 

Pathology laboratory following GLP principles. CRC-liver metastases samples were 

obtained after surgical resection and were fixed and embedded as for murine samples. 

Hematoxylin-and eosin-stained 3µm paraffin sections were blindly and independently 

examined for histopathological analysis by two pathologists. Images were taken using the 

AxioCam HRc (Zeiss) with the Axio-Vision System SE64 (Zeiss).  

 

5.6.4 NanoString analysis  

   For NanoString analysis, SGM3 mice were infused i.v. with human CD34+ cells. After 

human reconstitution, mice were infused subcutaneously with 5x105 LoVo. After two 

weeks, tumors were visible and measurable with a caliper. Mice were treated i.v. with 

5x106 CEA CAR T cells or untransduced T cells as control. tunicamycin treatment 

(0.02mg/Kg) was infused i.p. at day-2 and day+2 from CAR T cells infusion. At day +3 

from CAR T cells, mice were sacrificed and tumors were collected. Tumors were 

processed by gentleMACS Octo Dissociator (Miltenyi) with human tumor dissociation 

kit (Miltenyi). Once obtained a single cell suspension, hCD45+ sorting was performed 

with human CD45 microbeads (Miltenyi). After sorting cells were count and the pellet 

was stored at -80°C. For NanoString technology, total RNA was extracted from cells 

samples using the Maxwell® RSC RNA FFPE Kit following manufacturer’s instructions.  

   The NanoString™ nCounter® Myeloid Innate Immunity Panel, which evaluate 770 

genes involved in the recruitment and activation of myeloid cells, was applied. Briefly, 

25ng of total RNA extracted from CD45+ cells were hybridized to probes for 20 hours at 

65°C. The hybridized probes were purified and counted using the nCounter Prep Station. 

Counts of fluorescent barcodes were obtained using the Digital Analyzer at 555 fields of 

view (FOV). The nCounter results were evaluated using ROSALIND® 

(https://rosalind.bio/), with a HyperScale architecture developed by ROSALIND, Inc. 

(San Diego, CA). Normalization, fold changes and p-values were calculated using criteria 

provided by Nanostring. ROSALIND® follows the nCounter® Advanced Analysis 

protocol of dividing counts within a lane by the geometric mean of the normalizer probes 

from the same lane. Housekeeping probes to be used for normalization are selected based 
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on the geNorm algorithm as implemented in the NormqPCR R library (Perkins et al., 

2012). Abundance of various cell populations is calculated on ROSALIND using the 

Nanostring Cell Type Profiling Module. ROSALIND performs a filtering of Cell Type 

Profiling results to include data that have scores with a p-Value greater than or equal to 

0.05. Fold changes and p-Values are calculated using the fast method as described in the 

nCounter® Advanced Analysis 2.0 User Manual. P-value adjustment was performed 

using the Benjamini-Hochberg method of estimating false discovery rates (FDR). 

Clustering of genes for the final heatmap of differentially expressed genes was performed 

using the PAM (Partitioning Around Medoids) method using the fpc R library, that takes 

into consideration the direction and type of all signals on a pathway, the position, role 

and type of every gene, etc. Hypergeometric distribution was used to analyze the 

enrichment of pathways, gene ontology, domain structure, and other ontologies. The 

topGO R library (Alexa et al., 2019), was exploited to determine local similarities and 

dependencies between GO terms in order to perform Elim pruning correction. Several 

database sources were referenced for enrichment analysis, including Interpro (Mitchell et 

al., 2019), NCBI (Geer et al., 2009), MSigDB (Subramanian et al., 2005; Liberzon et al., 

2011), REACTOME (Fabregat et al., 2018), WikiPathways (Slenter et al., 2017). 

Enrichment was calculated relative to a set of background genes relevant for the 

experiment. 

 

 

 

5.7 Statistical analysis   
   Data were analyzed using Prism Graphpad 9.4 software version and are shown as mean 

+/- SEM as reported in the figure legends. Results were analyzed using t-test, one-way or 

two-way ANOVA with the Sidak-Bonferroni correction when applicable. Statistical 

analysis was performed with Prism software or SPICE software. Statistical significance 

was defined as P<0.05. 
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